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EXECUTIVE SUMMARY

This report represents the main outcome of a partnership betwe&ydhey Coastal
Council Group (SCCG) and the University of New South Wales (UNSW@se aim
was to apply and test a newly developed and highly novel GIS toakdess the
vulnerability of coastal infrastructure to catastrophic marine floods (tsjina

The project was coordinated by Geoff Withycombe from the SC@¢ Associate
Professor Dale Dominey-Howes from the Australian Tsunami Resé&zentre, UNSW.
The Project Officer who undertook the research is Mr Filippo’'Osdlo, a coastal
hazards and GIS expert from the University of Bologna, ItalyDsli'Osso is currently
doing a PhD on tsunami vulnerability assessment at the Univerdigglofina and he is
working as a consultant for MEDINGEGNERIA Srl, one of the pesmitalian

engineering company’s working on Integrated Coastal Zone Manageiuauht
Hydraulics.

Sydney’s low-lying coastal infrastructure is vulnerable to tmpact of catastrophic
marine floods associated with tsunami and storm surges. The fatpexts of such
floods will be worse than in the past because of climate cels¢a level rise and
increased exposure at the coast. Coastal planners and risk nsameggtinnovative tools

to undertake assessment of the vulnerability of buildings and micaste and likely
probable maximum loskcated within their areas of responsibility. Such assessments
will enable risk mitigation measures to be developed and challeoigésng-term
sustainability to be addressed.

The aim of this project is to apply a newly developed GIS vulnenalifisessment tool
to selected coastal suburbs of Sydney, evaluate and quantify the vulneralmiitidivfgs
at those locations to a hypothetical tsunami (or storm surgedl fhased on the latest
scientific understanding, produce maps to display the spatial diginbot vulnerable
structures at a scale of 1:5000 and to make recommendations aboutepaoissibl
management strategies at those locations.

The GIS model was applied at two study areas within the Sydoast& Council Group
area: Maroubra Beach (Randwick Council) and Manly Ocean BeachlyMauncil).
The inundation scenario we adopted is a locally generated subnartdside tsunami
achieving a run-up of +5 metres above maximum tide level (+2mSsth tsunami are
the most likely to occur in the Sydney region.

The model calculated a Relative Vulnerability Index (RVI) scar every building that
would be touched by the water. RVI scores were calculated comttuilitings physical
features (number of stories, construction material, hydrodynamigsorientation of the
ground floor, type of foundation, preservation condition), building surroundings
(movable objects that could hit the structures and possible protectenedfby other
buildings or natural and artificial fences) and exposure to inwrdétne expected water
depth at the points where buildings are located). An innovative approaetl ba the



Analytic Hierarchy Process was used to weight all thesidifft contributions to the final
value of RVI.

Results are displayed using a series of thematic vulnerabibiys, in which different
types of buildings are displayed using a colour code that givesnafmm about their
RVI score.

The maps show two very different situations for Maroubra and Manlgalge of its
higher average topographical elevation, the inundation at Maroubra wouldocdye&t7

Ha, while 169 Ha would be flooded in Manly. As a consequence, only 96 sésictur
would be touched by the water in Maroubra, with a maximum veegpth of 3 metres.
None of these 96 structures was found to have a “Very High” RVI score.

At Manly, a total of 1133 buildings would be inundated, and water depild ceach a

maximum of 7 metres in the lagoon area. In the southern part sfuay area the water
would be able to flow through the Corso and reach the Manly Wharfedmaitbour side.
RVI scores show that a large number of residential and cominstrtietures are highly
vulnerable to damage and most of them are located in the aretondanly Lagoon.

Also, a number of Local Government and transport sector structuredasssfied as

being very vulnerable.

Lastly, we provide a series of recommendations to assist L@Ads the emergency
services to think about ways in which they might mange tsunamirisieifuture. These

include land-use zoning, buildings standards and codes and emergency aradi@vac
planning.
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1 INTRODUCTION, BACKGROUND and AIMS
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The Indian Ocean tsunami of Decembef 2604 (Figure 1) was catastrophic. It was the
most lethal tsunami disaster the modern world has known and catiafsuiteamis on to
the global scientific and political stage. It has prompted anralgled international
scientific and intergovernmental response with several focudime the development
and deployment of tsunami warning systems in at risk areasledet@zard, risk and
vulnerability assessment and tsunami education and disaster planning.

The 2004 disaster was not however, unique. Similar events have dceutine past and
will happen again in the future. The most important lesson from the 20Gh IQdiean
tsunami for Australia, is that ware at risk. The 2004 disaster was something of a wake



up call for Australia since prior to this event few had®esly considered the possible
threat that tsunamis might pose to the country.

Our understanding of how often large, widely destructive tsunamysoewur and what
areas they may impact is still very limited — especiallyAustralia. Together with the
establishment of an Australian Tsunami Warning System (ATWS) (Geoscfaustralia,

2005}, there is now a clear and urgent need to fully understand and quhgtifwzard

and community vulnerability to tsunami (Bird and Dominey-Howes, 2006, 2008).

Once detailed information is available about the hazard, vulnerakbitity probable
maximum loss, appropriate risk mitigation measures may be dedetbpée aid with
long-term sustainable development of coastal areas. This istwitakal government
authorities (LGA’s) with coastal and estuarine foreshore ameddocal units of the State
Emergency Service (SES) who will be at the sharp end of postitsdisaster response
and recovery.

1.1 Is the coast of New South Wales at risk from t sunami
flooding?

Tide gauge records show that historically, osiyall tsunamis have affected the coast of
New South Wales (NSW) (Dominey-Howes, 200Geological evidence however, has
been reported which suggests that massive tsunamis many érges than the 2004
Indian Ocean event may have occurred repeatedly during the last 10,000 yeaadthe p
of earth history called the Holocene) along the coast of NSW (Bryant, 2001t Btya,
1992a, b, c; Younget al, 1996; Nott, 1997, 2004; Bryant and Nott, 2001; Bryant and
Young, 1996; Young and Bryant, 1992; Swite¢rl, 2005; Younget al, 1995; 1996).
This geological work has led to the development of what has bésmeckto as the
‘Australian Megatsunami Hypothesis’ or ‘AMH’ (Goét al., 2003).

The evidence for the ‘AMH’ is very controversial (Felton and Cra&)3; Goff and
McFadgen, 2003; Gofét al, 2003; Noormetgt al, 2004). First, some of the proposed
evidence for megatsunamis has been incorrectly interpreted (Dofiowesgs et al,
2006). Second, there appears to be a ‘disjunct’ or miss-match bdtweeleistoric record
of small frequent events and the Holocene record of large infretpugramis (Dominey-
Howes, 2007). Last, whilst geological data suggests that thé cb&SW has been
repeatedly impacted by prehistoric megatsunamis, it is nopg&tible to identify the
sources of these events — a vital component of understanding risk (Dawson, 1999).

! See Appendix 1 for information about the Australissunami Warning System
2 See Appendix 2 for a list of New South Wales tsninavents



If the ‘AMH’ can be independently validated, it has profound implice for the coastal
vulnerability of NSW and government agencies are wholly unpreparedféguard us
from such events. For example, the proposed prehistoric megatsunamise@an
coastal areas of NSW where more than 330,000 people now live within df kne
coastline and at no more than 10 metres above sea level (Mas)than 20% of these
people are over the age of 65 (SES, 2005). Furthermore, within the Skelyien,
approximately 400,000 property addresses are located less than 3 kbhdrooast and
about 200,000 are less than 15 m asl (Chen and McAneney, 2006). Thesegs bpei
a combined value of more than $150 billion. Given this massive exposure, it is of concern
that our understanding of the regional tsunami risk remains tinaitel unverified and
that no work has been undertaken to assess villeerability of coastal building
infrastructure.

It is not the purpose of this report to provide a critique of the repgeelogical records
of prehistoric tsunamis along the coast of NSW. For such a regeviDominey-Howes
(2007) and Dominey-Howest al., (2006).

Since the 2004 Indian Ocean tsunami disaster, significant locéd atel federal
government activity and university based research has started that isagimed

understanding the hazard and risk to New South Wales (and Australia);
identifying dominant source regions for tsunamis capable of affecting;NSW
estimating return periods and probable maximum wave heights along the coast;
identifying geological records of prehistoric tsunamis and evwritecords of post-
European events; and

understanding tsunami propagation, inundation and run-up through numerical
modelling and simulation.
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In line with these studies, decisions have been made about theomieeatl and
deployment of the Australian Tsunami Warning System (ATWS), Itleation and
deployment of deep water tsunami detection equipment and approgiadte level
emergency service action including risk assessment, emergeaeying and public
education. This work is on-going and will take some time to compldterefore, the key
guestions ofhow often’ and ‘how big’ tsunamis are along the coast of NSW are not
possible to answer at this moment in time. Work is underway to etenplprobabilistic
tsunami hazard assessment for the coast of NSW and resultisewpitovided by the
NSW State Government and the NSW State Emergency Service in due course.

Although it may be some time before a probabilistic assessm&surami return periods

and maximum waves heights from which inundation modeling may be dersved i
available, there is still a critical need to examine the valibty of building
infrastructure along the coast to possible tsunami inundation. Thieaause local
governments and the emergency services need information in orderitotdegake
decisions about land-use zoning, building regulation and emergency planning and
response.



1.2 Aims

Based on the introduction, the aims of this report are to:

1.

2.

determine a ‘credible worse case scenario’ for tsunami geoierand inundation
along the coast of NSW in the region of Sydney;

work with the Sydney Coastal Councils Group Inc. (SCCG) and spdodat
government authorities (LGA’s) to identify two contrasting casedy local
government areas to explore building vulnerability to tsunami damage,;
select and modify as appropriate, a tsunami vulnerability assessment tool;
work with the SCCG and LGA'’s to obtain appropriate building data to taider
vulnerability assessment;

apply the selected tsunami vulnerability assessment tool to thdingudata
collected;

determine a ‘Relative Vulnerability Index’ score for each bugdcated within
the tsunami inundation zone for the scenario chosen;

. display the tsunami building vulnerability in a series of thematips at a scale

of 1:5000;

discuss the findings of the study and consider the implications@érd_and the
emergency services; and

to use these results to make a series of recommendations.



2 RESEARCH APPROACH and METHOD
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In order to complete this project, we undertook the following steps:

2.1 Step 1 — development of a credible worse case s cenario

In Section 1.1, it was noted that there is an apparent disjunct sinmaieh between the
frequent historic occurrence of small tsunamis along the co@$$Wf and the reported
occurrence of less frequent megatsunamis during recent geolagiealBryant (2001)

suggests that the megatsunamis may have been generaterbyd asrikes in to the
Tasman Sea. This hypothesis remains to be tested and like the prepmence for the
megatsunamis themselves, is very controversial.

Recently, there has been some suggestion that underwater sediohentoslslumps
down the NSW continental shelf could trigger large, locally dangatsunamis. In order
to investigate this possibility, Geoscience Australia undertook aay5nthrine cruise
during which they surveyed the NSW continental shelf (Gltral, 2008). This survey
was designed to provide a much better understanding of the morplasiddyistory of

the continental shelf and any associated underwater sediment Shéesurvey by Glenn
et al, (2008) focused on the region between Jervis Bay and Forstesufivesy gathered
baseline data that will help Geoscience Australia assegsdhability, and implications,
of localised underwater sediment slides.

Geoscience Australia’'s survey data reveal that the continsldpe of NSW has
experienced widespread underwater sediment slide failure throngheven though the
rate of sedimentation on the continental shelf is very low. Swaltlyrinatry has revealed
the architecture of slope failures and the slip-plane geometynoimber of submarine
mass failure sites. Sites that have failed include the Bt#D km3), Shovel (~7.97 km3),
Birubi (~2.3 km?3) and Yacaaba (~0.24 km?3) slides (Figure 2) (Gdeah, 2008).



The importance of the work of Geoscience Australia lies incthdirmation of the
existence of suspected underwater sediment slides along the wotaitisieelf and the
identification of new large slide events not previously known. Tisédes could have
been capable of generating large local tsunamis flooding to s@mifheights above sea
level — perhaps explaining the megatsunami deposits reported by ERgit) and
others.

In view of the recent work of Geoscience Australia, we defecredible worse case
scenario for this project as follows:

an underwater sediment slide occurs off-shore of Sydney;

the sediment slide occurs without an earthquake trigger;

a tsunami arrives at shore within 10 — 15 minutes of its generation;

the tsunami achieves a flood run-up height of +5 metres above stdneasl)
and occurs on top of the maximum astronomical tide along the Sydneayimcea
coast which is approximately 2 mwyw.maritime.nsw.gov.gu Consequently,
our flood event achieves a maximum run-up of +7 m asl,

we assume the tsunami inundates parallel to the shore;

we are only considering a single wave inundation; and

we do not include flow velocity or entrainment of debris and sedimetiten
water.




It is clear therefore, that our scenario is ‘determidisiihat is, it is not associated with a
specific event and as such is not a probabilistic forecast. Since probabitistiami
hazard assessment has not yet been undertaken for the coast piMdS¥hnot use a
probabilistic scenario.

Since we are not assessing the likely impact of the tsunapeapie or socio-economic
systems, we are not concerned with the time or day of theiryaghich the tsunami
occurs.

2.2 Step 2 — identification and selection of case s  tudy sites

We worked in partnership with the Executive Officers of the Sydbegstal Councils
Group Inc. (SCCQG) to identify appropriate case study sitdect®®n of case study sites
was based on the following process:

a transparent, inclusive process of consultation with local goverremémdrities
(LGA’s) about the nature and purpose of the study;

consent and involvement of LGA’s and specific, nominated professionagrsffic
at council;

ability to access appropriate datasets held by local governmantGeographic
Information System’ (GIS) format;

inclusion of sites where project results would be useful for looatrgment and
State Emergency Service planning purposes;

inclusion of at least one site where building density (and exposure) is high;
inclusion of a LGA area that had not previously been subject tofisati
research projects initiated by the SCCG Inc.; and

inclusion of at least one iconic location to help raise awarerig¢be project and
its capacity to deliver useful results.

Based on this process, it was decided that this project would focuse dmatoubra
Beach area within the local government authority of Randwick Council badvianly
Ocean Beacharea of Manly Council. Both councils are located within theropetitan
area of Sydney and are member councils of the SCCG Inc.

2.3 Step 3 — selection and modification of an appro  priate tool

Once a hazard such as tsunami has been recognised, it is desiradign to estimate
likely probable maximum lossé€sr PML’s) for events of specific magnitudes. This is
helpful since PML’s are often used to determine disaster prepasedma response
strategies, to develop appropriate mitigation efforts suchnalsuse zoning policies, and
in the development and application of building codes and regulations.

To estimate PML’s, it is necessary to have information abougxttent and severity of
the hazard(in this case tsunami inundation distance and flow depth), agsesurefor



example, buildings located within the expected flood zone)yvtieerability of those
buildings to damage and themlue(or replacement cost).

Previous research developed a vulnerability assessment ‘frakiew@pproach using a
Geographic Information System (GIS) that may be used to identdy doeas that should
be the focus of further analyses (Wood, 2002; Webdl, 2002a, b; Wood and Good,
2004). This GIS framework is valuable in helping to identify (1) srékely to
experience the occurrence of hazardous processes such as teumnaaiion; and (2) the
exposure of community assets within hazardous zones. When such daienbieed, it
is possible to identify what Wood and Good (2004) describeetaive vulnerability
hotspots’— the intersection of hazard and exposure.

As valuable as the framework of Wood and Good (2004) is, they point oulhdiationl

is an ‘issues identification tool’ and is not designed to provide a dgation of
probable maximum los®r PML) for a community during a tsunami (Wood and Good,
2004; p. 265). They state that communities interested in identifyingaatbeasing and
qguantifying the vulnerability of their assets to tsunami damage and losseed|to apply
an “objective scientific weighting scheme” to the rankings ofciige vulnerability
attributes at the local level. Such objective analysis of, foamgst residential building
vulnerability, should be carried out by technical experts and engiatigh-resolution
scales as assessment tools and appropriate data become avialahle knowledge, no
robust, well constructed and validated building fragility curve modeisianami impact
has been developed although Geoscience Australia is working on thepeest of
such a model (Dale, personal communication 2007, 2008). Recent reports have found that
there is still a need for credible fragility models and latmoyadata to understand the
interaction of tsunamis with the built environment (Bernetrél, 2007, Grundyet al.,
2005).

The Papathoma Tsunami Vulnerability Assessment (or PTVA) Ma@esl developed
using detailed information about the impacts of historic tsunamisthe results of
numerous post-tsunami surveys and building damage assessments (Papa@@@na,
Papathoma and Dominey-Howes, 2003; Papathetnal, 2003). Papathoma (2003)
identified and ranked in descending order of importance, a series trdfutas
(engineering and environmental) that were reported to be respofwildentrolling the
type and severity of tsunami damage to building structures. The 2@ IOcean
event, although catastrophic, provided a valuable opportunity for the PTatkelMo be
tested and evaluated (Dominey-Howes and Papathoma, 2007). Theeafteloist within
the model were extremely well correlated with the type ancbrgg of damage to
building structures experienced during the Indian Ocean tsunamiaitt Wdere the
PTVA Model was applied). Thus, the PTVA Model performed very wating a real-
life field evaluation. The attributes within the PTVA Model may bensidered
appropriate for use in assessing vulnerability and it is believedsadfrobust framework
to explore building vulnerability in the absence of validated engmgesulnerability
assessment models.



The transferability and value of the PTVA Model was recently testedebyited States
Federal Government as part of its National Tsunami Hazardgddldn Program
administered by the National Oceanic and Atmospheric AdminstrgtiOAA). The
testing occurred during a tsunami building vulnerability assessmejgicpfocused on
the coastal community of Seaside, Oregon (Dominey-Hevak, in press).

The PTVA model is a dynamic model in that the building attributa dantained within
the primary GIS database may be modified and updated allowingtiomton of
vulnerability both spatially and temporally. The PTVA Model is orgadiand presented
within a GIS framework, allowing rapid data entry and visuabsaéind characterisation
of changing vulnerability.

Thus, in the absence of fully developed and validated tsunami buildgiityrdamage
assessment tools, the PTVA Model provides a framework potentiaipable of
providing first order assessments of building vulnerability and Rt provides the
technical detail missing from the vulnerability assessmamédmwork of Wood and Good
(2004).

We used the PTVA Model as the starting point in this study. Mewy&ve improved the
PTVA Model by introducing a multi-criteria approach to the aswsest of building
vulnerability. The vulnerability of every building we examined @&calated from a
combination of damage that would be experienced because of the malradyforces
during inundation AND from that associated with water intrusion. Th&sedamage
processes have been evaluated independently using a differeit ssed-factors. The
vulnerability to structural damage has been assessed by considentndputions of all
the PTVA Model attributes, plus some newly-introduced elementkidimg foundation
type and preservation condition). Also, contributions have been weighted usgg a
approach based on pair-wise comparisons between attributes - a myptballly used in
multi-criteria analysis and Analytic Hierarchy Procesgaat$, 1986). Thanks to this
technique, the contribution made by separate attributes to the satwetherability of a
building can be compared via a rigorous mathematical approach. s drases and
reduces to a minimum the inevitable subjective component of everyioteamking
process. Therefore, the method we used within this project maynstdemed as an
improved version of the existing PTVA Model approach.

The outputs will be used to determine whether: (1) the [revised] PNudel is useful in
helping to understand the vulnerability of building structures to damage from tsunami; (2)
for estimating likely PML’s; (3) might be applicable to dimni assessments across
Australia and elsewhere; and (4) may be useful in helping gmoadrnment authorities
make decisions about future data collection needs, land-use zoning, breigligtions

and community education.

The definition of vulnerability used in this project ‘ihe susceptibility to injury or
damage from hazards{Mitchell, 1987) Thus, in this study we estimate the ‘relative’
vulnerability of every building structure between the shoreline ehdn asl (that is



equivalent to the +5 m asl inundation combined with the highest astradamdie of 2
metres).

2.3.1 Conceptual basis of the revised PTVA Model: t he Relative

Vulnerability Index

According to the definition of vulnerability used by us, tRelative Vulnerability
Index’ (RVI) score of each building is estimated as a weighted sutwo different
components:

1. the vulnerability of the carrying capacity of the building stuuet hit by
the horizontal hydrodynamic force associated with water flow; and

2. the vulnerability of different building components due to their prolonged
contact with water(the internal and external plaster, the fixtures, the
paving tiles, the floors and electric appliances etc).

It has been estimated that a building totally submerged by wagit loose up to 40 -
50% of its total economic value, without reporting any structdaahage (Olivieri and
Santoro, 2000). Conversely, the structure of a building which is only partially sgdxine
by water, may still be seriously damaged by the hydrodynam@ssure of the flowing
water or by the impact of heavy movable objects such as ocacks trboats and other
debris. For example, a two story building made of wood might sufteerag structural
damage even if only a part of its first floor was inundatedr¢egple, 2005; Warnitchai,
2005). Alternatively, very strong building structures (e.g., reagdrconcrete, deep pile
foundations) could be totally submerged by water without suffering saructural
damage. In light of these possibilities, the RVI score of evengihgiin this study has
been calculated using the following equation:

Relative Vulnerability Index (RVI) = (2/3) x (SV) + (1/3) x (WV)
(Ea. 1)

where:
SV is the standardized score (from 1 to 5) fordtractural vulnerability , and
WV is the standardized score (from 1 to 5) for thenerability to water
intrusion

Both SV and WV range between 1 (minimum contribution to vulnerability) &and
(maximum contribution to vulnerability). A weighting coefficient eqt@l2/3 has been
assigned to SV, because heavy damage to the carrying capaatgtnicture might
reasonably lead to the need for expensive repair works, with bastsiight be equal to,
or greater than the total value of the building. In the event that ldidguiis not
structurally damaged but does come in to contact with tsunami flaber vwve assume
the contribution made by contact with water is be equal to 1/3h@fntaximum
vulnerability level of the structure. This is consistent with fihdings of Olivieri and
Santoro (2000).



2.3.1.1Calculating the Structural Vulnerability (SV) component

The Structural Vulnerability (SV) of a building is dependent on:

1. the characteristics of the building struct@sech as the number of stories,
building material, foundations etc);

2. the depth of flood wateat the point where the building is located; and

3. the degree of protectiothat is provided to that building by natural and
artificial barriers (such as coastal vegetation, sand dunesyaléga
presence of other buildings between it and the shoreline etc).

Thus, an initial value for SV, ranging between 1 and 125, was calculated as follows:

SV (1, 125) = (Bv) x (Ex) x (Prot)

(Eq. 2)
where:

Bv is a standardized score ranging from 1 (minimum vulnerability)5
(maximum vulnerability) for the structural vulnerability of theilding itself.
“Bv” depends on the physical characteristics of the building thfence its
resistance to a flood (see “Calculating the “BV” factor” below);

Prot is a standardized score for the level of protection that is gedvio the
building by its surroundings. “Prot” ranges between 5 (no protectiod) la
(maximum protection) (see “Calculating the “PROT” factor” below);

Ex is the standardized score for the exposure. The exposure is gitles lwgter
depth that is expected to occur at the point where the buildingasetbc'Ex”
ranges between 1 and 5 (1 = minimum water depth, 5 = maximum dexith)
(See “Calculating the “EX” factor” below).

Once “SV (1, 125)” was obtained, it was re-scaled to a rangeebetl (minimum level
of structural vulnerability) to 5 (very high level of structural vuaility). This scale
range is shown in Table 1.

0 (1!

SV (1, 125)

[1, 25]

[25,50]

[50,75[

[75,100]

[100,125]

SV (1, 5)

2

4

5

The values of SV (1, 5) are then inserted in to (Eq. 1). It is itapbto note that in the
event that a building is very well protected (with Prot = 1)firtal SV value will be 5
times smaller than what it would be if no protection were pte@@rot = 5). This is



consistent with the degree of fragility that Reesal, (2007) calculated for shielded and
totally exposed reinforced concrete buildings in Java following the 2005 tsunami.

The selection of factors considered in the assessment of “Bvbagesl on (1) the PTVA
Model, (2) results from post-tsunami field surveys (Rextsa., 2007; Dominey-Howes

and Papathoma, 2007; Rossettoal., 2006; Ghobaralet al., 2006; Matsutomiet al.,

2006; Dalrymple and Kriebel, 2005; UNEP, 2005; Warnitchai, 2005; UNDP and BCPR
2004; ECLAC, 2003; Papathoma and Dominey-Howes, 2003) and, (3) the expert
judgment of project team members who have undertaken post tsunamsuieleys
following the 2004 Indian Ocean tsunami in the Maldives (Dominey-Howaegd) in
Thailand (Dall’Osso).

The factors chosen are:

Number of Stories (SV_s) multi-storey buildings have good structural resilience to the
impact of tsunami. This is because these buildings normally neexd/éorhore resistant
load bearing capability than single storey buildings, because dather weight that
must be carried by these taller structures. In particular,sthectures of multistory
buildings are stronger at the ground floor level where the impdbeokave is expected
to be maximum (Sara, 1993).

Building Material and Technique of Construction (m). typical Australian buildings
have structures that are made of reinforced concrete, a doubleirggle layer of bricks,
or timber. According to available post tsunami field surveys, tintheldings have
always suffered higher structural damage than buildings madeiosk lor reinforced
concrete (Reeset al., 2007; Dominey-Howes and Papathoma, 2007; Rosseétal.,
2006; Ghobaralet al., 2006; Matsutomiet al., 2006; Dalrymple and Kriebel, 2005).
During the 2005 tsunami in Java, 70% of single storey buildings madead were
destroyed by a wave with a flow depth of just 1.5 metres. Aldmgk collapsed when
flow depth exceeded 2 metres. Single brick buildings (with one stamgd slightly
better when the water depth was greater than 2 metres.stdojticoncrete buildings
were resistant to damage even when water flow depth reachezirds (Reeset al.,
2007).

Ground Floor Hydrodynamics (g): following the 2004 Indian Ocean tsunami, building
surveys in Thailand noted that buildings with an open plan ground floor andfor ope
breakable accesses (such as doors, windows) decreased the wawgt atiowing the
wave to pass through the ground floor. This significantly reducedtstal damage
(Darlymple and Kriebel, 2005).

Foundations (f): deep foundations can resist more effectively the scouring effect of
water flow and can counter the impact of a wave on building walising the 2004
tsunami, buildings with shallow or surface spread foundations sufferégavesst levels
of damage (Darlymple and Kriebel, 2005; Warnitchai, 2005; Retsal., 2007).



Unfortunately, no data about the foundations of the buildings we examingd praject

were available. However, according to the approach of Terzaghi (M94&) is widely

used in civil engineering for foundation analysis, the foundation strexay be inferred
as a direct function of the load of the building and the type @flfave assume that all
the building structures we examined are ‘engineered’ structamesthat the type of soll
is constant, the foundation strength becomes a direct function diutlitng load and
load is correlated with the number of stories. In order to obten“best available
estimate” for the foundation factor, we considered this approximation to be dteepta

Shape and Orientationof the building footprint (so): this factor is considered as a
proxy for horizontal hydrodynamic force applied to buildings. Aftee 2004 tsunami it
was clear from several field surveys that buildings havingcifip shapes (e.g.,
hexagonal, triangular, rounded, etc.) suffered lighter damagdahgmectangular or “L”
shaped buildings whose main wall was orinentated perpendicular to ecgatirof flow
(Warnitchai, 2005; Dominey Howes and Papathoma, 2007).

Movable Objects (mo): during inundation, movable objects will be dragged around by
the flowing water. During the 2004 tsunami, debris, cars, boats amdtewks were
pushed against buildings, causing heavy structural damage. Buildosgstolcar parks,

or to crossroads, are more likely to be damaged by this secondary flec(Birlymple
and Kriebel, 2005).

Preservation Condition (pc): buildings which are in a poor state of preservation are
generally expected to suffer heavier damage, espedidhligre are structural failures or
deformations.

Each of the seven factors listed above was observed and recordedefgrbuilding
located within our study areas and a numerical value ranging éetvleto +1 was
assigned to each factor. When the factor was thought to increaemectlage vulnerability
level of a building, a positive score was recorded. When the fdetweased the average
vulnerability level, a negative score was recorded. This appreasimilar to that used
by Cutteret al. (2003). For example, if the building had a reinforced concretetste)
then SV_m = -1. However, where it was made of timber, then SV_m = +1.

Using this approach, we suggest that a building withaaerage’vulnerability is one
that has a score of ‘zero’ for each of the seven factors and wagho protection. All
the values assigned to the seven factors are shown in Table 2.

Once we have assigned a score to every factor, an initial fealltBv” (ranging between
-1 to +1) may be calculated through a weighted sum of all the factors:

+ 213" 412" 412" 5412 412" 412" g4 12" A#)
(Eg. 3)
Where:

“W," is the weighting coefficient of each factor.



It should be noted that not each of the seven factors has the sémemdefon the
vulnerability of a building (“Bv”). Therefore, before being summed, dbetribution of
each factor must be weighted. For example, the number of storidheaigdnstruction
material, are much more important than the preservation conditiotheoishape-
orientation of the building. Weights have been calculated via pag-matches between
each of the factors. Comparisons between factors were undertakgnansevaluation
matrix by means of the M-Macbétkoftware, a specifically designed platform for multi
criteria analysis and decision making processes (Bana e €ata2004; Bana e Costa
et Chagas, 2004). The evaluation matrix, together with the pagrswatch results are
shown in Figure 3.
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3 The M-Macbeth is a software program designed t@stipmulti-criteria analysis (Bana e Costhal.,

2004; Bana e Costa et Chagas, 2004). MACBETH isatlhenym of M easuringAttractiveness through a
CategoryBasedEvaluation TecHnique”, which is the goal of the Analytic Hiethy Process. The key
distinction between Macbeth and other multi-craeapproaches is that it needs only qualitative juelgts
about the difference of attractiveness betweenfbgtors at a time in order to generate numericates
for the options (factors) in each criterion, andgheé the criteria. The seven Macbeth semantic categ
are: ‘“extreme”, “very strong”, “strong”, “moderédte'weak”, “very weak” and “no difference”. As the
judgments expressed by the evaluator are entere¢leirM-Macbeth, their consistency is automatically
verified and suggestions are offered to resolverisistencies if they arise. In this study, the Meldleth
has been used only for performing pair-wise congoes between factors affecting the structural
vulnerability of buildings, as well as their leva protection. Thanks to this approach, weightsliferent
factors have been calculated, and the unavoidabledive component of the decision making protess
been reduced to its minimum. An evaluation versiérM-Macbeth can be downloaded for free from
www.m-macbeth.com




Pair-wise comparisons between different factors were undertajems based upon
published results of post-tsunami field surveys and our personal isgped
professional judgment. However, results of pair-wise comparisonsiatdye the same if
they are performed by other researchers. This kind of subjectivity cére mobided, and
is typical of every decision making process. Nonetheless, eveglestcomparison is
described and discussed in Appendix 3.

From a technical point of view, the evaluation matrix was congleyeundertaking the
following steps. Each factor in a row was compared with one inwaneol When the
factor in the row was judged to be more important than the one inotbert, their
difference was expressed qualitatively in the correspondihgTded difference between
the importance of the two factors was chosen from the followingeraf possibilities:
“‘extreme”, “very strong”, “strong”, “moderate”, “weak”, “very emk’ and “no
difference”. Lower and upper factors have been introduced asofititieferences. The
upper one has the same importance as the most important factor (nfimdberies),
while the lower factor does not give any contribution to the structural vulneydéugl.

While we were performing all the pair-wise matches, the so#wvas automatically

looking for inconsistent judgments. When identified, inconsistencies were remowad. On

all the comparisons were completed, the software calculate@ldisve weight of each
factor (Figure 4).
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After scaling to 1 (each weight is divided by the sum of aights, that is 423), each
weight was added to Eq. 3 to give Eq. 4:

Bv (-1, +1) = (1 /423) x [100 x (s) + 80 x (m) + 63 x (g) + 60 x (f) + 51 x (mo) +46 X (s0)
+ 23 x (pc)]
(Ea. 4)

As said, this relation gives as a result a value of Bv ranggtgeen -1 to +1. In order to
use Bv in (EQ.2) it has been scaled to a range from 1 to 5 (Table 3).

51 +
Bv [-1, -0.6] [-0.6, -0.2[ [-0.2, +0.2] [+0.2, +0.6] [+0.6, +1]
(-1,+1)
Bv 1 2 3 4 5
(1,5)

The protection factor “Prot” was calculated as a weighted sudiffefent contributions
in the same way as “Bv” was calculated. Factors that tatfex protection level of a
building are:

The building row (Prot_br): one of the most important factors that can provide
protection from the impact forces of a tsunami is the number of sthertures located
between a particular building and the coastline. Post-tsunamisfieleéys demonstrated
that buildings located in rows further inland were somewhat shietdeth when
buildings in front of them collapsed (Dominey-Howes and Papathoma, 2003¢ &ee
al., 2007).

The presence of a seawall (Prot_swyertical seawalls, normally built to protect against
high tides and storm surges, can also provide protection during a ts@iypmple and
Kriebel (2005) noted that building damage from the 2004 tsunami in Thaasd
significantly lower in places protected by seawalls. They afsted that in places where
no sea wall existed (for example, to allow pedestrian accetietbeach), damage to
buildings was higher. The design of the seawall was also impdr@anexample, at the
north of Patong Beach (Phuket Island), the seawall had a slopedhédcessentially
created a ramp for the tsunami to run-up across and over. In skeistbare appeared to
be no protective effect from the seawall to the buildings located landward oélihe w



Natural barriers (Prot_nb): the presence of natural barriers such as coastal forests, can
significantly reduce the level of structural damage to buildingated landward of these
natural barrier features (Matsutorei al., 2006, Olwiget al., 2007). Natural barriers
appear to both reduce velocity and trap debris and heavy floatingsokijat would
otherwise damage buildings (Tana#aal.,2006).

Presence of a brick wall around the building (Prot_w):individual walls located
around building structures (such as garden walls) although not spécimastructed to
provide protection from flooding, do offer some protection from flood inundation
(Dominey-Howes and Papthoma, 2007). In this study, wherever present, wleandte
allowed for the protection offered by walls to buildings. Wadisged in height from 0.5

to 2 metres.

Data about these factors was obtained for every building in owy ateds during field

surveys and visual interpretation of aerial images. For each buddirassigned a score
to every protection factor. In this case, the score rangens@r(maximum protection) to
+1 (no protection), because the presence of protection can only ske¢heaaverage
vulnerability of buildings. Assigned scores are shown in Table 4.
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_ 0.25 0.5 0.75 1
Prot_br >10th 7-8-9-10th 4-5-6th 2nd-3rd 1st

(building row)

Prot_nb

(natural barriers)

very high protection

high protection

average pridec

moderate protection

no protection

vertical and >5m

vertical and 3 to 5m

vertical and 1,5 to 3m

vertical and 0 to 1.5m OR

sloped and 1.5 to 3m

sloped and 0 to 1.5m OR

no seawall

Prot_sw
(seawall height and
shape)
Prot_w
(brick wall around

building)

height of the wall is from
80% to 100% of the wate
depth

height of the wall is from
r 60% to 80% of the water
depth

height of the wall is from
40% to 60% of the water

depth

height of the wall is from
20% to 40% of the water
depth

height of the wall is from 0% tq

20% of the water depth




As in the case of “Bv”, a first numerical value of “Prot” (gamg between 0 and 1) was
obtained though a weighted sum of all protection factor scores. Thus:

Prot (0, 1) = Wy x Prot_br) + (W, x Prot_sw) + W3 x Prot_nb) + (W, x Prot_w)
(Eq. 5)

Again, weights have been calculated via pair-wise matchex) ube M-Macbeth
software. Results are shown in Figure 5 and Figure 6 while adetméed description of
comparisons may be found in Appendix 4.






After scaling to 1 (each weight is divided by the sum of aights, that is 301), each
weight was added to give Eq. 6:

Prot (0, 1) = (1/301) x [100 x (Prot_br) + 73 x (Prot_nb) + 73 x (Prot_sw) + 55 x
(Prot_w)]
(Eq. 6)

As said, this relation gives as a result a value of “Pro@jirapbetween 0 to +1. In order
to use “Prot” in (EQ.2) it has been scaled to a range from 1 to 5 using Table 5.

1 9< ;

Prot (0, 1) [0, 0.2 [0.2, 0.4] [0.4, 0.6] [0.6, 0.8] [0.8, 1]

Prot (1,5) 1 2 3 4 5

The third and last element of (Eq. 2) is exposure “EX” - aescamging from 1 to 5 that
relates to the depth of the water flow at the point where thdibgils located. The level
of structural damage is expected to increase with water deptiudee the pressure
applied to the building and the flow velocity are direct functions aw ftlepth (Fritzet
al., 2006). Scores have been given to “Ex” according to Table 6.

6) 984; $ #

Water Depth Otolm lto2m 2to3m 3todm >4m

“EX” 1 2 3 4 5




2.3.1.2Vulnerability associated with Water Intrusion (“WV”)

Once the floor of a building has been inundated, all the parts pfltloa which are

damaged by the water will need to be repaired or repladeds, The overall vulnerability
of a building to contact with water is clearly dependent on the nuofld®ors that are
inundated in each building (which includes the basement).

Consequently, we assign to ‘WV’ a score that indicates whaeptage of the floors of a
building will be inundated. Hence, for each building:

WV (0, 1) = (number of inundated levels) / (total number of levels)

The value of WV to be inserted in (Eq.1) has been obtained by ragst@lv (0, 1)” to
a range between 1 and 5 and is given in Table 7.

71 9"1;

WV (0, 1) [0, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 0.8[ [0.8, 1]

WV (1, 5) 1 2 3 4 5

2.3.2 Calculating the Relative Vulnerability Index

Once “SV” and “WV"” are obtained, th®elative Vulnerability Index’ (RVI) score for
each building may be calculated using Eq.1. The range of RVI valgethwn divided in
to 5 equal intervals (Table 8).

/0 1 ( 401! (
RVI (1, 5) [1-1.8 [1.8 - 2.6] [2.6 - 3.4 [3.4-4.2] [4.2 - 5]
Relative AVERAGE HIGH
Vulnerability
Index

In the final analysis and presentation of results in map farenadopt a colour coding
scheme (Table 8) to represent the various vulnerability values silebean approach is
common in other hazard assessment types and is easy for the user to understand.



2.4 Step 4 — Model applications at Maroubra Beacha nd Manly

To obtain appropriate data sets, run the vulnerability assessment htodmalculate the
Relative Vulnerability Index scores for individual buildings dnproduce vulnerability
maps

This project used a Geographic Information System (GIS) inhwtacrun the model
analysis and present the results in map form. The GIS softmaresed was ArcGIS
Desktop 9.2 available from ESRI. The main advantage of using Gl isomplete
flexibility of the system, which allows each end-user to obtaincagell and specific
data. GIS software also allows end-users to keep updating the ydatabase through
time. This is critical since it facilitates the production wb-to-date and reliable
vulnerability maps which are extremely valuable when dealiiy vow frequency
hazard processes like tsunamis and storm surges. The coordinate siissen for the

whole project is the Transverse of Mercator projection, GDA 1994 MDA datum, zone 56.

The data collected and used in this project, together with thes,esele stored in a GIS
database, following a hierarchic framework made up of groups of sedtaties. Data
are initially divided in to two directories according to theiigital format (vectorial and
raster). Further sub-divisions are then made according toyfiedgy and semantic
areas.

2.4.1 Data needed: building the GIS

In order to build the GIS and run the model, the following data were obtained:

A recent geo-referenced and ortho-rectified aerial imagedf study area which
is used as the geographical base of the study. The aerissmage useful when
it was necessary to manually digitize building vector files #ordobtaining
specific building features needed by the model (e.g., shape andatioerdf the
building footprint, building row, the presence of movable objects and paecti
provided by natural barriers). These images were provided by Mamdy
Randwick councils;

A Digital Elevation Model (DEM) with the best horizontal resauatand vertical
accuracy. The DEM was used to calculate the water depth abowgrained
surface by subtracting the ground elevation from the horizolo@ad fsurface at
specific grid (building) points. The DEM'’s were also provided by council;

A shapefile of polygons representing all the building footprints. Theefites
were alo provided by Manly council but were manually digitized uyfor
Maroubra. Building attribute data was then manually entered ithe GIS
database for each building file; and

Attribute data for each building. The specific attributes westedi at sections

2.3.1.1.1 and 2.3.1.1.2. The data included both building and urban environment



data (e.g., seawalls etc). These datasets were not agditainl council and so we
undertook field surveys to collect these data building-by-building.

The data provided by Manly and Randwick Councils were entered int& adabase,
and categorised according their format and different thematic argasgH).

Topographical data were converted from a “.txt” format into a polygapefile. The
marine flood water depth for our scenario given by the 5 metrgami (plus 2 metres
maximum astronomical tide = 7m AHD) were projected onto the wktldy area
(Figure 8).



In the case of Manly, the combined 'Buildings' shapefile was mddifierder to be used
in the vulnerability model. A total of 1141 individual building footprintsrevenanually
extracted (Figure 9). For Maroubra, inundated buildings were manually idiggtal
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2.4.2 Field surveys and data recording

We needed to undertake ground-truthing of the building shapefilésedhea Manly and
Maroubra and collect building data for the various attributes ofrtbdel. The area
covered by the expected tsunami flood water is large in Manlyefdre, we divided the
whole study area in to 18 smaller more manageable blocks (Figure 10)



?

For each of the 18 block areas, we prepared a master sheandawtidual building
shapefiles (Figure 11) in order to ground-truth these buildings aratdrdauilding
attribute data for each confirmed building structure accordingstaradardised data sheet
(Figure 12). Preparation of separate block areas was not ngciesdslaroubra because
a significantly smaller area and number of buildings were affected.
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The rows of the table shown in Figure 12 include a building ideatiin number, while
all the factors to be observed and recorded were listed in the columns.

Where the correspondence between aerial images and field observemmot good,
building shapefiles were manually corrected using the ground-truth data.

The data collected during the field surveys was entered intottifileute table of the
corresponding building shapefiles in the GIS. Finally, the Relativi@erability Index
score for each building was calculated and maps produced for eaghastas (see
Section 3 — Results).



3 Results
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3.1 Introduction

The results are divided in to two sections — assessment of buildingrability in (1)
Maroubra and (2) Manly. In this study, we have chosen to presentsiliesras a series
of thematic maps that relate to specific ‘classes’ (oedyf buildings. The classes have
been chosen by us and are:

local government buildings

health and medical service buildings

education buildings

recreation and culture buildings

utility (including water, sewerage, gas and electricity) buildings
transport buildings

tourism buildings

commercial buildings; and

residential buildings.

For each class of building, the maps are provided at a scale of 1:5@06hdsk these
classes because they represent a common sense approach and bpeaiige

stakeholder groups would be interested in these various classes afidauildurther, in

many cases, large numbers of buildings are present within partarelas and it is useful
to be able to view specific classes or types of buildings simgle map. Clearly, any
particular user could choose to display the buildings in differessetaappropriate to
their own needs.



3.2 Maroubra

3.2.1 Inundation and exposure

Figure 13 shows the area of Maroubra that would be inundatedsimpanti achieving a
run-up of +5 metres above sea level (m asl).

% Duncan Street

N

McKeon Street

/

Fitzgerald Avenue

Arthur Bryne Reserve

Examination of Figure 13 indicates that a relatively smalh aseMaroubra would be
inundated by the tsunami in our scenario (27.4 ha). The deepest inunslabofined to
the beach strip running northeast - southwest. Tsunami flood waterd wewble to
penetrate inland from the south, northwards up in to the Arthur BrynenkResThe
largest area inundated by the tsunami in this scenario lies nsttbévithe northern end
of Maroubra Beach and includes several blocks of commercialesidkntial structures
as far east as Mckeon Street, as far north as Duncan &tr@esouthward towards
Fitzgerald Avenue. Water flow depth would be no greater than 3 metres aboveuhe gr
surface throughout much of this area.



3.2.2 Vulnerability of all buildings exposed at Mar  oubra

A total of just 96 buildings (of all building class types) would lmiched’ by tsunami
flood water in our scenario (Figure 14). We then calculated te&tiRe Vulnerability
Index’ (RVI) score of every building located within the inundation zaiseng the
approach outlined in Section 2.3. The results are also shown in Figure 14.
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From Figure 14, it can be seen that just four individual buildingslassified as having
a “High” RVI score. No buildings are classified as “Very Rig The four buildings
classified with a “High” RVI score are located in aredsere water depth would exceed
1 metre.



3.2.3 Vulnerability of local government buildings

Figure 15 shows the RVI scores of those buildings in Maroubratbahe responsibility
of local government. The RVI scores of these structure$vamry Low” and “Low” and
there are only four such buildings in the area. It is fortunatethleaRVI scores are low
since each of these buildings is located close to the shorelineahdithin the deep
inundation zone (Figure 13).



3.2.4 Vulnerability of buildings related to health and medical services

Figure 16 shows the calculated RVI scores of those buildings in Maroubra thelased r
to health and medical services. Such facilities would be aritac emergency response
and recovery after a tsunami impact. Fortunately, only two buildiajsin to this
classification but one of them — the ambulance station locatee attersection of Mons
Avenue and Fenton Avenue has been classified as having a RVI score of “High”.



3.2.5 Vulnerability of buildings related to recreat  ion and culture

Figure 17 shows the calculated RVI scores of those buildings in Maroubra thelased r
to recreation and culture. There are just two buildings of this dapgethey have RVI
scores of “Very Low” and “Low”.



3.2.6 Vulnerability of transport system buildings

There are just two transport related buildings within the tsunaomdation zone of
Maroubra. Figure 18 shows the location of these buildings and thecRkélss Both have
RVI scores of “High”.



3.2.7 Vulnerability of tourism buildings

There are just two tourism related buildings within the tsunami etiord zone of
Maroubra. Figure 19 shows the RVI scores of each of these anddtaty, the buildings
have scores of “Very Low” and “Low”.



3.2.8 Vulnerability of commercial buildings

There are a total of 18 commercial building structures withinsiiv@ami inundation zone
of Maroubra. Figure 20 shows the RVI scores of each of these buildiigse
commercial buildings are classified as having “Very Low”, “lowar “Average”
vulnerability”. None of them have a “High” or “Very High” RVI score.



3.2.9 Vulnerability of residential buildings

There are a total of 67 residential buildings within the tsunaomdation zone of
Maroubra. Figure 21 shows the RVI scores of each of these buildingsiast majority
of residential structures are classified as having “Veow'l,. “Low” or “Average”
vulnerability. Only one residential building is classified as having “Highhetdbility.

3.2.10 Vulnerability of education and utility build ings

None of the 96 buildings shown in Figure 14 and inundated by the tsunami in our
scenario are associated with the education or utility sectoes.h&ve therefore, not
provided any maps as they would evidently be blank.



3.2.11 Overall observations

The following general observations are made about building exposure anadianility
for the area of Maroubra:

Generally speaking, only a very few building structures aretddcwithin the
tsunami inundation zone associated with our scenario. Therefore, thal ove
‘exposure’ is in fact, rather low;

Overall, the majority of building structures touched by tsunami fleatkr in this
scenario have an “Average” or lower ‘Relative Vulnerability Indexrsc

Only a very small number of individual building structures have aghiHi
Relative Vulnerability Index score and one of these is an ambulance station;
The Maroubra and South Maroubra Surf Life Saving Clubs located on the
esplanade behind the beach have a “Low” RVI score in this scenario; and

Large areas of low lying foreshore area behind the Maroubréhbiralding
Broadarrow Reserve and Arthur Bryne Reserve are currentlgaevaioped and
should probably remain so.

The Randwich LGA does not need to worry about the vulnerability of any
buildings for which it is responsible;

Buildings belonging to the transport system and its operators haweassessed

as having “High” RVI scores. The relevant owners/operators shandider
measures to address the vulnerability of these structures.



3.3 Manly

Manly is a much more complex situation than Maroubra with a sigmifiy larger area
of land inundated in our scenario (169.5 ha) (Figure 22).

Due to the low-lying character of the coastal region @nl, it can be seen that the
tsunami would flood fully down the Corso from the ocean side of Mdmbugh to the
Manly Wharf on the Harbour side. The tsunami would also be funneled thrbagh t
entrance of Manly Lagoon to a significant distance inland inunddinigings in low
lying areas on the south side of the lagoon. The tsunami would b ablmdate farther
inland than shown by Figure 22 but we are only concerned with the snphdhe
tsunami in the Manly local government area and so we have not exphe effects of
the tsunami in neighbouring local government areas.

A total of 1133 buildings (plus 8 sites that were under constructitredtme this study
was undertaken) are touched by tsunami flood water in our scenlisasTar too large
an area to easily display on a single map. Therefore, fhgral reasons, we have
divided the Manly area affected by inundation in to four smallerkslsbown in Figure



23. In the remainder of this Section of the report, we will sequntlabl with Manly
Blocks 1, 2, 3 and 4. In Section 3.2, we described the absolute number of budfdings
each class in the inundation zone of Maroubra. We do not do this for thg bsd
study since the four sub-blocks over lap. If we were to provide abdnliiing numbers

as a sum of the buildings in each block, we would overestimate itte@l anumber
(1141), because buildings located in the overlapping areas of the blocks waolalalbe-
counted. Nonetheless the absolute number of buildings of each claske farthtle
inundated area in Manly, is shown in Table 9.
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3.3.1 Manly Block 1

3.3.1.1 Inundation and exposure

The area of Manly Block 1 inundated by the tsunami in our scenaiitdisated in
Figure 24.
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Examination of Figure 24 indicates that a relatively largea asf Block 1 would be
inundated. Most of the area however, is covered by the Manly Golfs€o#r large
number of buildings of all types would be ‘touched’ by flood water dutiire tsunami in
our scenario. This represents the total ‘exposure’ to potentmagk during the
hypothetical tsunami. Figure 24 also displays the calculated tiRel&/ulnerability

Index’ (RVI) scores of each of the buildings located within the intiodaone. It can be
clearly seen that a significant percentage of buildingslassitied as having “High” and
“Very High” RVI scores.



3.3.1.2Vulnerability of local government buildings

Figure 25 shows the RVI scores of those buildings in Manly iBlbcthat are the
responsibility of the local government. Only a small number of buildialdsvithin this
class and fortunately, all buildings are classified as “Avéragéwer in terms of their
RVI. Furthermore, these buildings are all located at the modiMard (western) extent
of the inundation zone in the region of Quirk Road and Roseberry Street.
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3.3.1.3Vulnerability of buildings related to health and medical services

Figure 26 shows the RVI score of the one building in Block 1 thatelto health and
medical services. This building is classified as having a fHRVI score and is the
Senior Citizen Centre at the edge of the Manly Golf Course off Pittwatsit.R



3.3.1.4Vulnerability of buildings related to education

Figure 27 shows the calculated RVI score of those buildings in Bldbkt relate to the
education sector. These building are classified as having an “AveradescBi.



3.3.1.5Vulnerability of recreational and cultural building s

Figure 28 shows the RVI scores of the recreational and cuituildings in Manly Block
1 located within the tsunami inundation zone. These buildings are wrarad by a mix
of “Very High”, “High” and “Low” RVI scores.



3.3.1.6Vulnerability of utility buildings

Figure 29 indicates that only a very small number of individual buidiigssified as

utility buildings are located in this area. However, theil BRtbres are “High” and “Very
High”.



3.3.1.7Vulnerability of commercial buildings

Figure 30 shows the calculated RVI scores of the commerciadigsl in Block 1
located within the tsunami inundation zone. A relatively small numbeoofmercial
buildings are located within the inundation zone and most have RVI suoiégerage”
or lower.



3.3.1.8Vulnerability of residential buildings

Figure 31 shows the RVI scores of residential buildings locatéginmthe tsunami
inundation zone of Block 1. A relatively large number of resideneegdibe inundated.
The majority of residential buildings have an RVI score of “Average” and highe



3.3.1.9Vulnerability of buildings associated with the tramsport and
tourism sectors

No buildings within the Manly Block 1 area are associated wittirdresport or tourism
sectors. Therefore, no exposure exists.

3.3.1.10 Overall observations

With regard to Manly Block 1, we make the following general observations:

Large areas of Block 1 — currently the Manly Golf Course areveidped and as
such, the building exposure is not as high as it might otherwise be;

A large number of residential structures are however, vulnetaldlamage, and
of these, a significant percentage have been classifiechwasgh“High” and
“Very High” RVI scores;

The small number of utility sector buildings located within the intindaone of
Manly Block 1 are all classified as having high vulnerability.sTisi potentially
highly problematic in terms of impacting upon the capacity tover and these
buildings should be the subject of efforts to reduce their vulnerability;

Finally, the one health and medical services building within Bheck 1
inundation zone (a nursing home) has an RVI score of “High” and as such,
requires effort to reduce its vulnerability (and/or improve emergeasponse
efforts in the event of a tsunami).

Those buildings that are the responsibility of the Manly LGA haweefage” of
lower RVI scores. Therefore, nothing to worry about for the looakegment.
Similary for education buildings.



3.3.2 Manly Block 2

3.3.2.1Inundation and exposure

The area of Manly Block 2 inundated by the tsunami in our scenaiitdisated in
Figure 32! This is a large area bounded to the north by the entrance to Magbpn
and to the east by the ocean. It extends as far south a©®t8intet and to the west to
Pittwater and Balgowah Roads.
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Examination of Figure 32 shows that a relatively large are®lotk 2 would be
inundated in our scenario. A large number of buildings of all types would be ‘touched’ b
the flood water. This represents the total ‘exposure’ to potentialage during the

* Please note that Blocks 1 and 2 overlap and ds, suaumber of individual buildings appear in both
Block 1 and 2 maps. Users of this Report shoulddveful not to double count individual buildingsttie
data is used beyond the descriptions given inRkijgort.



hypothetical tsunami and it is clearly high. Figure 32 alsplays the calculated RVI
scores of each of the buildings located within the inundation zonen hecalearly seen
that a significant percentage of buildings are classified andgpdWigh” and “Very
High” RVI scores and most of these are located in the ceamthhorthwestern portions
of Block 2.

3.3.2.2Vulnerability of local government buildings

Figure 33 displays the calculated RVI scores of those few buddm@lock 2 that are
the responsibility of the local government. Just 5 individual buildings thee
responsibility of local government. It can be seen that all thesdirmsl have been
classified as having “High” and “Very High” RVI scores.
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3.3.2.3Vulnerability of buildings related to health and medical services

Figure 34 shows the calculation of the RVI scores and the sgatigbution of those
buildings in Block 2 that relate to the health and medical sersmet®r. One building is
classified as having a “Very High” RVI whereas the othexselan average or lower RVI
score.



3.3.2.4Vulnerability of buildings related to education

Figure 35 shows the RVI scores of the small number of educatiodirysl located
within the inundation area of Block 2. These buildings have a mix of \abiigy but
one, (which is a school) has a “High” RVI score.



3.3.2.5Vulnerability of recreational and cultural building s

Figure 36 displays the calculated RVI scores of the reoredtand cultural buildings in
Bock 2. As can be seen, the majority of these buildings have lssessad as having
“High” and “Very High” RVI scores.
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3.3.2.6Vulnerability of utility buildings

Figure 37 displays the calculated RVI scores of buildings beigngy the utilities of

water, gas and electricity services in Block 2 located withentsunami inundation zone.
They have all been assessed as having “High” and “Very High” RR¥res in spite of

being located some distance from the shore.
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3.3.2.7Vulnerability of transport system buildings

Figure 38 shows the calculated RVI score of the only transpddnsyisuilding located
within the tsunami inundation zone of Block 2 (the RTA motor registty¥ classified
as having a “Very High” RVI score.
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3.3.2.8Vulnerability of tourism buildings

Figure 39 shows the calculated RVI scores for and spatialbdistm of those buildings
associated with the tourism sector within Block 2. Of these,gusthas been classified
as having a “High” RVI score.
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3.3.2.9Vulnerability of commercial buildings

Figure 40 displays the spatial distribution and calculated RVEesdor the commercial
buildings located within the tsunami inundation zone of Block 2. Most buildiage
been assessed as having either “Low” or “Very Low” RVI ssoHowever, a few
buildings have been assessed as having “Average”, “High” or “Very High” BAres.
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3.3.2.10  Vulnerability of residential buildings

Located within the tsunami inundation zone of Block 2, Manly are a laugeber of

residential structures. Their spatial distribution and calculated RVésewe displayed in
Figure 41. As an interesting observation, the majority of resmldmtildings located in
the seaward sections of the study area are actuallyfiddsss having “Average”, “Low”

and “Very Low” RVI scores even though they are ‘closerhe sea and initial point of
inundation.
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3.3.2.11 Overall observations

With regard to Manly Block 2, we make the following general observations:

The central and seaward sections of Block 2 at Manly aredesrsely developed
with buildings of mixed building class types. However, the vasbntgjof the
buildings are private residences;

At present, the western portion of Block 2 is not very developedrasnicrea is
occupied by the Manly Golf Course;

All the LGA buildings presented in this area have been cladsifs “High” and
“Very High” RVI. It is highly likely that Manly Council willwish to address the
vulnerability of these structures;

At present, all of the utility services, health and medical sesyirecreation and
culture, transport and tourism buildings located within the inundation lzave
also been calculated as having “High” and “Very High” RVI; and

A relatively large number of residential structures are gmeswithin the
inundation zone and many of these have been classified as havgiy ‘dhd
“Very High” RVI scores. It is not clear from our work if yaiof these residential
properties are associated with public housing or if they are all privateigd.



3.3.3 Manly Block 3

This block is centered around the administrative and commercialdighg Manly local
government area.

3.3.3.1llnundation and exposure

Tgse area of Manly Block 3 inundated by the tsunami in our scersaslawn in Figure
4
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® Again, please note that Blocks 2 and 3 overlamd@es must be careful not to double count indiidua
buildings shown in both Blocks 2 and 3.



Examination of Figure 42 indicates that a relatively largea asf Block 3 would be
inundated in our scenario. Significantly, the entire low lying comaiakeheart of Manly
centered around the Corso, would be completely submerged by flood watgniffeant
number of buildings of all types would be ‘touched’ by flood waters Thpresents the
total ‘exposure’ to potential damage in our scenario. Figure 42 alguags the
calculated RVI scores for each of the buildings located within the inundation zone.

3.3.3.2Vulnerability of local government buildings

Figure 43 shows the calculated RVI scores and the spatiabdigin of those local
government buildings present within Block 3, Manly. Of these, justangcclassified as
having “Very High” RVI scores. One is the South Manly SufélSaving Club, and the
other is a public seating structure on the promenade.



3.3.3.3Vulnerability of buildings related to health and medical services

Figure 44 displays the spatial distribution and calculated Rdflescof the health and
medical services buildings located within the Block 3 area. @ustbuilding has been
classified as having an “Average” RVI score. The others hawa™ and “Very Low”
RVI scores.
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3.3.3.4Vulnerability of buildings related to education

Within the Block 3 area of Manly, just a handful of buildings asoeisted with the
education sector. Figure 45 shows the calculated RVI scores ferlih#dings and their
locations. It can be seen that three of them have been classitiediag “Average” RVI
scores.
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3.3.3.5Vulnerability of recreational and cultural building s

Within the Block 3 area of Manly, a relatively small number otdings are associated
with recreation and cultural activities. Figure 46 shows theutzdakd RVI scores of each
of these buildings and their locations. One third of these buildiags been assessed as
having “Average” RVI scores and the rest are classified as “Low” and/"Man” RVI.
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3.3.3.6Vulnerability of utility buildings

A very small number of individual buildings belonging to the utilisestor are present
within the tsunami inundation zone of Block 3. The locations and RVI scbrdgese
buildings are displayed in Figure 47. Of these, one building is ¢bsak having a
“High” RVI score. The remaining buildings have all been assessdtving lower RVI
scores.



3.3.3.7Vulnerability of transport system buildings

Within the Block 3 study area of Manly, only a small number ofdigjs are related to

the transport services sector. Of these, the most significktang Wharf located on the
harbour side of the inundation zone. Figure 48 displays the calculated RVI scores of these
buildings and their exact locations. The only problematic building sieids Manly

Wharf which has been classified as having a “Very High” RVI score.
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3.3.3.8Vulnerability of tourism buildings

Manly is an iconic Australian tourism destination and this impoeasceflected in the
relatively large number of tourism related buildings located withe Block 3 area of
Manly (Figure 49). Of these, just one (the Tourism Informationc®fbutside Manly
Wharf) has been classified as having a “High” RVI score. €hgamning buildings have
all been classified as having “Average” or lower RVI scores.



3.3.3.9 Vulnerability of commercial buildings

Since Block 3 incorporates the commercial heart of Manly, it i@dighest number of
commercial building structures of any part of this study. Tdistribution and calculated
RVI scores are shown in Figure 50. It should be noted that Manlyf\V@ppears under
this classification as well as the transport sector sindevidual commercial business
operators are located within the wharf structure. These indivilisathess operators have
been joined together as a ‘single’ business within our analysiall ©f the commercial
buildings present in Block 3, just three have been classified asghaxemy High” RVI
scores and just one was classified as having a “High” RVI score. Thennegnauildings
have been assessed as having RVI scores of “Average” or lower.
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3.3.3.10 Vulnerability of residential buildings

There are a moderately large number of residential buildingnvBlock 3. Due to the
nature and character of Manly, most residential structuresockBE are actually multi-
dwelling, multi-story buildings rather than separate houses. Thet éoeation and
calculated RVI scores for each of these residential buildsghown in Figure 51. The
vast majority of these residential structures have been adsasshaving “Average”,
“Low” and “Very Low” RVI scores. Only a small number of buildingee assessed as
having “High” RVI scores.
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3.3.3.11 Overall observations

In regard to Manly Block 3, we make the following general observations:

The entire commercial heart of Manly would be inundated by tbeatsi
associated with this scenario;

The South Manly Surf Life Saving Club building has been assesdeavarsy a
“Very High” RVI score and given its importance as a commuhityding, this
should potentially be addressed,;

A relatively large number of commercial structures are valerto one degree
or another;

The Manly Wharf structure is highly vulnerable to tsunami damageas the
most significant transport structure, should probably be the focus ohpajie
risk mitigation activities;

We are uncertain whether those residential structuresifiddsas “High” and
“Very High” RVI are public housing or private residences.

There are no problems with buildings associated with health and meelicees
and education

Some attention needed to the sectors of utility, transport and tourism



3.3.4 Manly Block 4

Block 4 overlaps with the southern part of Block 3 and extends edstwecorporating
low-lying building structures clustered around Bower Lane and Siggbch in the
Cabbage Tree Bay area.

3.3.4.1Inundation and exposure

The total area of Block 4 inundated in our scenario is indicated in Figure 52.
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Examination of Fig 52 indicates that a relatively largeaaof Block 4 would be
inundated during our scenario — mostly towards the commercial certtandy (which
was presented in Section 3.3.3). A moderately large number of buildinglé types
would be ‘touched’ by flood water during this event. This repregbetsotal ‘exposure’
to potential damage. Figure 52 also displays the calculated Rvéssof each of the
buildings located within the inundation zone.



3.3.4.2Vulnerability of local government buildings

Figure 53 shows the calculated RVI scores of the small numbeuwildings in Manly
Block 4 that are the responsibility of local government. Twthese buildings has been
classified as having “Very High” RVI scores — the Manly Suifé Saving Club (both
dealt with by the analysis of Block 3 structures) at the souttied of Manly Beach and
a shelter structure on the main South Steyne Promenade.



3.3.4.3Vulnerability of buildings related to the health and medical
services

Figure 54 displays the distribution and calculated RVI scordsosktbuildings in Block
4 that relate to the health and medical services. One strustatassified as having an
“Average” RVI score whilst the others have lower RVI scores.
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3.3.4.4Vulnerability of buildings related to education

Figure 55 displays the distribution and calculated RVI scores ofriedl number of
buildings within Block 4 that relate to the education sector. Tofeékese are classified
as having “Average” RVI scores.



3.3.4.5Vulnerability of recreational and cultural building s

Figure 56 displays the calculated RVI scores and spatiaibdistm of the small number
of recreational and cultural buildings in Manly Block 4. Of thes®, ane classified as
having “Average” RVI scores.



3.3.4.6Vulnerability of utility buildings

Figure 57 indicates that only a very small number of individual buiddasgociated with
the utilities sector are located within the Manly Block 4aaf® of them fall below the
legend, but they are visible in Block 3,Figure 47). The visible buildsngn electric
station and it has been classified as having an “Average” RVI score.



3.3.4.7Vulnerability of transport system buildings

Figure 58 shows the calculated RVI scores and spatial distnibotithe extremely small
number of transport related building structures located within tbekB! area of Manly.
One of them is located behind the legend, but it can be seen ik Blétgure 48). Just
one building - Manly Wharf has been assessed as having a “Very High” RVI score



3.3.4.8Vulnerability of tourism buildings

Figure 59 displays the spatial distribution and calculated R\Wescfor the relatively
small number of tourism related buildings located within the tsumramidation zone of
Manly Block 4. They have all been assessed as having “Averageiy’“Bnd “Very
Low” RVI scores



3.3.4.9Vulnerability of commercial buildings

Figure 60 displays the calculated RVI scores and spatialbdistm of the moderately
large number of commercial buildings in Manly Block 4 located witthi@@ tsunami
inundation zone. Only 7 of them have been assessed as having “High” erydH\gh”
RVI scores.



3.3.4.10 Vulnerability of residential buildings

Figure 61 shows the spatial distribution and calculated RVI sdorehe relatively large
number of residential buildings located within the Manly Block 4 tsuriaondation
zone. The vast majority of residential structures are cladsdis having “Average”,
“Low” or “Very Low” RVI scores.



3.3.4.11 Overall observations

With regard to Manly Block 4 we make the following general observations:

A relatively large area of Manly Block 4 would be inundated bisumnami
associated with our scenario (although only a modest number of buildodd

be inundated and most of these overlap with those at the southern &ndko8
and have as such, already been considered).



3.3.5 Summary of Relative Vulnerability Index score s for Manly

To assist readers with understanding the absolute number of buildthgdifferent RVI
scores by building class type, Table 9 provides a quick look summarytakeehome
message” from Table 9 is that commercial and residentattates have the highest
absolute number of buildings assessed as having “High” and “Very High” Réssc
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Manly (Blocks 1 — 4) Relative Vulnerability Index RVI) Scores
Building Number Buildings
class type of with
buildings “Average”
Local 23
Government
Health & 19
Medical
Education 19
Recreation 22
&Culture
Utilities 12
Transport 5
Tourism 24
Commercial 217
Residential 865
Vacant and 8 - - - - -
being
redeveloped




4 DISCUSSION and RECOMMENDATIONS

In this section we discuss our fundamental
understanding of the risk to the coast of New South Walesdm tsunamis
and re-examine the scenario we have used. We discuss in gahterms the
method we have applied and its associated challenges, speciBsues
arising from each case study location and more general issuesmamon to
both study sites. We acknowledge the limitations of this workbefore
making a series of recommendations

4.1 The foundations of the study

We begin the Discussion by returning to the foundations of this studgmely, the
actual risk to the coast of New South Wales (NSW) and the scemarave developed
and used.

The historic record of tsunami impacting NSW (Appendix 2) cleatipws that
numerous small tsunamis have occurred since European occupation cfgibe. r
Consequently, somkazard associated with tsunamis exists. The disjunct between the
known historic record and the proposed geological evidence for muchr large
palaeotsunamis during the last 10,000 years however, is not eagplam.eFurther
plaeotsunami research work is an imperative to resolve this diguoddest the validity

for the claims of palaeo- megatsunamis. Given the absence of amghpdiprobabilistic
assessments of tsunami risk for the coast of NSW, it is clyrresttpossible to state with
any degree of confidence, what the actigl is to the region of Sydney considered in
this study.

We are aware that at the time of writing, probabilistientgsni hazard assessments
(PTHA) of tsunami are being undertaken for NSW and when availfi@esstimates of
tsunami amplitude in shallow water close to shore, or ideallyjninedation forecast
onshore, should be taken in to consideration when thinking about the liketysedfe
coastal infrastructure, buildings and people.

Not-with-standing the difficulty with the reported geological evidefar past tsunamis
and the absence of PTHA’s, the recent marine survey work of ®aosciAustralia
(Glenn et al, 2008) provides the most compelling evidence for potential sources of
locally generated tsunamis that could impact the coast of NSW saithand as Gleret

al., (2008) acknowledge in their report, further work needs to be undertakieetter
constrain the ages and sizes of these submarine sediment slittess afhtinental shelf.
Such work will increase our confidence in assessing the potentsliobf events for
generating local tsunamis.



If it is assumed that the work of Glem al., (2008) is reasonable (which it certainly
appears to be), then submarine sediment slides are the moygt dikese of local
tsunamis. Therefore, our scenario for this study remains valid adkdy lies at the
‘conservative’ end of what could be expected for a local tsunamexample, if a large
low-pressure cyclonic system were centred over Sydney atntleeofi the tsunami, that
coincided with a king tide — the maximum run-up might well be much higher thanrused i
our scenario. Further, in our scenario we assume present meanedeH-tbe scenario
event were to occur 50, 100, 150 years in the future, sea-level #ésgowith climate
change would be higher — compounding the maximum expected run-up., Lasilyr
scenario, we assume the tsunami wave strikes the coast par#ilelshore and that only
a single wave inundates the coast. In reality, it is much mkeéy lthat two or more
individual tsunami waves would impact the coast and, as you move awaylfe point
source of the event, so the tsunami would strike the coast at differers.adgtescenario
also fails to consider the likely impacts of tsunami back-wastme wave runs back out
to sea. Clearly, such a wave would be full of building debris, aradsother objects that
are capable of causing further damage to buildings. Our modelpgmdaah does not
take in to account any of these possibilities.

We have worked hard to make improvements to the PTVA Model of Papa(R003)

(see Dall'Osseet al.,in review). We have been able to introduce several important new
elements to the PTVA Model based on recently published resultsedtigations of the
impacts and effects of the 2004 Indian Ocean tsunami on urban environgreststhe
Indian Ocean region. These improvements increase our confidence tRaivtAeModel

is an appropriate framework for providing first order assessnoérikee vulnerability of
buildings in the absence of fully validated building fragility (damage) surve

Whilst we have been able to up-grade the PTVA Model, the PTVA Mitletioes not
include a sediment/debris entrainment component that would reasonadtpdiged to
affect the degree of vulnerability of buildings. However, we irgtgt in the model a
more accurate description of protection that is provided to each buildingther
structures and natural barriers, which were proven to be veryiedf@c trapping debris
and sediment. Further, we made the assumption the flow velocitgliiech function of
the water depth, based on Frtizal. (2004), but a much more accurate knowledge of the
pressure applied on each building surface could arise from an fpdroct simulation
of the inundation of the study area. Also, we assumed the directidre dfotv to be
perpendicular with respect to the shoreline, which is a model ksyecially where the
ground slope and topography are very heterogeneous and there acteslbi can
deviate the flow. Again, this limitation could be overcome with a nigalesimulation of
the flooding.

In Section 2.4, we provided details about how we integrated differaaseds to
construct and run the model assessments. It is clear that thid imatka ‘hungry’.
Information (values) for many different building and environmerttabates are needed
in order to make a realistic assessment of the vulnerabiliybofilding structure. If any
of these attribute (values) are missing, then the quality ofitla¢é dssessment will be



reduced. In fact, some values are critical (e.g., flow depth abowgdbad surface) and
without them the model cannot be run.

The two biggest challenges we faced were: (1) to obtain an sedata about building
footprinst from available information at the Council’'s GIS offiaad (2) how to collect
building attribute data not available from local government?

We know it is very uncommon to find all the data we needed in A BE office,
because our datasets had been specifically designed for tstisliaamalysis. However,
most of the essential elements, such as aerial photographs atadl Elgyation Models
(DEM) were available at both Councils offices. Moreover, the CoéuoiciManly
provided us a DEM derived shapefile of all the building roofs. Thesléit us save a lot
of time, even if it needed to be significantly modified to be congenéo buildings
footprints.

With regard to building attributes, none of the required data wasableaht Manly and
Maroubra Coucils. We extracted from the aerial photos a litttegpshe data we needed,
but we had to go on the field to get the largest part of them @si¢he construction
material, number of stories, the type of groundfloor, etc.).

We undertook a labour intensive, time consuming building-by-building surveiswas
difficult, but we needed such data to be able to undertake our assedsnti@stproject,
this was achievable since in the worse case of Manly, we evdyedealing with some
1100+ buildings and we could draw upon a large natural hazards reggauogh (at
UNSW) to assist. We acknowledge that such efforts will notpbssible in all
circumstances where the approach used by us is to be employed.

The results of this study clearly show two very different vulnétalbconditions for
Manly and Maroubra. Since the average topographic elevation in Mantych lower,

the inundated area is significantly larger than in Maroubra lagtaif of 6 (169.47 ha at
Manly versus 27.4 ha in Maroubra). As a consequence, the number of imundate
buildings in Manly exceeds 1100, while in Maroubra just 96 buildings would be flooded.



4.2 Maroubra

Our analysis for the Randwick LGA only covered a small afeeoastal foreshore and
exposure was very low. This gives the impression that thegigkry low — which it is
(relatively speaking) in the area we examined in this studyurfapproach was applied
elsewhere in the Randwick LGA or when building development (and expdsade
changed, the results of an assessment like ours might be considerably different.

To our mind, the only problematic structure in the Maroubra stuety ia the ambulance
station at the corner of Mons Avenue and Fenton Avenue (Figure 14). Gevenrrent
day-to-day, and the potential future importance of the station tonesgoduring a
tsunami event, the fact that the station building has been assessed as having a “High” RV
score should be regarded as an issue worth addressing.

The ‘take home message’ for the Maroubra are of the Randwick Casrtiat the
undeveloped area behind the present ocean beach should remain sanéin, that

area is zoned as “open space for public recreation”. There pyddrabhland certainly will

be in the future, pressures to develop this area for uses requirmgr@ant occupation

(i.e. residential or commercial structures). These pressti@dd be resisted (as far as
possible). Further, if minor development consent is given, it woulardferable to build

an amenity block and great care should be taken to the zoning and building
codes/standards and materials of the buildings approved for constructader to
ensure they are constructed with the minimum vulnerability possible.



4.3 Manly

The risk to Manly (that is, the probability for damage and loss) assacwatth the
tsunami in our scenarion is very large indeed. The total susfi@zecovered by flood-
water would be large and a significant number of buildings wouldlnedated. Water
flow depth above ground surface in some areas would be as greateae3. im such a
situation, it is very difficult to imagine how any buildings wouldase some degree of
damage.

With regard to the residential buildings located in Block 2, Maniguife 41), it is
apparent that most structures closer to the sea are indsessad as having ‘lower’ RVI
scores than those further inland. For many this will be counteriwatbut the lower
vulnerability of these structures is because generally spedakieyggare much newer than
those located farther away from the shoreline, are in better monditd have been built
to newer, higher standards and specifications.

Manly Wharf is a critical piece of (transport) infrastruettinat is intensely used by large
numbers of people both travelling in to and out of Manly and by peopleingilice
commercial businesses located at the wharf. Our feelingisstime considerable effort
should be given to considering how to deal with large numbers of peapietihe wharf
during an emergency event given its “Very High” RVI score.

Manly Council might wish to consider what (if anything) it can should do in
partnership with commercial business operators and owners of residergperty
assessed as having “High” and “Very High” RVI scores for thaildings. Council may
find it prudent to explore its legal responsibilities in relatomisk and tsunami and how
(if at all) that risk is communicated to business and property owners

4.4 General issues common to both Maroubra and Manl vy

As in most situations, avoiding a problem in the first place isydvbetter that dealing
with the consequences. In light of this generality, we advocateMetever possible,
both Manly and Randwick Council’s should avoid unnecessary further dewatbmh
open spaces that are currently not built upon — e.g., Manly Golf courtbe d@rthur
Bryne Reserve. As exposure increases, inevitably, so too widdosken (if) an event
occurs in the future.

We are aware that it is unrealistic to expect local govenhingthorities to prevent future
development (and redevelopment) of coastal areas. However, wherevbleplossping

such development to a minimum will help. Very large damaging tsisnam ‘difficult’

to forsee along the coast of NSW based on historic events and the eoropais
controversial geological evidence. However, with climate changeality, future sea-
level rise, increasingly intense storms and coastal floods amly increase the
vulnerability of and risk to coastal infrastructure regardi@dserefore, exercising a



precautionary principle in relation to tsunami risk — coupled wigk dssociated with
climate change seems appropriate.

Where permissions for development in low-lying coastal areacthid be affected by
tsunamis are granted, council should consider the latest avaiélmation in relation

to building codes and standards. Generic guidelines for structuressnis of floor
layouts, heights of builbings, numbers of floors, material, oriemtadind so forth are
available. We are not qualified to make judgements or recommendaiang such
design guidelines but we draw the attention of relevant decision makers to suchrmbdes
standards. We could however, participate as part of an “ExpertségviGroup” to
oversee the development of guidelines for Council. As a minimum howeeewould
suggest that for residential structures to be located in thetldyims areas close to the
coast — single story buildings made of wood or fibro such be completely avoided.

There is some confusion about the value of protection offered to busthactures by
natural vegetation at the coast. However, as a rule of thuegetation and natural
features such as sand dunes do act as ‘buffers’ against thditiyorces of inundation.
As such, wherever possible, we encourage local councils to proigatrdance their
existing natural coastal features and vegetation. A coincidedtransage of improving
such ‘natural’ features is that they contribute to a wide rangeca$ystem goods and
functions (services) upon which human and non-human communities are dependent.

Both local government areas we examined in this study have buildiagfiave been
assessed as having “High” and “Very High” RVI scores - Mamlparticular. To verying
degrees, Council is either directly responsible for the upkeep and ioandit these
buildings, or in an indirect way, has a vested interest in those lgsidieing well
maintained (e.g., of medical and health service, utility or trangpadings). Therefore,
in some instances, Council will either need to directly examine, lifoat all, those
structures can be modified to reduce their vulnerability or work thié relvant owners
of those buildings to improve resilience.

We are especially concerned to see ‘critical’ buildings suclsca®ols, ambulance
stations, surf life saving clubs, utility and government buildingsessed as having
“High” and “Very High” vulnerability. The operations undertaken inssdeh structures
are vital to the regular functioning of communities and business of ito&oc the
priotection of occupants and for ensuring business continuity for atriti;ctions,
emergency plans should be developed that identify how normal ioperatiomsl
continue if the building in question was severely damaged or destroyed.

We recognise that most residential structures are in fa@tely owned buildings. That
said, some will be public housing. We do not know however, which ‘resatlent
properties are owned and operated for the public housing sector arthase unable to
offer help or advise about these structures. From a risk managpenspéctive however,
those responsible for public housing may need to explore the implicadiorise
vulnerability assessment to the security of their tennants.



Local council is not directly responsible for private residengralperty. However, the
local unit of the State Emergency Service may be interestidowing the vulnerability
of these residential structures and working with local commurotyreduce the
vulnerability of those structures if possible.

For residential buildings we know nothing about who the occupants arex&wople, are
they young or old? Is the first language of the people who tiveome English? Will
they understand emergency instructions given to them? Are bfeyadied or is anyone
at the home in need of particular assistance in the event ofergemy? Such questions
were not explored in this study but other work (Bird and Dominey-Ho2@36; 2008;
Dominey-Howes, 2007) suggests that such issues are also cntiaims of reducing
‘community vulnerability’ to tsunami.

For buildings classified as tourism, recreaction and cultureatieatisited and used by a
very wide variety of people (with different first languages ahd way or may not know
the areas they are in well), we have no idea if staff andgteshese buildings would
know what to do in an emergency situation? Staff working withim swsldings might
need special training for preparation and assistance in respdodingdeveloping event
(Dominey-Howes, 2007b).

4.5 Limitations of this study

We are aware of a number of limitations that affect this study. Thesdénclu

1. We have worked in a deterministic way. We have not used an pobiabilisitic
event as the base line for the study. It could be argued tieéeaninsitic event is
unrealistic. Whilst we acknowledeg this, we note that in the abseh a
probabilistic tsunami hazard assessment from which we mayt selembable
event, our approach represents the best that can be done at the present time.

2. Our scenario is not the result of a numerical simulation of thedihg. The
inundated area boundaries are given only by their topographicatiefevalso,
we assumed that the flow velocity is a direct function of waégth and that flow
direction is perpendicular to the shoreline, which are both approxima#ons
numerical simulation of the inundation could provide a more accuratarsce
and it is highly recommended once a probabilistic scenario will be available.

3. Our scenario is perhaps on the conservative side and in realitgvibret’* would
be much worse than described. Impacts would be complicated (madé wayse
sediment and debris entrainment in the flowing water and by datis
backwash flow. Each of these possibilities could make the vulnerability
buildings worse than assessed by us.

4. We have only worked with two case studies and one covers a vellyaseaa
This does not enable us to assess the likely affects of sumleahon the Sydney
metropolitan region as a whole.



5. Our research has focused on the vulnerability of building structuréssinot
sought to explore the vulnerability of community, the local economyher t
natural environment. As such, it only provides a small ‘window’in toliltedy
effects of a tsunami and perhaps arguably, avoids the most impeltanent —
people.

6. Since an individual building structure can have more than one e e the
ground floor it may be one or more businesses and on the upper flooay it m
contain residential apartments), it is not immediately easyeparate out and
guantify the cost of a tsunami impact on different classes of bgildise.
However, where buildings had more than one use, that was specifiedarn®&S
dataset.

4.6 Recommendations

Based on the Results presented in Section 3 of this report ancetieelipg Discussion,
we make the following recommendations.

Recommendations for further research:

Recommendation 1- Independent geological study of reported palaeo- megatsunamis
should be undertaken to determine the validity of the Australian Megats
Hypothesis and better constrain the local tsunami hazard.

Recommendation 2- Probabilistic Tsunami Hazard Assessments (PTHAS) should be
expidited. Further, they should be linked to inundation modelling to ensureaderec
estimates of wave amplitudes are not given for water deptshofe. Wave amplitudes
MUST be brought on-shore to be meaningful.

Recommendation 3- Tsunami inundation modelling should be undertaken as a matter of
urgency for selected key coastal locations of NSW including Sydrtesse inundation
models need to take account of the best available modelling science and datasets.

Recommendation 4- We advocate the need for the acquistion of detailed, high-
resolution baythemtry to compliment available LIDAR datasestpermit appropriate
tsunami modelling. Incidentially, such datasets will also becalitfor storm surge
modelling and sea-level rise forecasts and assessments.

General recommendations:

Recommendation 5 Local government authorities should work with relevant State and
Federal government departments and agencies to enhance the qualitpcyaand
coverage of their building inventory databases. High quality datasetgseful not just

for tsuanmi risk assessment but also for a multitude of other devehb@nd planning
applications and for the assesement of risk associated withnathueal hazard processes



such as storm surge, sea-level rise, coastal erosion and laradslidrishfire (amongst
others).

Recommendation 6- We suggest the development of an “Expert Advisory Group” to
explore and develop principles for land use zoning, building design codetaaddrds

for the redevelopment/extensions in these already developed raa@amizing that
management is the key issue for these existing areas..

Recommendation 7— This study and the method adopted by us should be ‘rolled-out’
across all LGA members of the SCCG Inc. and metropolitan regi@dydney — and
other coastal LGA’s in NSW and Australia as the need arises.

Recommendation 8- Surveys of the ‘social vulnerability’ of the community thaes,
works and visits the study areas should be undertaken to complmeénéxtend our
engineering focused work.

Recommendation 9- Both Manly and Randwick LGA’s in partnership with their local
units of the State Emergency Service should consider identifyinlg eatablishing
evacuation routes and safe zones for evacuaees to meet. Sushséibold be part of a
wider tsunami risk management plan for each local government area.

Recommendation 10- Local governments should resist wherever possible, applications
for new development of undeveloped low-lying coastal areas.

Precautionary Risk Management Recommendations for Maroubra:

Recommendation 11- The ambulance station located at the corner of Mons Avenue and
Fenton Avenue should be examined in order to identify ways of incge#s resilience.
Such actions might include relocation out of the low-lying flood zoneromng
building integrity and enhancing emergency plans for the building.

Recommendation 12- Large areas of low-lying foreshore area behind the Maroubra
Beach including Broadarrow Reserve and Arthur Bryne Reservecarently not
developed and should remain so.

Recommendation 13 The Maroubra Surf and Life Saving Club on the beach would be
inundated by one metre of water maximum. Even if damages aexpedted to be very
high, the inundation might put out of order the emergency equipment. Thus & fia
should be kept safe at the first floor, together with other important gear or doctiomenta

Recommendation 14— Until an appropriate Tsunami Emergency Plan is developed and
agreed upon that includes suggestions for the best evacuation routespnvmead that
people living in Chapman, Mons and North Maxwell Avenues should evacuate westward,
towards Malabar Road; those living in Fenton Avenue, McKeon Streetlang the
Marine Parade should evacuate northward towards Duncan and He&tneets and the
roundabout at the north end of Marine Parade.



Precautionary Risk Management Recommendations for Manly:

Recommendation 15- Manly Council should consider ways to engage with the owners
of private residences to see how they can increase thenesilé their properties. This

is especially so with private residential properties in Blocksd 2 close to the northern
end of our study area.

Recommendation 16- Until an appropriate Tsunami Emergency Plan is developed and
agreed upon that includes suggestions for the best evacuation routes, we recommend that:

Block 1:people living in the buildings on Roseberry Street and Bangowlah Reaery
close to the boundary of the inundation zone, so they should just walk towards the hill.

Block 2:evacuation of buildings located in Block 2 is much more complex beoétise
extent and depth of inundation and the distance from higher and sade Buddings
located inland close to the area of Bangowlah Road, would beeaffby an inundation
depth up to 5-6 metres, while those closer to the beach would besdffectonly 1-2
metres. Therefore, people living inland and closer to the hills slemalduate on to the
more elevated areas. People living closer to the lagoon wouldigbydiba too far from
the hill to reach it safely. Also, the bridge connecting MaalyMarringah would not be
available, because it would be flooded. As a consequence, the only safe gfoint
evacuation for people living close to the lagoon would be the highddeast vulnerable
buildings close to the beach and in the area behind it. Figure 62 sfidwsldings in
Block 2 that can be considered as a safe point for evacuations(ttiay have an RVI
score of “Very Low” and at least two floors of each of thesé&mgs would be ABOVE
the expected maximum flood height.
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Block 3: The proximity of Block 3 to higher (topographically elevatedgaa makes
evacuation much easier. We suggest that people living, working tngithhe north of
the Corso evacuate on the northern hill along Sydney Road, whike tthdise south-east
of the Corso should evacuate on to the South Manly promontory. Fguatso displays
those buildings that we consider to be safe for evacuating to giegehave been
assessed as having “Very Low” RVI and at least two floors @vbalabove the expected
maximum flood level.
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Block 4 Only a very small number of buildings are affected by tsumammdation in the
region of Bower Street and Shelly Beach in Block 4. It would beemdly easy for
residents, shoppers and other visitors to the area to evacuate to higher grolnyd near



5 CONCLUSIONS

In this section we go back to the study aims angd
verify that they have been achieved. We also discuss the reliily of the
applied model, which to our knowledge, is the best available¢hnique for
assessing the vulnerability of buildings to tsunami.

In light of the project undertaken by us and described herein, we ttieviollowing
general conclusions as they relate to the specific project aiers ¢tis page 16:

1. We have been able to determine a credible worse case tsunaaricte which
we might explore the vulnerability of buildings. As such, we haveeaeli Aim
1;

2. We have worked successfully with the Sydney Coastal Councils Graup |
(SCCG) and Manly and Randwick LGA’s to identify appropriate castitryg case
stuies (Maroubra Beach and Manly Ocean Beach) for assessnmentfulfils
Aim 2 of the study.

3. We have selected and improved an appropriate tsunami buildings ‘ailibera
assessment tool. The PTVA-3 Model approach is based on the previesisky t
PTVA Method. The Papathoma Tsunami Vulnerability Assessment (§APT
Model was developed using detailed information about the impacts ofitist
tsunamis and the results of numerous post-tsunami surveys and buildingedama
assessments (Papathoma, 2003; Papathoma and Dominey-Howes, 2003;
Papathomat al, 2003). Also, after the catastrophic event of December 2004, the
PTVA was validated using field surveys (Dominey-Howes and tRapa,
2007). The attribute fields within the model were extremely e@ilielated with
the type and severity of damage to building structures expetiesthaeng the
Indian Ocean tsunami (at least where the PTVA Model was appliéd}s, the
PTVA Model performed very well during a real-life field evaluation.

4. Our PTVA-3 Model was developed from the original PTVA Model and has be
upgraded by introducing a multi-criteria approach to the assessihbaotlding
vulnerability. The vulnerability of every building we examined ikglated from
a combination of damage that would be experienced because of the imgnody
forces during inundation AND from that associated with water imtnusrhese
two damage processes have been evaluated independently usingeatdsk¢of
sub-factors. The vulnerability to structural damage has been edséss
considering contributions of all the PTVA Model attributes, plus soesly
introduced elements (including foundation type and preservation conditiao). Al
contributions have been weighted using a new approach based onigeair-w
comparisons between attributes - a method typically used in multi-cateslgsis



and Analytic Hierarchy Process (Saaty, 1986). Thanks to tblmitgue, the
contribution made by separate attributes to the structural vulrigrabil a
building can be compared via a rigorous mathematical approach.avbigs
biases and reduces to a minimum the inevitable subjective compunewntry
decision making process. PTVA-3 is based on the use of GIS. GiSvésy
common and easy-to-use approach to the management of spatialsdddaset
data about building attributes and RVI are entered into a GIS, ¢hrybe
retrieved, modified and kept up to date very easily. Also, GtSvalus to display
results in many different ways, which will suit the needsiffierent types of
stakeholders and decision makers. Together, points 3 and 4 mean we have
achieved Aim 3.

5. Our partnership with the Manly and Randwick LGA’s meant that viidhr thelp,
we were able to collect the building data we needed to undertalessbesment
of building vulnerability to tsunami. We therefore achieved Aims 4 and 5.

6. Using our revised PTVA-3 Model, we have been able to calculaiekative
Vulnerabiliuty Index’ (RVI) score for every building locateditmn the
inundation zones for our scenario. The spatial distribution of the RVésadr
buildings has been displayed in a series of 1:5000 vulnerability nTdps.
addresses Aims 6 and 7.

7. At Maroubra, only 27 Ha of low-lying land would be inundated, with a maxa
water depth of 3 metres. A total of 96 buildings would be touched bwaler
and none of these were found to have “Very High” RVI scores. HoweVew a
of them are estimated to be highly vulnerable — including the ambulance station.

8. At Manly a total of 169 Ha of low-lying land would be inundated, dredwater
depth would reach a maximum of 7 metres in the area next tagben. 1133
buildings would be flooded. In the southern end of our study area, ttez wa
would be able to flow through the Corso and reach the Manly Wharf on the
harbour side. RVI scores showed that a large number of residemtgl
commercial structures are highly vulnerable to damage and ofdsem are
located in the lagoon area. Also, a nhumber of Local Governnmehtransport
sector structures (such as the Manly Wharf) are assesbethgsvery vulnerable
to damage.

9. In the absence of a fully validated fragility assessment mtueIPTVA-3 was
found to be very useful in helping to understand the vulnerability of bgildi
structures to damage from tsunami and in estimating PML’s.

10. The main limitations of our approach include the approximation we adopted in the
definition of the inundation scenario. Further, assumptions/limitatiossciased
with the model include: the presence of debris and suspended sedinmert is
directly considered; we only consider flow depth and not velocity; flthe
direction was assumed to be perpendicular to the shoreline.



11.We have been able to make a series of recommendations for further reseérch w
and for enhancing emergency risk management.

12.We recommend the application of the PTVA-3 for similar assestsmacross
Australia and elsewhere and we suggest a repeat of our arialgsidney when a
probabilistic tsunami assessment (complete with a more reailmtndation)
becomes available.



Appendix 1
The Australian Tsunami Warning System (ATWS)

Following the devastating 2004 Indian Ocean tsunami, the Australiarerdted
Government decided to develop and deploy an operational Australian TsWaaming
System (ATWS).

The Australian Federal Government committed $68.9M over four yeagstablish an
Australian Tsunami Warning System to be fully operational by R@99. This will
include:

Establishment of an Australian Tsunami Warning Centre (AusTWC) with 24/7
monitoring and analysis capacity for Australia;

The upgrade and expansion of sea-level and seismic monitoring networks around
Australia and in the Indian and South West Pacific Oceans;

Implementation of national education and training programs about tsunami;
Assistance to the intergovernmental Oceanographic Commission (I0C) in
developing the existing Pacific Tsunami Warning & Mitigation System\(B)
and establishing an Indian Ocean Tsunami Warning & Mitigation System
(I0TWS); and

Technical assistance to help build the capacity of scientists, technemhs
emergency managers in the South West Pacific and Indian Oceans.



Figure Al.1 Organisational structure of the Australian TsunamrniMg System
(Source: Geoscience Australia).

How will the new ATWS work?

Geoscience Australia will operate an enhanced network of isessations nationally and
have access to data from international monitoring networks. lladwvise the Bureau of
Meteorology and Emergency Management Australia of the sizetidocand
characteristics of a seismic event, which has the potential to geaesatgami.

Based on this seismic information from Geoscience Austraiaedl as advisories from
the Pacific Tsunami Warning Centre (PTWC) in Hawaii and fn@ighbouring countries
with tsunami detection capacity, the Bureau will run a tsunami ntodgnerate a first
estimate of the tsunami size, arrival time and potential impaations. The Bureau will
verify the existence of a tsunami using information from an enhaseedevel

monitoring network.

The Bureau will then promulgate advice and warnings on any possifslami threat to
State emergency management services and the Public throigtideal Office in the
first instance, and subsequently through its network of Regional Officesaotsunami is



verified. Emergency management agencies will then use thismafmn to estimate

coastal inundation using pre-generated inundation models prepared byieGe®sc
Australia.

Emergency Management Australia will liaise with the operaticentres of affected State

and Territory emergency management organisations and coorBegeeal assistance as
required.

Emergency Management Australia also has responsibility fgoromng public
awareness and preparedness for tsunami in Australia.



Appendix 2

Tsunami reported to have affected/impacted the coast of New South Waledtér Allport and Blong, 1995; Dominey-Howes, 2007)

D,

3

Event Date Source Cause & Locations of Max (H) (run-up); Comments and descriptions TI Rel | Information sources / references
Number region source of impact in NSW maximum wave height
D - Distant tsunami where recorded on a
Year R - tide gauge; maximum
Regional water height given;
L - Local distance of inundation
Palaeotsunami events (i.e., those occurring priootEuropean occupation of Australia in AD1788)
1 105,000 D - Hawai'i | Submarine | Tura Head, NSW c. 15 - 25 (?) m asl Tsunami thought to have beaergéed by submarine sediment slides|aoffll Bryant (2001); Bryant and Not
years ago landslide (15¢ 00" E, 36 Lanai, Hawali'i; last interglacial sand barriers afin completely] (2001); Younget al, (1992, 1993
(off of | 50" S) destroyed....... Traces of erosional features obsermedmps 1996)
volcano)
2 ~8,700 - Unknown Unknown Kiola, NSW (180 Run-up at Steamers“[at Kiolg Estuarine sandy mud buried under 2.3m of coaraeteand Xl Bryant (2001); Young et al (1994
9,000 years 30" E, 35 50" S); | Beach  reported  gtand pebbles, which in turn is buried by 2.5m of elsand”, fat Tuross 1997);
before Tuross Head| elevation of at least +100Heaq a train of large boulders which rises to an elevabf +8 m asl,
present NSW (150 10" E, | m asl ends in an extensive deposit of sand that is mdogimlly and
36> 00" S) pedologically distinct from the modern beach safiflt Streamers Beakl
Steamers  Beach), this deposit of sand and shell hash is undoubtefigarine origin becausg
Jervis Bay, NSW is contains scattered pebbles and muddy lenses, hasdnumerous
(2105”,0;)75" E, 35 sequences of flat bedding <2 m thick”
3 ~6,500 Unknown Unknown Bellambi, NSW Inundation up to 10 km “[at Bellamb] exposed grey sandy clay, containing estuarindsstmlried | XII Bryant (2001); Young et al (1993
years beforg (15¢° 90" E, 34 | inland at Shoalhavenunder a layer of orange , humate-rich sand, arayer lof grey sand. The 1997)
present 35" S); Callala,| Delta orange sand contains boulders up to 40 cm in dr@nand a layer of
NSW (150 70" E, cobble sized pumice clasts’jat Callald sand ridge overlying estuarine
35°00” S) deposit”
4 ~3,000 Unknown Unknown Cullendulla, NSWRun-up c¢. +1.5m asl,| “innermost sand ridges..... The shells in this depaxgtfrom very mixed ? Bryant (2001); Bryant and Ng
years beforg (15¢ 10" E, 35 | inundation approximately origins, including estuarine, rocky shoreline, ogach and continental (2001)
present 70" S) 1.5 km inland shelf environments” Bryant et al (1992); Younget al
(1997)
5 ~1,600 - Unknown Unknown Mystery Bay, Minimum run-up for this| “[at Mystery Bay mound of cobble and shell..... eroded remnant 8f Bryant (2001); Bryardt al (1992a);
1,900 years NSW (156 10" E, | event is +5.7m asl; another, almost identical deposit..... also consiktbbles and shell, but Younget al (1997)
before 36° 10"  S);| deposits located alongthe cobbles are significantly larger....”Jat Cullendulld the sixth sand
present Cullendulla, NSW| 240 km  stretch  of and shell ridge at this location which rises tosat®n of 4m asl and is 500
(150 10" E, 3% | coastline metres inland.... Probably formed by a tsunamfjt“Cape St. Georje
70" S); Cape St very large boulders have been carried northwandsith a wide channel
George,  Jervis cut across the shore platform surface at an etavati about 5m asl”,[at
Bay, NSW (150 Sandon Poiftdeposit containing sand, shell and boulders”
75" E, 35 20" S);
Sandon Point
NSW (15f 00" E,
34°30"S)
6 ~500 - 900 Unknown Unknown Cullendulla, NSWRun-up to >40 m asl gt“[at Cullendull} ridges of sand containing shell overlying estuatir? Bryant (2001); Bryanet al (1992);
years beforg (15¢° 10" E, 35 | Atcheson Rock; depositssediments”, fat Shelly Poirit <2m of shell, sand and well-rounded Younget al (1997)
present 70" 'S); Shelly| located along 120 kmcobbles and pebbles.... obvious interbedding...... large benmof
Point, Kioloa, | stretch of coastline unbroken shells”, [at Mermaids Inldt extremely large pile of massive
NSW (150 30 E, boulders.... boulders up to +4 m aslfat Atcheson Rodkdepositing
35° 50" S); sand, shells, rounded cobbles and regolith.... depbsétast 1.5m thick”
Mermaids I?Iet, “[at Crookhaven Heddseries of large boulders carried onto the rpck
l;IsSOW (%%f 00 SE)" platform”, “[at Narwalle¢ large sandstone block flanked by a train of very




Atcheson Rock
NSW (15f 00” E,
34 60" S);
Crookhaven
Head, NSW (150
80” E, 34 90" S);
Narawallee, NSW
(15¢ 50" E, 35
30" S)

large boulders”

7 ~200/250 Unknown Unknown Haycock  Point,c. +5 m asl “[at Haycock Poiftblocks plucked from shore platform and deposited & Bryant (2001); Bryangt al (1992);
years before NSW (150 00" E, to +5 m asl" , fat Mystery Bay deposit of cobble, gravel and unbroken Younget al (1997)
present 37 10" S); shell forms a very well defined ridge at 3.2m aslidge contains ng
Mystery Bay, sand”, [at Bass Poiftstrongly imbricated boulders”[4t Short Poirt
NSW ("156 10"E, plucked boulders.... aligned boulders” [at Greenfields Beag¢hpile of
36° 10" S); Bass large angular boulders transported up to +8m asfat North Beach
gg'né g?vgo(lg)i deposit of sand, clay and shells rises to <2m altbgemodern beach”|,
Short Point, NSW [at Little Bay] eroded bedrock channel contained scattered balder
(15¢° 00" E, 3%
37" S);
Greenfields
Beach, Jervis Bay,
NSW (150 80” E,
35°05” S); North
Beach, Port
Kembla, NSW
(157° 50" E, 34
50" S); Little
Bay, Sydney,
NSW (15f 10" E,
34° 00" S)
Historic tsunami eyvents (i.e., those occurring afreEuropean occupation of Australia in AD1788)
8 1866 9 Tasman Sea  Unknown Sydney, NSMaximum ‘wave height’| According to Rynn (1994), “tsunami was registeredtioe “tide gauge”| Il NOAA (2007), Rynn (1994)
(152 12" E, 3% | = 0.0 m (given by Rynn, However, there is no report of unusual tidal flattons at the Fort
51" S) 1994) Denison Tidal Register
NOAA (2007) has an event entry but no runup entnytliis event
9 1866 18 - | Tasman Sea| Unknown Sydney, NSWlaximum ‘wave height’| According to Rynn (1994), “tsunami was registeredtioe “tide gauge”| Il NOAA (2007), Rynn (1994)
21% (152 12" E, 3% | = 0.0 m (given by Rynn, However, there is no report of unusual tidal flattons at the Fort
51" S) 1994) Denison Tidal Register
NOAA (2007) has an event entry but no runup entnytliis event
10 1867 B - | Tasman Sea| Unknown Sydney, NSWlaximum ‘wave height’| According to Rynn (1994), “tsunami was registeredtioe “tide gauge”] Il NOAA (2007), Rynn (1994)
13" (152° 12" E, 33 | = 0.0 m (given by Rynn| However, there is no report of unusual tidal flattons at the Fort
51" S) 1994) Denison Tidal Register
NOAA (2007) has an event entry but no runup entnytliis event
11 1868 15 D - North Earthquake | Sydney, NSW| Runup of 1.2 metres in“A remarkable phenomenon was observed in Sydnebdiaron the 15th V SMH (17/8, 18/8, 19/8, 20/
Chile in Chile on| (151° 12" E, 33 | Sydney (NOAA) August. It was high water about 5 o’clock on thairning, and the tide 21/8/1868); SMH (22/8, 24/8,31/¢
13/8/1868, | 51" S); was ebbing at a constant velocity about 8 am, vith&iddenly turned, and 2/9, 5/9, 7/9, 9/9/1868); SMH
21:30. Newcastle, NSW the waters, as if impelled by some extraordinafpénce, returned up the (5/11/1868); Fort Denison Tidg
Tsunami (151° 47" E, 32 harbour with great force..... at Darling Harbour, apdrticularly in Register, May 1866 - Decemb
arrived two| 55" S); Johnstons Bay the effects were very marked. In splaees, the water 1882; NOAA/NGDC (2006); Rynr
days later in| Wollongong, seemed as if in a bolil, in others whirlpool eddiesse formed, while at (1994)
Australia in| NSW (156 54" one time a tidal wave swept up Johnstons Bay sngppiee warps of ong
the morning | E, 34 25" S); of the steam ferries at Balmain, and completelpitog another while on
Jervis Bay, NSW her passage across the harbour “, and; “in sonts p&Port Jackson the
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at. 7% 00"
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(150 75" E, 3%
00" S)

[tidal] effects were more noticeable during theeafbon..... On rounding
the spit at 3 pm, a large whirlpool was observefbtm suddenly ahead @
the Vesta steamer completely diverting her from ¢murse, and almos
driving her ashore...”, and; “an extraordinary tidal disturbance haet
experienced here [Newcastle] this morning sincauibalf past 6 o’clock
- the vessels at the coal shoots broke from thaiorings, one nearly
loosing her masts; the sandbank was suddenly unethte the extend of
foot, and was rapidly covered again”, and; “theatdinary phenomeno
that took place this morning, and continues, it by nautical men,
volcanic wave. At 8.30, the vessels in the harbwerre thrown in to grea
confusion. The Alexander broke from her mooringd aad to anchor i
the stream. The Planter was shaken so much byctlenaf the tides that
the captain expected his masts to fall. The shigjlelle, 1000 tons, wa
swung round four times, although a strong ebb tides running; and
vessels in harbour were swung round in all diretiorhe tide ran down
sometimes at a rate of 12 knots, the same asri tlias a strong fresh in
the river. At 11.30, the extraordinarily suddererand fall of the tide was
between four and five feet which caused great ewnation among
shipping. The steam tugs Warhawk and Rapid wetestedinded in the
Blind Channel by the retreating of the water. Théom was experiencef
the same at Port Waratah. The sandbanks in thexehawere left quite dry
at times, and as suddenly covered. Mr Keene, Gawenh Examiner in
Coal Fields, was watching a gauge at the time wh@ter, shortly before
12 o’clock, and he witnessed a rise and fall of feet and four inches in
fifteen minutes”, and; “a very singular phenomeimoronnection with the
tide at Wollongong took place on Saturday last....e TWater suddenly
receded from the harbour, falling within eight entminutes not less thg
three or four feet. So sudden was the fall, thahlmers of lobsters wer
left high and dry, and became easy prey to those hdppened to b
present. For some time the water was at least tfaee lower than it
usually is at deep low water”, and; “we have bemdibly informed that
on last Saturday morning, at ebb tide, the watshed up Currimben
Creek, Jervis Bay, with unusual force and velodaityd increased volume
some time after it raced back in a similar mansemeping away a larg
portion of sand that had impeded the navigationt}; &on Saturday a ver
unusual phenomenon was observed in Moreton Bayheyrésidents o
Sandgate.... There were five tides in the day..... theewaame in like
the ordinary tide, but rose somewhat above thd Evilne highest springs.
They came in rapidly and almost immediately recédaad; “Mr Todd of
South Australia, had given the local report madeat Adelaide and Port
Victor, where it seemed the wave was noticed any 1 am and again at
4 pm”, and; “on the morning of the 15th instant,8ab’clock, Albany
Harbour, King Georges Sound, was visited by whaeaped to be a great
sea wave. The sea suddenly rose three feet, ligghvene turned round, and
old hulks that lay embedded in the sand for yeasewemoved from their
places and carried further up on to the beach. dbtisirrence appears to
have been somewhat similar to what took place un8y Harbour on the
same day”, and; “early on the morning of Saturddiglal wave was seen
approaching the shore at Newtown [Hobart], nearéisedence of Captain
Bailey; there was a vast body of water that spreegt a large area qf
hitherto dry land. This phenomenon was repeatadtatvals throughou
the entire day”, and; “there was a very high tidehe river on Saturday
afternoon; at Risdon [Hobart] the water overflowied road, and, receding
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suddenly, left a number of fish high and dry, whigére easily capture
by those in the neighbourhood”, and: “The mastethef schooner Marig
Louise, from Oyster Cove [Hobart], reports that imeisual disturbance of
the waters was observed at Oyster Cove on SatuddySunday last;




especially on Saturday, when the waves, at interehalf an hour or sg
the lowest reach of the sea on the beach, duriagcéimtinuance of th
extraordinary wash of the sea”

This event #911 in Allport and Blong (1995) appetarde the same 3
event #912 in Allporta nd Blong (1995).

rose to the extent of three feet and rushed updkie, and then receded an
equal distance, making the rise and fall equaixde®t from the highest to
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12 1868 10 16 D - CentralEarthquake Sydney, NSWAIIport and Blong (1995) “disturbances were observed at this location”, dtttere were five tides IlI SMH (19/10/1868); Allport and
Chile (151° 12" E, 33 | records ‘maximum run-up during the day and there was erratic water movement Blong (1995)
51" S) of 0.0 m"
Allport and Blong (1995) cites the SMH 19/10/1868the source for this
event but this original source has not been regmtat
13 1869 8 11 Unknown Unknown Sydney, NSVAllport and Blong (1995) According to Rynn (1994), “tsunami was registeredtioe “tide gauge”| | Allport and Blong (1995); Ryn
(152° 12" E, 33 | records ‘maximum run-up However, there is no report of unusual tidal flattons at the Fort (1994)
51" S) of 0.0 m” Denison Tidal Register
14 1870 8 12 Unknown Unknown Sydney, NSW.0 m asl According to Rynn (1994), “tsunami wagistered on the “tide gauge]'.l Allport and Blong (1995) (1995);
(1521° 12" E, 33 However, there is no report of unusual tidal flattons at the Fort Rynn (1994)
51" S) Denison Tidal Register
15 1877 5 10 D - North Earthquake | Sydney, NSW| Maximum ‘wave height’| “the first indication in Sydney occurred on Friday5.20 am, when theV Maitland  Mercury  (15/5/1877);
Chile on 10" May. | (152° 12" E, 33 | of 0.8 m reported tide gauge at Fort Denison recorded the first sesfewaves, which went Allport and Blong (1995); SMH
Tsunami 51" S); on in short intervals during the day, reaching aimam at 2 pm of three (12/5, 15/5/1877); NOAA/NGD(C
takes day tg Newcastle, NSW, feet six inches. The Boomerang steamer was beikentan to slip af (2006); Rynn (1994); Journal d
reach (151° 47" E, 32 noon, when one of the waves came in and lifted sugldenly off her Assistant  Harbour Master ¢
Australia 55” 'S); Ballina, cradle, and then receding left her high and dryid;a“ a singular Newcastle, 26 June 1873 - 1
NSW (153 34” E, phenomenon occurred in the harbour [Newcastle] th@wning in the January 1881
Magnitude =| 28°52” S) shape of a tidal wave. At about half past five,imlyirthe flood tide, the
8.3 located ships in the harbour were observed swinging abowt strange manner,
at: 70 20" and the cause was immediately manifested by théomof the water in
W, 1960” S the harbour, which rose and fell in short interyalgth great rapidity. At
11.30 this morning [11th May], when the tide waglal, the gauge on the
wharf showed a sudden fall in the tide of thirtyednches in the space of
four minutes, followed immediately by a sudden .rise the afternoor
when the flood tide set in, there was also a fatlvm feet in five minutes
These were the most remarkable instances notiegdhfbughout the day
the waters of the harbour were very unsettled”; & extraordinary tida
phenomenon was observed in the harbour [Newcastliely at 11.30 am.
There was a rapid fall in the tide of about thiotye inches and at 2 pm,
there was a rise of twenty-two inches”, and; “AtliBa, similar
phenomenon [to that at Newcastle] were observedasl] the greatest rise
being eighteen inches”
16 1879 5 15 Unknown Unknown Sydney, NSWWVave height on tidg “on the afternoon of May 15th, the tide gauge at Benison recorded all Allport and Blong (1995); SMH
(152° 12" E, 33 | gauge’ of 0.05 m series of periodic waves usually called tidal watkey were smaller than (20/5/1879)
51" S) usual, the largest being only two inches from cresttrough, but sd
marked in ‘period’ that it seems worthwhile to mentthem. Betweer
8.30 pm on the 15th and 3.30 am on the 16th, thene west marked by
the gauge, and recurred at an average interva afiutes”
17 1880 9 21 | D- Chile Earthquake Sydney, NSWWave height on tidg Fort Denison Tidal Register states “tide oscillgtgeveral inches”. Rynnll Fort Denison Tidal Register Ma
(151° 12" E, 33 | gauge’ of 0.0 m (1994) states that the event was registered oa falige". Rynn (1994) is 1866 — December 1882; Allport an
51" S) the only source for this otherwise unknown event. Blong (1995); Rynn (1994)
The original source (tide gauge record) for thisrhas not been located.
18 1883 8 28 R - SouthVolcanic Sydney, NSW| Wave height ‘estimated’ “Krakatoa tsunami waves recorded from 28/8/1883l 81/8/1883. At| V NOAA/NGDC (2006); Allport and
Java Sea i eruption (152° 12" E, 33 | by eyewitnesses at 1.5 n} 4.30 pm on August 28th, the tide in Sydney harbmse suddenly ang Blong (1995); Rynn (1994); Hun
Krakatoa 51" S); unexpectedly by 10 cm and receded just as dranigtiéa hour later, it (1929); Berninghausen (1966, 196
Newcastle, NSW again rose by 10cm only to fall by 38 cm. And tlsahow the tide leve Fort Denison Tidal Register Janua
(1521° 47" E, 32 continued to fluctuate throughout the following Bamnd; “ a rather 1883 — December 1892; Journal
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55" S) strange phenomenon was observed on the tide sfatetdewcastle] the Assistant Harbour Master,
yesterday and today. A tide track on the sheet sdoavrun of eleven or Newcastle 28 May 1883 - 31
twelve inches whereas the sea to all appearancegardectly smooth” December 1885; Daily Mirrof
and; “the most amazing phenomenon occurred at Nslgcat 6.30 am on (12/7/1977)
August 29th. At that time the tide was about tokpehen suddenly, the
disbelieving harbour pilots saw all the ships athemm swing right around
as though the tide was retreating with speed. Hssels remained in this
position for a short time — and then swung backheeir original and
normal positions”, and; “an extraordinary tide fegthburton] set in at 12
pm on the 27th, the tide rose nearly five feet teebed rapidly”, and; “ a
succession of tidal waves [at Carnarvon] from thteefour feet high
occurred, causing a rise and fall of the tide thie®s in one and a half
hours”
19 1895 2 2 Unknown Unknown Newcastle, NSWVave height on gauge “At 5.10 pm on the 2nd at Newcastle, there waddal tivave of thirteen IV Fort Denison Tidal Register
(152° 47" E, 32 | of 0.33 m inches on the sheet causing ships in the harbadnag their anchors.” December 1892 — December 1898;
55" S) Allport and Blong (1995)
The original source (tide gauge record) for thisrévhas not been located.
20 1922 11 11 | D - North| Earthquake | Sydney, NSW| ‘Wave height on tidg “Erratic operation of tidal gauge pen at Fort Denisvas that of an IV NOAA/NGDC (2006); Rynn (1994)
Chile (152° 12" E, 33 | gauge’ of 0.2 m earthquake in Chile”, and; “first shock recordedSgtiney at 2.51 pm on Hart (1931); Port of Sydney Journal
Magnitude =| 51" S); the 11th November”, and; “in the case of the Clnilgaake there were twp (1946); Daily Mail (18/11/1922)
8.5 located| Newcastle, NSW repetitions at about 33 hour intervals after thévar of the direct waves” Acting Deputy  Superintendant
at: 70 00" | (151° 47" E, 32 and; “The steamship Grelisle was crossing over Nlegvcastle bar or Department of Navigation,
W, 2850” S | 55" S) Saturday last, when a huge wave swept down uponAtethe time the Newcastle (1922)
Grelisle had four feet seven inches of water umaer but as her bow rose
with the sea her stern crashed onto the bar, gi¥iagressel and her crew
a very severe shaking. The wave, which is consiletidal, was
experienced at Newcastle at 1.30 pm..... It is alponted that big vessels
in port at Newcastle carried away their mooringgheswave swirled uf
the harbour, causing much confusion”, and; “it wasabnormal sheet and
no weather was experienced either before or afteatise such readings;
therefore, in my opinion, something of an extravady nature must have
happened.”
The original source (tide gauge record) for thisrehas not been located.
21 1924 6 26 R Earthquake | Sydney, NSW,| Allport and Blong (1995) “Macquarie Island Earthquake 26th June 1924....figgll effect [at Fort| I Allport and Blong (1995); Rynf
Macquarie (151° 12" E, 33 | states ‘maximum run-up’ Denison Tidal Register, Sydney] at 3.30 pm on 26eJu.. tidal wave (1994); Fort Denison Tidal Register,
Island Magnitude =| 51" S) is 0.0 m asl appears 464 mph” December 1922 - February 1928
7.8 located
at: 157 50”
E, 56 00" S
22 1929 6 17 R - New Earthquake Sydney, NSWNOAA (2007) lists max “New Zealand earthquake (Sydney time 08.52) 1si &dfects felt at Fort Il Hart (1931); Allport and Blong
Zealand (152° 12" E, 33 | water height of 0.1m at Denison”, and; “first shock of earthquake recorde@ydney at 8.52 am” (1995); Rynn (1994); Fort Denisgn
51" S) Fort Denison Tidal Register, March 1928 - May
Allport and Blong (1995 1933
states ‘maximum run-up’
is 0.0 m asl
23 1931 2 3 R - New Earthquake Sydney, NSWAIIport and Blong (1995) Rynn (1994) states " observation registered ondaigge" although thergl Allport and Blong (1995); Rynn
Zealand (151° 12" E, 33 | states ‘maximum run-upf are no references to anomalous tidal movementsoat Fenison Tidal (1994)
51" S) is 0.0 m asl Register
The vertical axis of the tide gauge record providgdart (1931) does nat
include units of measurement so it is impossibleetul
24 1931 2 13 | R - New| Earthquake | Sydney, NSW,| ‘Wave height recorded op"reported tsunami attributed to earthquake in NexalZand", and, "first Il Hart (1931); NOAA/NGDC (2006)
Zealand (152° 12" E, 33 | tide gauge’ of 0.0 m shock recorded at Sydney at 11.32 am on the 13th" Allport and Blong (1995) (1995);
51" S) Rynn (1994)
25 1933 3 2 D - Japan Earthquake Sydney, NSW,| Allport and Blong (1995) "the full effect of the catastrophe did not martifiéself on the tide registefr I NOAA/NGDC (2006); Port of
(152° 12" E, 33 | states ‘maximum run-up/ at Sydney until some 54 hours afterwards" Sydney Journal (1946); Allport and




=

t

Magnitude =| 51" S) is 0.0 m asl Blong (1995)
8.4 located
at: 147 70"
E, 3¢ 10" N
26 1946 4 2 D - Aleutian Earthquake | Sydney, NSW| ‘Wave height recorded on"after a shock in the same area (Aleutian Islandshpril 1st 1946, a tidal Il Allport and Blong (1995) (1995);
Islands on 1st April.| (151° 12" E, 33 | tide gauge’ of 0.08 m wave of three inches high reached Sydney in 46gfipand, "', 2nd and SMH (12/3/1957); Fort Deniso
Tsunami 51" S) 3rd movements of the Aleutian Islands tidal waveorded" Tidal Register, July 1944 - Augu
takes day tq 1950
reach
Australia
Magnitude =
8.1 located
at: 163 20”
w, 53 30"
N
27 1948 9 9 R - TongaEarthquake | Sydney, NSW,| ‘Wave height recorded on"Niaufu tidal wave recorded" Il Allport and Blong (1995); For
Trench (152° 12" E, 33 | tide gauge’ of 0.0 m Denison Tidal Register, July 1944
Magnitude =| 51" S) August 1950
7.8 located
at: 174 00"
E, 27°00” N
28 1951 8 24 D - Formosa,Earthquake | Sydney, NSW,| ‘Wave height recorded on"disturbance indicated on tide trace reckoned to the results of Il Fort Denison Tidal Registe
Taiwan (?) (151° 12" E, 33 | tide gauge’ of 0.0 m earthquake in Formosa" September 1950 - July 1956; Allpg
51" S) and Blong (1995)
29 1952 11 4 D 1 Earthquake | Sydney, NSW,| ‘Wave height recorded on“effects of an earthquake in far north Pacific dot@ gauge" Il Fort Denison Tidal Regist
Kamchatka, (151° 12" E, 33 | tide gauge’ of 0.0 m September 1950 - July 1956; Allpg
Russia Magnitude =| 51" S) and Blong (1995)
9.0 located
at: 159 50”
E,52 75" N
30 1953 11 4 R - SolomonEarthquake Sydney, NSW‘Wave height recorded on"severe earthquake near the Solomon’s. Recorddgrat EST 26 hours I Fort Denison Tidal Registe
Islands (152° 12" E, 33 | tide gauge’ of 0.0 m after earthquake at Fort Denison on gauge" September 1950 - July 1956; Allpg
51" S) and Blong (1995) (1995)
31 1957 3 10 D - CentralEarthquake | Sydney, NSW| ‘Wave height recorded on“In Sydney, the effect of the tidal wave was fett 8unday afternoon IV SMH  (11/3, 12/3/1957); Fo
Aleutians (152° 12" E, 33 | tide gauge’ of 0.0 m [11/3/1957] when it raised the normal tide two loee inches. The firgt Denison Tidal Register, August 19%
Magnitude =| 51" S) wave that reached Sydney was thirty miles wide,odating to the - October 1962; Camp Cove Tid
9.1 located Maritime Services Board Chief Surveyor, Mr G. Harhis was followed Register, June 1954 — August 196
at: 148 55” by a trough, then smaller waves about fifteen male®ss. The waves, he Allport and Blong (1995)
E, 4453" N said, must have travelled at more than 350 mile®i@mr to Australia”,
and; “shock waves from Aleutian Islands [at Forih3en Tidal Register
recorded between 1715 hrs and 2300 11/3/1957”, “ahdck waves from
Aleutian Islands recorded [at Camp Cove Tidal Regjsat 1715 hrs
11/3/1957 shock waves recorded until 2300 hrs”
32 1958 11 8 D - SouthEarthquake | Sydney, NSW| ‘Wave height recorded on“Main shockwave from severe earthquake off Japacesst recorded atll NOAA/NGDC (2006); Fort Deniso
Kuril Islands (152° 12" E, 33 | tide gauge’ of 0.0 m [Fort Denison] tide gauge at 11.45 pm 39 hoursraftiéial disturbance”, Tidal Register, August 1956
Magnitude =| 51" S) and; “severe earthquake off Japanese coast..... rhatckwave recorded October 1962; Camp Cove Tid
8.3 located on [Camp Cove] tide gauge at 11.45pm” Register, June 1954 - August 196
at: 148 55” Allport and Blong (1995)
E, 44 53" N
33 1960 5 23 D - Central Earthquake | Sydney, NSW,| Allport and Blong (1995) “First Chilean shockwaves recorded at Riverview &fi5 pm on| V NOAA/NGDC (2007); Rynn (1994);
Chile on 229 | (151° 12" E, 33 | states that ‘maximum rurj-21/5/1960..... first seismic ocean waves recordedid® gauge [at Fort Courier Mail (25/5/1960); For
Tsunami 51" S); Ballina,| up’ of 1.723 m asl was Denison] at 9.35 pm on 23/5..... severe seismic oceawes recorded Denison Tidal Register, August 195

takes day tq
reach
Australia

NSW (153 34” E,
28 52" S); Coffs
Harbour, NSW

recorded at Eden, NS\
and cite NOAA as thei
source of measurement.

(152 08" E, 30

NOAA (2007) provides

\Vcessation at 3.15 am 28/5”, and; “first seismicaocgaves recorded
r tide gauge [at Camp Cove] at 9.50 pm”, and; “freakrents tore awa
moored boats and upset shipping. The huge tideftone their moorings
about 30 launches and craft and two barges atphesSvirled the barge

- October 1962; Camp Cove Tid
Register, June 1954 - August 196
Allport and Blong (1995)
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0;




Magnitude =| 18" S); Eden,| the following: ‘maximum| in among drifting launches, overturning severaltltém and damaging
9.5 located NSW (149 54" E, | water height of 0.90m gtothers. Smashed one of the barges in to Spit Bri8gé adrift 800 logs
at: 74 50" |28 52° S);| Eden” from moorings at Balmain shipping yard, which wtren swept down the
W, 39 50” S | Newcastle, NSW Parramatta River. Swept away a strip about 100syasd60 yards fron
(152° 47" E, 32 ark and exposed a high tension submarine cablat;, dishing boasts
55" S) were removed from their moorings in Brisbane andirfey and wen
aground and were damaged at Evens Head and Nes/casitl; “in one
tense moment a 30 foot fishing trawler sank in Fhyo Creek neaf
Newcastle. Eight launches were ripped from theirormys in Throsby
Creek and swept half a mile into Newcastle Harboard; “fishing boats
were removed from their moorings in Brisbane andry”, and; “tidal
waves following the Chilean earthquake moved bérats their moorings
at Cabbage Tree Creek, Shorncliffe yesterday. Tdesbdragged their
anchors for 100 yards. The tidal waves gave Mor&an suburbs up to
five high tides in two hours and played havoc vBttisbane’s post office
tide gauge at Edward Street. The gauge showedves rnises between
2.15 am and 3 pm. The biggest was nine inches.liBie officer Mr W.
Devonshire said, ‘At 4 am a two foot rise in thaetiswept right over the
bank'...... at Brighton residents saw about five highesidsweep in
between 8.45 am and 10.45 am”, and; “activity comeee [in Cairns] af
1500 GMT on the 23rd May”, and; “activity commendad Townsville]
at 1500 GMT on the 23rd May. The periods of thstfiew waves seem to
be about 1.5 hours, with maximum amplitudes of abeuoot”, and;
“initial signs of abnormal fluctuations in the tidevel [in Mackay]
appeared at 1600 GMT on the 23rd May, (0200 ESH)24e first few
waves having a period of about an hour and reachin@aximum peak to
peak amplitude of just less than 1 foot at 1830 GMinhd; “a salmon-
spotting pilot yesterday saw three mile beach, ®viss Promontory
‘disappear’ while he was flying over it. Reporting this effect of the
Pacific tidal waves the pilot, Dick Ritchie saidin ‘a minute and a half,
while | flew over it, the water rushed out 200 y&ird
The original source (tide gauge record) for thisréwhas not been located.
34 1964 29 D - Alaska Earthquake Sydney, NSW,| Allport and Blong (1995) “drastic alterations in the motion of the tides vapted”, and “.....the tide | Braddock (1969); Allport and Blon
on 28th| (151° 12" E, 33 | states ‘ maximum run-up gauge at Fort Denison recorded small variationsthe. maximum change (1995); SMH (30/3/1964)
March. 51" S); Bobbin| [at Bobbin Head]' of 1.0 was a sudden fluctuation of about eight inches.4ba&n”, and “the tideg
Tsunami Head, NSW (151| m asl. changed five times at Bobbin Head".
takes day tq 09” E, 33 09 S);
reach Coffs  Harbour,| NOAA (2007) states
Australia NSW (153 08" E, | ‘maximum water height’
30°18” S) at 0.2m
Magnitude =
9.2 located
at. 147 50”
w, 61 10"
N
35 1971 26 R - BismarkEarthquake | Sydney, NSW,| Allport and Blong (1995) Hatori (1982) indicates that this tsunami was obsgrin NE and SH | Hatori (1982); Allport and Blong
Sea, New, (151° 12" E, 33 | states ‘maximum run-up/ Australia (1995); SMH (27/7 and 28/7/1971)
Guinea Magnitude =| 51" S) at 0.0 m asl
7.9 located
at. 153 20"
E,4#90" S
36 1975 21 R - SolomonEarthquake | Sydney, NSW,| Allport and Blong (1995) “tsunami wave recorded on Camp Cove tide gauge” Il NOAA/NGDC (2006); Camp Cove
Islands (151° 12" E, 33 | states ‘maximum run-upf Tidal Register, March 1973




=]

=]

Magnitude =| 51" S) at 0.0 m asl The original source (tide gaxggmrd) for this event has not been located. Déeeni979; Allport and Blong
7.8 located (1995); SMH (22/7/1975)
at: 155 00”
E,660"S
37 1976 1 14 D 1 Earthquake | Sydney, NSW,| Allport and Blong (1995) Fort Denison Tidal Register states that "Earthqualacific Ocean....| Il NOAA (2007); Allport and Blong
Kermadec (151° 12" E, 33 | states ‘maximum run-upl First tidal effects at 7.47 EST, 4anuary" and, Rynn (1994) states that (1995); Rynn (1994); Fort Denisg
Islands Magnitude =| 51" S); Lord| at 0.0 m asl. However, "observations of the tsunami were made" Tidal Register, March 1975
8.0 located| Howe Island,| NOAA (2007) state that November 1981; Allport and Blong
at: 177 60" | NSW (159 04" E, | ‘maximum water height is (1995) (1995)
E,2820"S | 31°31"S) at 0.3m’
38 1977 4 20 R - SolomonhEarthquake | Sydney, NSW,| Allport and Blong (1995) Fort Denison Tidal Register states "Solomon eadhkgueffects recordefll Allport and Blong (1995); SMH
Islands (151° 12" E, 33 | states ‘maximum run-up in Sydney" (22/4/1977); Fort Denison Tidal
Magnitude =| 51" S) at 0.0 m asl Register, March 1975 - November
6.8 located 1981
at: 163 30"
E,980"S
39 1986 5 8 D - Aleutian Earthquake | Sydney, NSW,| Allport and Blong (1995) Fort Denison Tidal Register notes observation afrsie ocean waves onll Fort Denison Tidal Register 1982 |—
Islands on 7" | (151° 12" E, 33 | states ‘maximum run-up 8/5/1986 1994; Allport and Blong (1995)
Tsunami 51" S) at 0.0 m asl
takes day tq
reach
Australia
Magnitude =
8.0 located
at: 174 70"
E, 520" N
40 1989 5 23 R Earthquake | Sydney, NSW,| Allport and Blong (1995) Fort Denison Tidal Register notes observation afaltidisturbances I NOAA (2007): Allport and Blong
Macquarie (152° 12" E, 33 | states ‘maximum run-upf following Macquarie Island earthquake. NOAA indiestrun-up of 0.3 n (1995); Rynn (1994); Fort Denisg
Island Magnitude =| 51" S); Eden,| at 0.3 m asl and quotesasl on the SE coast of Australia Tidal Register 1982 - 1994
8.1 located| NSW (149 54" E, | NOAA as its source of
at: 160 60” | 28 52" S) reference. Howevelr,
E,5234"S NOAA (2007) states
‘maximum water heigh
at0.2m’
41 1989 10 19 D Earthquake | Sydney, NSW,| Allport and Blong (1995) Fort Denison Tidal Register observes tidal distodes following Sarj Il Fort Denison Tidal Register 1982 |—
California, on 18" | (151° 12" E, 33 | (1995) states ‘maximum Francisco earthquake on 18/10/1989. 1994; Allport and Blong (1995)
USA Tsunami 51" S) run-up’is 0.0 m asl
takes day tq The original source (tide gauge record) for thisrévhas not been located.
reach
Australia
Magnitude =
7.1 located
at: 128 80"
w, 37 00"
N
42 1995 5 16 | R - Loyalty | Earthquake Camp Cove,Allport and Blong (1995) "observed on tide gauge" Il National Tidal Facility / Bureau of
Islands, New| Sydney, NSW,| (1995) states ‘maximum Meteorology; Allport and Blong
Caledonia (152° 12" E, 33| run-up’is 0.0 m asl Allport and Blong (1995) list the date of this etvah Sydney as occurring (1995)

51" 'S); Tweed

Heads, NSW,

on the 15/05/1995. However, NOAA (2007) lists thaedof this event a
the 16/05/1995 (which was the actual date of tithqaake trigger event)

'




(153 32" E, 28
10" ' S); Crowdy The original source (tide gauge record) for thisrehas not been located.
Head, NSW (152
41" E, 37 52" S),
Ballina, NSW
(153 34" E, 28
52" 'S); Norfolk
Island, NSW
(167 55" E, 29
03" S)
43 2004 12 26 R - SumatraEarthquake | Port Kembla,| NOAA/NGDC (2007)| “observed on tide gauges” 1] 4 National Tidal Facility / Bureau of
Indonesia NSW (150 55” E, | sates that ‘maximum Meteorology; NOAA/NGDC (2007)
Magnitude =| 34° 29" S) water height was 0.5m’ gt
9.0 located Port Kembla
at. 9% 90"
E,330"N
44 2006 5 3 R - Tonga Earthquake Port Kembla,| Wave height recorded on“observed on tide gauges” I 4 National Tidal Facility / Bureau df
NSW (150 55” E, | tide gauge of 0.2 m Meteorology
Magnitude =| 34° 29" S)
8.0 located
at. 174 20”
E, 20 20" S
45 2007 4 1 R - SolomophEarthquake | Port Kembla,| Wave height at Lord “observed on tide gauges”; NSW Bureau of Meteorpldgsued a Il 4 National Tidal Facility / Bureau df
Islands NSW (150 55" E, | Howe Island tide gaugeTsunami Warning; at Coffs Harbour, unusual oceaméhaviour and Meteorology; Manly  Hydraulicg
Magnitude =| 34° 29” S); Lord| was 1.7m and wave strong currents were observed Laboratory
7.1 located| Howe Island,| height on tide gauge at
at: 157 00” | NSW (159 04" E, | Port Kembla was 0.35m
E,&50"S |31°31"S)
For each event, the catalogue supplies: the canelipg ID|(event) numberthe date of occurrence (year, month (M), day (B8, source region of the tsunami, the cause, tliemef impact in Australia, the|maximum (max)] wave run-up (metres abo
sea level) and / or inundatipn datal, a commentsrighéi®n, gn indication of|the tsunami intensity)(®f each event based ugon the 12 point (I — ¥l)nami intensity scale of Papadopoulos and Imarga@@l) Tl | = not felt, Il = scarcely felt, Il weak, IV =
largely observed, V = strong, VI = slightly damagivIll = damaging, VIl = heavily damaging, IX = steuctive, X = very destructive, XI = devastatimgdaXIl = completely devastating and an indicatadrthe Religbility (Rel) of the tsunami event (bas
upon the NOAA NGDC Tsuinami Database classificatiOryy erroneously listed event, 1 = very doubtsulitami, 2 = questignable tsunami, 3 = probableatsiy¥ = definite tsunami)




Appendix 3
Pair-wise comparisons between structural vulnerability factors

In this appendix, choices made during pair-wise matches between strugtnesability factors are
shown and discussed.

Structural vulnerability factors to be weighted are:

Number of Stories (S)

Building Material and Technique of Construction (m)
Ground Floor Hydrodynamics (Q)

Foundations (f):

Shape and Orientation (so)

Movable Objects (mo)

Preservation Condition (pc)

NoakwnNpE

In order to discuss every single comparison amongst them, theagealmatrix is reported below.
Since the matrix is symmetrical, only comparisons in the upgler part will be discussed. Also, to
decide the result of each match, we compared a building having trecbesin the first factor and
the worst in the second, with a building having the worst scoteeifirst factor and the best one in
the second (and the same score in all the remaining factorspnrljh@xception is given by the
“movable objects” factor (since its worst score is 0, it hasnbeompared with other factors
considering as their worst score the characteristics they ihatree “0” column). “Lower” and
“upper” factors have been introduced as fictitious references. Ther dpctor has the same
importance as the most influential factor (number of stories),ewthi lower factor makes no
contribution to the structural vulnerability.
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1. Number of Stories (s) versus Building Material (m) = moderateThe number of stories is
considered moderately more influential than the building matéialilding made of timber with

5 or more stories is thus considered to have a structure moyédegstehulnerable than a building
made of concrete, but with only one storey. The structure of thebiiilding must be strong
enough to carry the load of at least 5 stories, irrespectitieedype of material used. For the same
reason, the second building (one storey, made of concrete) does not saghieestrong (resistant)
structure.

2. Number of Stories (s) versus Hydrodynamics of the Ground floofg) = strong. The
number of stories is considered strongly more influent thahyieodynamics of the ground floor.
A building with 5 or more stories and a totally closed ground flodhus considered to have a
structure strongly less vulnerable than a building having 1 stokyam open ground floor. Even if
post tsunami field surveys emphasized the importance of having an rmper dloor, it was clear
that most of the buildings having only one storey suffered heaamaages than multistoried ones
(Reese et al., 2007; Rossetto et al., 2006; Ghobarah et al., 2006; Matsutomi et al., 2006).

3. Number of Stories (s) versus type of Foundations (f) = veryrsing. The number of
stories is considered more influent than the type of foundations. Their diffeseivegyi strong”. In
engineered buildings, these two factors are strictly connectgdeiHbuildings must have strongest
foundations. In non engineered building, the number of stories has been @hsidee important
than the foundation type, because of the strongest structure it oeealsyt Moreover, after the
2005 tsunami in Java, many building having 1 floor but with concrete faondatere swept away
by the water flow, even if the concrete ground floor remained undamage@ @exs 2007).

4, Number of Stories (s) versus Movable Objects (mo) = very stronglhe number of stories
is considered more influent than the presence of movable objectsdiffeggnce is “very strong”.
A building with 3 stories located behind a car park is considered maulbh less vulnerable than a
building with 1 storey located far from potential sources of movabjects. The main reason is
that even if movable objects can cause severe damages alsostootigest structures, it is not
possible to predict exactly where movable objects will be dragged by théllamitchai, 2005).

5. Number of Stories (s) versus Shape and Orientation (so) = esine. The number of
stories is considered extremely more influent than the shape ardation of a building. The
reason is similar to the previous comparison: the direction of the flow is notyepwetdictable.

6. Number of Stories (s) versus preservation Condition (pc) &xtreme. The number of
stories is considered extremely more influent than the presanvatindition. A 5 stories building
in very poor condition is considered much less vulnerable than a ¥ $toilding in excellent
conditions. The reason is that, in our opinion, the structure of a 5 dtaridsg cannot ever be in
so bad conditions (if the building is standing and safe) to be conditese resistant than the
structure of a well preserved 1 storey building.

7. Building Material (m) versus Hydrodynamics of the Ground floor (g) = moderate.The
building material is considered moderately more influent tharhyleodynamics of the ground
floor. This means that a building having a reinforced concrete steubtu closed ground floor is
moderately less vulnerable than one having wooden structure builg tgen ground floor. In
most of the observed cases, reinforced concrete buildings with gJosaad floor had brick infill
walls. Where the water depth was higher than 2 m, some irdils were broken, but the concrete
structure resisted (Ghobarah et al., 2006) On the other hand, woodigingsuon strong piles



behaved better than normal wooden ones, but they resisted water depéndiag 2 metres only
in few cases (Reese et al., 2007).

8. Building Material (m) versus Foundations (f) = moderate.The building material is
considered moderately more influent than the foundation type. A building chavireinforced
concrete structure but shallow foundations is thus moderately lessable than a timber building
with deep pile foundations. The typical technique of construction used imahastor timber
residential buildings is based on the use of multiple thin wooden,joidtieh can be easily
damaged by a water flow deeper the 2 m. In case the foundatiomsevgrstrong, only the ground
floor would resist (Reese et al., 2007). Reinforced concrete buildirgsassumed to be well
anchored to their foundations, even if they are shallow. On the othdr theey could experience
severe damages given by the scouring action of the water flowhibind of effect was found to
be minimum with water depth smaller than 8m (Ghobarah et al., 2006).

9. Building Material (m) versus Movable Objects (mo) = strong.The building material is
considered strongly more influent than the presence of movable lpectuse, as said, it is not
possible to predict exactly where the flow will drag cars and debris.

10.  Building Material (m) versus Shape and Orientation (so) =tsong. The building material
is considered strongly more influent than the shape and orientatioe olilding. A reinforced
concrete building having a long rectangular shape, with the nmdenparallel to the shoreline, is
considered to be much more resistant than a wooden building having a more hydrocyragmic

11. Building Material (m) versus Preservation Condition (pc) = exteme. The building
material is considered extremely more influent than the pragarveondition. This means that a
reinforced concrete building in very poor conditions is consideredhsiith less vulnerable than a
wooden building in excellent condition.

12. Hydrodynamics of the Ground floor (g) versus Foundations (f) = vy weak. The
ground floor characteristics are considered slightly more infltieant the type of foundations.
Thus, a building with shallow foundations and totally open ground floor igdmes slightly less
vulnerable than one with deep pile foundations, but ground floor completely cosen if the first
building is not well anchored to the ground, the pressure on its struatllbe much smaller than
the one applied on the second building, because the water flow will décapass through it. On
the other hand, the scouring effect will be stronger for thelfugding, because of the higher flow
velocity. However, damages given by the scouring effect were fimube minimum when the flow
depth was smaller than 8m (Ghobarah et al., 2006).

13. . Hydrodynamics of the Ground floor (g) versus Movable Objects (mp= moderate.
The ground floor characteristics are considered moderately mloenit than the presence of
movable objects around the building. This means that a building havirgf teast 50% of its
ground floor open, located behind a car park is moderately less vulndrabla building having
the ground floor totally closed, but far from sources of movable objecise /e cannot assume
that the cars will hit the building located at the back of thepadk, then a we decided to give more
importance to the ground floor characteristics.

14. Hydrodynamics of the Ground floor (g) versus Shape and Orient&n (so). =

moderate. The ground floor characteristics are considered moderately mftwent than the shape
and orientation. A building with open ground floor but with a poorly hydroehyoahape is thus
moderately less vulnerable than one having a highly hydrodynarajeshut a totally closed



ground floor. In the first case, since the water will be ablgass through the building, its shape
doesn’t appear to be very relevant.

15. Hydrodynamic of the Ground floor (g) versus Preservation Conditbns (pc) = very

strong. The ground floor characteristics are considered strongly nméiieemnt than preservation
conditions. A building in a very poor preservation state, having aytap#n ground floor is thus
considered much more resistant than one with a completely closed dloomndut in excellent
conditions. In fact, the second one will be exposed to a pressure much higher thandhe.first

16. Foundations (f) versus Movable Objects (mo) = moderatelhe foundation strength is
considered moderately more influent than the presence of movable abj&otst of a building. A
building with average foundation strength, located at the back of patlkyr is considered to be
moderately less vulnerable than a building with shallow foundatiooatdd far from car parks.
The main reason is that there is a high degree of uncertbioty the point where movable objects
will be dragged by the water.

17.  Foundations (f) versus Shape and Orientation (so) = moderatéoundation strength is
considered moderately more influent than the shape and orientatioa lmfiilding. This means that
a building with deep pile foundations and a poorly hydrodynamic shapensidered to be
moderately less vulnerable than a building with shallow foundationsaadnghly hydrodynamic
shape. The reason is still partially related to the unceytabbut the flow direction. Also, we
assume that the higher pressure on walls of the first building would be balancefbbgdestions.

18. Foundations (f) versus Preservation Conditions (pc) = stronglhe foundation type is
considered strongly more influent than preservation conditions. Thissmkat a building with

deep pile foundations in a very poor preservation state was judde stvongly less vulnerable
than a very well preserved one, but with shallow foundations. The priesereandition of the

building structure was never found to be so bad to put the buildinditgtalbiserious risk. The
strength of the foundations is thus much more important.

19. Movable Objects (mo) versus Shape and Orientation (so) = wealKhe presence of
movable objects is considered slightly more influent than the shaperi@mdation. Even if they

both depend on the direction of the water flow, which is not known, movable objects were judged to
be more dangerous than the hydrodynamics of the building shape, bet#useelevant number

of structural damages they caused in past tsunamis (Dominey-HameedPapathoma, 2007,
Ghobarah et al., 2006; Darlymple and Kriebel, 2005), when they bitbal¢dings having a good
shape/orientation.

20. Movable Objects (mo) versus Preservation Conditions (pc) =treng. The presence of
movable objects has been considered strongly more influent than ptiese@nditions. This
means that an average preserved building located behind a cargsaldedn considered more
vulnerable than a poorly preserved one, even if it is locateftloiar potential sources of movable
objects. In the worst case, observed preservation conditions wereaugihebad to be considered
more influent than movable objects.

21. Shape and Orientation (so) versus Preservation Conditions (pe strong. The shape and
orientation of a building has been considered strongly more influentt¢hareservation condition.
Thus, a well preserved building having a very low hydrodynamic shap&een judged to be more
vulnerable than one with a very good shape (triangular, or round), but ipeeryconditions. In



the worst case, observed preservation conditions were not enough bad doshliered more
influent than movable objects.

22.  Preservation Conditions (pc) versus Lower Factor = strongAs stated, the “lower” is a
fictitious factor, used as the lowest reference. It musionsidered as a factor which does not have
any influence on the structural vulnerability of a building. So, wepect to zero, the influence of
preservation conditions has been considered strong. This means that gwehis the least
important among the real factors, it still gives a contribution to the final rabitey level.



Appendix 4
Pair-wise comparisons between protection factors

In this appendix, choices made during pair-wise matches ampgsttion factors will be shown
and discussed.

Protection factors to be weighted are:

The Building Row (Prot_br)

The presence of a Seawall (Prot_sw)

Natural Barriers (Prot_nb)

Presence of a Brick Wall around the building (Prot_w)

PowbdPE

In order to discuss every single comparison amongst them, theagwalmatrix is reported below.
Since the matrix is symmetrical, only comparisons in thepiger right part will be discussed. In
order decide the result of each match, we compared a building havitggshacore in the fist
factor and the worst in the second, with a building but having the s@yee in the first factor and
the best one in the second (and the same score in all the remaining factors).
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1. Building row (Prot_br) versus Natural Barriers (Prot_nb) = moderate. The
“building row” protection factor has been considered moderatehg nmportant than the
presence of “natural barriers”. This means that a buildingedcaehind the 0 row,
without any natural barrier, has been considered more protd@adat building in the
first row, but well shielded by coastal vegetation (ex. withiroastal forest). . Even if
both factors are very important, several post tsunami field ssiffRgese et al., 2007;
Dominey Howes and Papathoma, 2007; Darlymple and Kriebel., 2005, ) erguhts
protection function performed by many rows of buildings.

2. Building row (Prot_br) versus Seawall (Prot_sw) = moderateThe “building
row” protection factor has been considered moderately more imptrtanthe presence
of a seawall. This means that a building located behind thedl® without any seawall
along the beach, has been considered more protected than a buildingrst tloevf but
shielded by a seawall as high as the incoming wave. Everséawall is normally
designed to withstand the largest storm waves, the cumulateet eff more than 10
building walls, together with the increasing distance from theefiher has been judged
more influent in the reduction of the flow velocity.

3. Building row (Prot_br) versus Brick Wall around the building (Prot_w) =
moderate. The “building row” protection factor has been considered moderatelg mor
important than the presence of a brick wall around the building. Thensnthat a
building located behind the £@ow, without any brick wall around, has been considered
less vulnerable than a building on the first row, but protected bylawall higher (or as
high as) the water flow. The main reason is that a brickisvalbt designed to withstand
an high hydrodynamic pressure, and its effect will be sméiar the one of 10 rows of
building walls (even if they might not offer a complete shieldlgrause of the presence
of streets, gardens and other empty spaces among them).

4, Natural Barriers (Prot_nb) versus Seawall (Prot sw) = no di#rence.
Protection offered by natural barriers and seawall have been cmusi@gually
important. During past tsunamis, both factors played a very impodeninr protecting
buildings from the water flow. According to Matsutomi et al. (2006) adymple and
Kriebel (2005), during the 2004 tsunami at Patong Beach (Phuket - Thadengty
storey brick buildings partially withstand a 5 m wave, becafsthe presence of a
seawall (even if it was much smaller than 5m). A simifeng happened to some other
single-storey brick buildings in the Khao Lak area: since they were lotthie a coastal
forest, they resisted to a more than 4 metres inundation depthutdatst al., 2006). It
must be noticed that this kind of building, if not protected, is expected to be almost totally
destroyed by a 2 m deep water flow (Reese et al., 2007; Rossetto et al., 2006).

5. Natural Barriers (Prot_nb) versus Brick Wall around the building (Prot_w)
= weak. Protection offered by natural barriers has been considered ligitle
important than the presence of a brick wall around the building. Teensnthat a
building without a wall, but well shielded by coastal vegetationjghtty more resistant
than one without any natural barrier, but with a brick wall highea$¢ high as) the water
flow. . The main reason is that a brick wall is not desigredvithstand a high



hydrodynamic pressure, and its effect will be smaller thaririti®on exerted by costal
forests or other natural barriers.

6. Seawall (Prot_sw) versudBrick Wall around the building (Prot_w) = weak.
Protection offered by a seawall has been judged to be sligiotly influent than the one
of a brick wall. The main reason is that the seawall is dedigo withstand heavier
pressures.

7. Brick Wall around the building (Prot_w) versus Lower Factor = strong. As
stated, the “lower” is a fictitious factor, used as the lowe$érence. It must be
considered as a factor which does not have any influence on the iprotecel offered
to a building. So, with respect to zero, the influence of a brick veal been considered
strong.
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