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Abstract This work reviewed, assessed, enhanced and field-tested one of the most widely
used index-based methods for assessing the vulnerability of buildings to tsunamis: the
Papathoma Tsunami Vulnerability Assessment (PTVA) model. The review and assessment
were undertaken through a participatory survey process engaging authors of scientific
literature during 2005-2015 in the field of building vulnerability to tsunamis. Expert
respondents updated the weights of the PTVA building vulnerability attributes based on
their expertise and insights from the 2011 Tohoku Tsunami. The respondents were also
free to suggest additional PTVA building attributes and to provide open comments on the
model. We then analysed the outcomes of the questionnaire and we used them to generate a
new improved version of the model, the PTVA-4, which we field-tested in the area of
Botany Bay (Sydney), New South Wales. Using a cohort of over 2000 buildings and a
tsunami scenario numerically simulated using state-of-the-art hydrodynamic modelling
techniques, we applied the PTVA-4 model and compared the outcomes against its prede-
cessor (i.e. the PTVA-3). Results showed the PTVA-4 model is significantly more accurate
and more sensitive to variations in the tsunami demand parameter, the attributes of the
exposed buildings and their surroundings. The PTVA-4 model is the first tool of its kind to
integrate the judgment of specialised scientists worldwide. It constitutes a viable option to
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assess the vulnerability of buildings in areas where no tsunami vulnerability curves have
been developed yet, or to consider the contribution to vulnerability given by a significantly
wider range of building engineering and physical attributes. An ArcGIS toolbox that
automatically calculates the relative vulnerability of buildings using the new PTVA-
4 model is attached to this paper.

Keywords Tsunami vulnerability - PTVA model - Building vulnerability - Fragility
curves - Catastrophe modelling

1 Introduction

In the last decade, 21 tsunamis with a run-up larger than 3 m have occurred globally,
causing a total damage to buildings and infrastructure exceeding $US260 billion (NGDC/
WDS 2014) (Table 1). In most instances, the likely impact on coastal assets was unknown.

The capability of a building to withstand the impact of a tsunami depends on a variety of
factors, including structural elements, construction material, foundation type, the design of
the ground floor, the building orientation and the building’s surroundings (IOC UNESCO
2011). These factors or “attributes” may coexist in numerous possible forms and com-
binations, making the assessment of vulnerability a building-by-building exercise. Vul-
nerability assessment is further complicated by the relatively low number of tsunami
damage data and the wide variety of construction techniques adopted throughout the world
(Tarbotton et al. 2015).

Before the 2004 Indian Ocean Tsunami, only one building vulnerability assessment tool
was available, the Papathoma Tsunami Vulnerability Assessment (PTVA) model (Pap-
athoma 2003). The PTVA model is an index-based tool offering a Geographic Information
System (GIS) framework to weight and combine the contributions from various building
physical and engineering attributes to the total building vulnerability level. The attributes
used by the model have repeatedly proved to influence the damage level during a tsunami
inundation (IOC UNESCO 2011).

The relative vulnerability level of a building is ultimately described through a non-
dimensional score, named the Relative Vulnerability Index (RVI).

After the first version of the PTVA model was developed in 2003, the tool was suc-
cessfully applied in many regions of the world, including Greece (Papathoma et al. 2003),
the Republic of the Maldives (Dominey-Howes and Papathoma 2007), United States
(Dominey-Howes et al. 2009), Australia (Dall’Osso et al. 2009a, b), Italy (Dall’Osso et al.
2010), and Japan (Voulgaris and Murayama 2014). Using post-tsunami damage observa-
tions following the 2004 Indian Ocean Tsunami (2004 10T) in the Maldives, Papathoma
and Dominey-Howes and Papathoma (2007) field-tested the model and addressed some of
the shortcomings of the original version (e.g. introducing new building attributes to be
considered by the model), which led to a second generation of the model (PTVA-2). The
most recent version of the model, version 3, was developed by Dall’Osso et al. (2009a, b)
in Australia, then validated in Italy (Dall’Osso et al. 2010) by comparing the model outputs
with the damage actually sustained during the 2002 Stromboli tsunami. The work by
Dall’Osso et al. (2010) was the first validation of the PTVA model, which proved to be
fairly accurate in predicting the relative damage to different building types in response to a
given tsunami inundation depth (Tarbotton et al. 2012). A review of the evolution of the
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PTVA model is provided by Tarbotton et al. (2012) and compared against similar index-
based approaches to assess building vulnerability to tsunamis (e.g. Omira et al. 2009). In
addition to assessing the vulnerability of buildings, the PTVA-3 model has been used to
create evacuation maps and underpin emergency management strategies (Dall’Osso and
Dominey-Howes 2010a, b). More recently, Voulgaris and Murayama (2014) coupled the
PTVA-3 model with a building population estimation tool, in order to investigate the
distribution of residents in each building vulnerability class.

Index-based methods such as the PTVA model incorporate many idealised structural
attributes in the calculation of the total vulnerability of a building. This allows the dif-
ferences between different building structures to be determined to a fine scale. However,
index-based methods are relative, so the final vulnerability scores (e.g. the RVI scores)
have no stand-alone meaning and are useful in comparisons of the expected performance of
different buildings (e.g. building A is more/less vulnerable than building B), rather than to
predict the absolute level of damage that a single building will incur in response to a given
tsunami flow depth (e.g. building A will collapse when the tsunami flow depth exceeds
3 m).

1.1 Absolute methods: fragility curves

A non-relative approach for predicting building damage can be achieved via the use of
vulnerability functions, or fragility curves. These are statistically developed continuous
curves that associate the intensity of the tsunami (i.e. the tsunami “demand parameter”) to
the expected response of a particular building type. Although this approach is widely used
for other hazards (i.e. earthquakes, floods), no tsunami vulnerability functions were
available in English when the PTVA model was first developed, although we note that
some works on fragility curves had already been undertaken in Japanese (Shuto 1987;
Aketa et al. 1994). The first studies (in English) proposing tsunami vulnerability functions
were published after the 2004 IOT, and to date about 15 sets of functions have been
developed in different parts of the world. Tarbotton et al. (2015) undertook a compre-
hensive review and comparison of the existing empirical tsunami vulnerability curves for
different building types.

Tsunami vulnerability functions have been developed using a variety of techniques.
Some describe the building damage “deterministically” (e.g. using the ratio “cost to
repair/cost to replace” to identify the damage level corresponding to a given the tsunami
demand parameter) (Valencia et al. 2011; Reese et al. 2007), whilst others adopted a
probabilistic approach estimating the conditional probability that a given building type will
reach or exceed a specific damage state (Charvet et al. 2014; Suppasri et al. 2013a, b;
Suppasri et al. 2012; Reese et al. 2011; Suppasri et al. 2011; Koshimura et al. 2009). Most
of these curves are empirical (i.e. based on observations after the actual tsunamis), but
some studies employed analytical techniques (i.e. referred to a theoretical building pro-
totype, whose damage-state equation is solved for various tsunami loads) (Nadal et al.
2010; Dias et al. 2009).

Most of the available functions have adopted the maximum tsunami flow depth as the
tsunami demand parameter, assuming that this is the main driver of building damage,
although some recent work has looked also at the effect of debris trapped in the tsunami
flow (Mubhari et al. 2015). In terms of the engineering attributes influencing the vulnera-
bility to tsunamis, almost all the existing vulnerability functions considered only the
construction material, and only recently Suppasri et al. (2013b) added the number of
stories. To date, no other building engineering attributes have been considered when
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Fragility Curves for Complete Damage of Masonry Buildings
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Fig. 1 Example of fragility curves for residential masonry buildings developed in Samoa after the 2009
tsunami (Reese et al. 2011) and in Banda Aceh, Indonesia, after the 2004 IOT (Valencia et al. 2011). The
curves express the probability of collapse at different tsunami flow depths. Although the building type is
described in a similar way by the authors (i.e. residential masonry buildings for Reese et al. 2011, and one
storey masonry building for Valencia et al. 2011), the resulting curves are different

developing vulnerability functions and this stands as a significant limitation of absolute
methods. In addition to this issue, the variety of techniques employed (and assumptions
made) to develop tsunami vulnerability functions renders the existing curves hard to
compare and difficult to apply in locations different from where they were developed
(Tarbotton et al. 2015).

By way of example, in the case of empirical approaches, the curve of a masonry
building developed in Samoa may differ significantly from that of a masonry building in
Indonesia (Fig. 1). This may be due to different building standards, survey techniques or
statistical analyses adopted by researchers (Tarbotton et al. 2015; Gardi et al. 2011; Schultz
et al. 2010). As a consequence, index-based methods such as the PTVA model can be useful
where no vulnerability curves are available, or to compare the expected performance of
different building types by considering their main engineering and physical attributes.

1.2 Limitations of the PTVA-3 model and development of the PTVA-4 model

The main limitations of the PTVA-3 model are:

1. The PTVA-3 does not account for the new data obtained after the 2011 Tohoku
tsunami (it was developed before 2011).

2. RVI scores are calculated as a weighted sum of the contributions made by different
engineering attributes. Weights were obtained through a multi-criteria analysis
undertaken by Dall’Osso and Dominey-Howes (Dall’Osso et al. 2009a). After
publication, it was suggested that the model could be improved by increasing the
expert input in the determination of the weights attributed to building attributes.

We addressed the limitations of the PTVA-3 model by developing a survey utilising a
self-administered coded questionnaire of 16 questions (open and closed). The question-
naire was distributed to all the corresponding authors of scientific papers published in the
last 10 years (2005-2015) in the field of building vulnerability to tsunamis. Specifically,
the questionnaire asked each author to re-weight the attributes of the PTVA-3 model and to
incorporate information from the 2011 Tohoku Tsunami. The results were evaluated and
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utilised to upgrade the PTVA-3 to a new improved version of the model: the PTVA-4. A
copy of the questionnaire is attached to this paper in the original MS Excel format.

This paper includes the presentation of the questionnaire (Sect. 2), a description of the
questionnaire outcomes (Sect. 3), the application of results to generate the new PTVA-4
model (Sect. 4), and a case study in which we demonstrate the differences between the
PTVA-3 model and the PTVA-4 in a real-world application (Sect. 5).

2 Methodology: the questionnaire

The questionnaire included two main sections. The first asked respondents to suggest
alternative weights for the PTVA-3 model attributes, based upon their expertise and
including information they may possess from recent tsunami events, particularly the 2011
Tohoku event. Using the same approach as the PTVA-3, the attributes to be weighted were
divided in two groups: those influencing the building structural vulnerability (e.g. material,
number of stories, foundations), and those describing the degree of shielding/protection
provided to the building by its surroundings (e.g. natural barriers, building row, seawall).
For a comprehensive description of the PTVA-3 model, including the attributes and the
weighting system, readers are referred to Dall’Osso et al. (2009a).

The respondents were also free to suggest (and weight) any additional attributes not
originally included in the PTVA-3 model.

The second section of the questionnaire provided a blank space for open comments
regarding the model or explaining the suggested weight changes or additional attributes.
This section allowed respondents to fully contribute to the development of the new iter-
ation of the model (Bird 2009). The original version of the questionnaire is attached to this
paper (Online Resource 1).

We sent the survey electronically to 30 primary and/or corresponding authors of sci-
entific papers in the field of vulnerability of buildings to tsunamis published from year
2005 to 2015. The selected time span covered all the publications generated after the 2004
Indian Ocean Tsunami, when the attention of the scientific community in regard to
building vulnerability assessment significantly rose. The response rate to the survey was
47 % (14 responses).

3 Results and discussion

The results of the questionnaire survey included: (a) new weights for the existing PTVA-3
model building attributes (Sect. 3.1, Tables 2, 3); (b) open comment fields addressing the
rationales supporting the proposed weights (Sect. 3.2, Table 4); (c) suggestions for addi-
tional attributes to be considered (Sect. 3.3, Table 5); (d) additional comments/questions
about the PTVA model (Sect. 3.4).

3.1 New weights for the existing PTVA-3 model attributes

We obtained the new weights to be implemented in the PTVA-4 model by calculating the
average value of the weights suggested by the respondents. According to Forman and
Peniwati (1998), the mathematical mean is the best method for aggregating quantitative
judgments in an Analytic Hierarchy Process framework when contributors have different
value systems. Results are shown in Tables 2 and 3.
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Table 2 Original weights to the building vulnerability attributes of the PTVA-3 Model given by Dall’Osso
et al. (2009a), compared to the average weights suggested by the international experts who completed the
questionnaire described in Sect. 2

Attributes of the building Original weight (PTVA-3) (0-100) Average suggested
weight (0-100)
Number of stories (s) 100 85
Main construction material (m) 80 100
Ground floor hydrodynamics (g) 63 69
Foundation type (f) 60 69
Shape and orientation (so) 46 52
Preservation condition (pc) 23 34

Table 3 Original PTVA-3 model weights to the attributes influencing the degree of protection provided to a
building by its surroundings (Dall’Osso et al. 2009a), compared to the average weights suggested by the
international experts who completed the questionnaire described in Sect. 2

Attributes of building surroundings Original Weight (PTVA-3) (0-100) Average Suggested
Weight (0-100)

building row (br) 100 100

seawall (sw) 73 84

natural barriers (nb) 73 72

large movable objects (mo) 51 58

brick wall around the building (w) 55 42

Thirteen of the 14 respondents agreed on the need to retain all the existing PTVA-3
model attributes to fully determine the overall vulnerability of buildings (only one
respondent suggested that the “preservation condition”—i.e. the state of preservation of
the building structure—would not affect its overall vulnerability). This finding may par-
tially explain the variability of available building vulnerability functions for tsunamis, in
which buildings are usually grouped by considering only one attribute (i.e. the construction
material).

In terms of the specific weights suggested for each attribute, results show a reasonably
good degree of consistency between the respondent’s opinion and the weights used in the
PTVA-3 model. The main differences are:

e Respondents considered the construction material to be more important than the
number of stories, whereas in the PTVA-3 model the number of stories was the most
important attribute, and directly ahead of the building material.

e The building preservation condition (pc) was weighted higher (i.e. suggested
weight = 34, was 23 in the PTVA-3 model)

e The foundation type (f) was weighted slightly higher (i.e. suggested weight = 69, was
60 in the PTVA-3 model)

e The presence and type of a seawall (sw) was weighted higher (i.e. suggested
weight = 84, was 73 in the PTVA-3 model)

e The brick wall around the building (w) was given a lower weight (i.e. suggested
weight = 42, was 55 in the PTVA-3 model)
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Table 4 Rationale provided by the respondents to the questionnaire supporting the weights assigned to the
building vulnerability attributes and building surroundings attributes

Attribute

Comments about the existing attributes of the
PTVA-3 model

Authors’ response

Number of
stories (s)

Shape and
orientation

(s0)

Foundations (f)

Movable
objects (mo)

The number of stories is still probably the
dominant factor, because of the weight
contribution to stability

The number of stories is not quite relevant,
tsunami damage was observed up to
maximum of 3 stories. Even one or two floor
concrete structure has adequate weight to
resist water forces

Number of stories is an indirect way to take
into account the construction material, which
in my opinion is the most important attribute
influencing the buildings vulnerability

“Shape and orientation” of the building should
be assigned an important weight only to
buildings in the first row: once the flood is
inside the urbanised area, it is too difficult to
establish the exact direction of the flow
impact (and thus the orientation of the
constructions with respect to it) due to
interactions with the buildings and to
turbulence effects

Deep foundations are very useful, because the
only way in which 2 storey buildings
collapsed in Sri Lanka is because of scour

Almost all concrete well-designed structures
survived the tsunami forces (except damage
due to impact of boats and cars on columns
and walls)

Large movable objects probably do not cause
total collapse

I would include the presence of large movable

objects (marinas, parking areas, etc.) in the

Prot. component rather than in the BV

component (it concerns the surroundings

conditions rather than structural
vulnerability, even if it will affect the
structure)

would suggest that the attribute ‘Large

Movable Objects’ should be in surroundings

of buildings (Prot. component)- I do not think

this a structural attribute (BV component) in
the context of the other attributes given

—

The number of stories is considered as a
proxy for the structure weight, not the
construction material. During the
2011 Tohoku tsunami the number of
stories proved to be directly
correlated with the degree of damage,
although the construction material
was more important (Suppasri et al.
2013b). The new weights of the
attributes m (i.e. construction
material) and s (i.e. number of stories)
are assigned according to the
reviewers’ preferences and are
consistent with observations made
during the 2011 Tohoku Tsunami

In the PTVA-4 model, the attribute so
was renamed as sh (i.e. shape) and it
accounts only for the shape of the
building footprint. No assumption
about the tsunami flow direction is
required. For example, L-shaped
buildings or narrow and rectangular
buildings are considered to be
generally more exposed to the flow
than buildings that are square or
round

Foundations type is considered in the
PTVA-4 model through the attribute
f (i.e. foundations)

Although the impact of large movable
object may not cause the total
collapse of a building alone, it can
certainly contribute to the total
damage level. In the PTVA3- Model,
the attribute mo is not included in the
component Prot (i.e. Protection) as
this accounted only for the degree of
protection provided to the building by
its surroundings. However, we
understand the confusion that
including mo in the BV component
may cause, being the movable objects
an attribute of the building
surroundings. As suggested by the
reviewers we have changed the
component name Prot into Surr (i.e.
Building Surroundings), and we have
included the attribute mo in the Surr
component
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Table 4 continued

Attribute Comments about the existing attributes of the  Authors’ response
PTVA-3 model

Building row I agree to consider the “building row” as the =~ We acknowledge this limitation of the

(br) most important attribute of the building PTVA-4 model, but specific cases like
surrounding factor, but it should be kept in the one mentioned by the respondent
mind that in some cases buildings in the require a level of detail that
second row could incur higher damage due to transcends the scope of the PTVA
positive interaction of the waves moving model
around and adding up behind the first row
buildings

Brick wall Boundary walls (i.e. brick walls around the We agree with the respondent, however
around the building) may reduce energy but can fall and the risk to people is not directly in the
building (w) kill people scope of the PTVA model

The third column includes the authors’ response to the rationale provided by the respondents

3.2 Comments about the existing PTVA-3 model attributes

Eight respondents provided additional open comments about the existing PTVA-3 model
attributes. These are listed in Table 4, divided according to the attribute. Table 4 also
includes our responses to each comment. Interestingly, some comments are quite contra-
dictory (see for example the observations about the number of stories, or movable objects
in Table 4), which emphasises the need for additional tsunami damage observations,
consistent survey techniques and improved communication between researchers.

3.3 Recommendations for additional attributes to be considered

Table 5 shows additional attributes recommended by respondents, their preference ratio
(i.e. the percentage of respondents who recommended that attribute) and their comments.

In the following sub-sections, we examine these recommendations and we discuss their
implementation in the new version of the model, the PTVA-4.

3.3.1 Engineered/not engineered buildings

The distinction between engineered and non-engineered buildings has often been consid-
ered an influential proxy for the vulnerability of buildings to tsunami damage (Valencia
et al. 2011; Koshimura et al. 2009). Whilst none of the papers dealing with this topic
defines the term “engineered”, we interpret it as a reference to construction codes and
regulations in force at the time of construction or survey.

Since construction codes vary significantly in space (e.g. from state to state) and time,
the term “engineered” may have different meanings in different study areas. For example,
an engineered building in Samoa may have different structural characteristics from an
engineered building in Japan, or even in the same study area, depending on when the
survey is undertaken. That is, an “engineered” building today may differ from an
“engineered” building tomorrow, if the construction law requirements are modified.
Further, “engineered” buildings implementing seismic regulations or other safety stan-
dards may not necessarily provide a lower vulnerability to tsunamis.
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Table 5 Additional attributes to be considered in the PTVA model suggested by the respondents

Suggested additional attribute of buildings

Description/comment provided

Preference
ratio (%)

1. Engineered/not engineered building Of importance is also whether the building was 21
engineered or not and since tsunamis follow
earthquakes, the proper seismic design of the
structure becomes significant so that
structural damage does not occur before the

tsunami hits

2. Elevation of the ground floor above
ground level

Buildings built on raised foundations would 21

have lower ‘effective flow depth’ acting on
the structure

3. Coastal morphology (as a proxy of During the 2011 Japan tsunami, buildings 14
tsunami flow velocity) located in ria-like coastal areas were more
severely damaged than similar buildings
located in plain coastal areas
4. Ground slope (as a proxy of tsunami flow Ground slope is also important. There was a 7
velocity) major train catastrophe in Sri Lanka where
the rail line was at a negative slope to coast
5. Width of adjacent roads (as a proxy of I am thinking on the “width of adjacent roads” 7
the degree of protection provided to the as a possible factor that decreases the local
building by its surroundings) hydrodynamic features of tsunami affecting
the building making the structure less
vulnerable to tsunami according to its
location in the row and considering urban
layout
6. Structure location Flow velocity in addition to water level 7

7. Proximity to water channels Proximity to water channels (e.g. canals, rivers) 7

may allow tsunami flow inland and over-bank

A turbulent tsunami flow would cause more 7
damage than a surging tsunami

8. Type of tsunami overland flow (surge vs.
turbulent).

9. Building age The respondent did not provide comments 7
supporting the inclusion of “building age”.
However, a different respondent reported that
“based on data from fragility curves
[obtained after the 2011 Japan tsunami], the
construction material is the most important
parameter and the construction year (or
building age) has no influence at all

One of the respondents noted that near-field tsunamis may be preceded by strong
earthquakes, which could undermine the stability of some buildings (particularly if not
seismically engineered) and increase their vulnerability to the incoming tsunami. This
would not happen for mid- and far-field tsunamis (the earthquake epicentre would be too
distant from the study area to cause damage), nor it would for tsunamis triggered by
underwater landslides and volcanic activity. Beyond this consideration, the PTVA model is
not a multi-hazard tool and as such it does not account for the damage caused by earth-
quakes. Comprehensive vulnerability assessments for near-field tsunamis should use the
PTVA model in combination with seismic fragility curves or other seismic vulnerability
tools.
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For these reasons, we did not include the “engineered/not engineered” attribute in the
PTVA-4 model.

3.3.2 Elevation of the ground floor above the ground level

This attribute identified a gap within the PTVA-3 model. Whist the PTVA-3 accounts for
buildings with an open ground floor (used for storage or other non-residential purpose), it
does not consider the lower vulnerability of buildings having the ground floor slightly
elevated above the terrain level, which is a common artefact to achieve better ground
insulation or for protection in flood-prone areas. To address this issue, the PTVA-4’s
component WV (i.e. Water Vulnerability, accounting for the damage to building parts due
to prolonged contact with water) considers only the “effective” water depth inundating the
building—that is only the water depth above the ground floor. This is obtained as the
difference between the water depth above the terrain level and the elevation of the building
ground floor, which can be measured during field surveys with a ruler, or more simplis-
tically by counting the number of steps to the entrance door, as previously done by
Magsood et al. (2013).

3.3.3 Coastal morphology and ground slope (as a proxy of tsunami flow velocity)

One of the main limitations of the PTVA-3 model, as well as of existing tsunami vul-
nerability functions, is that the tsunami force on the structure—the “demand parameter”—
is only measured through the maximum water depth. Although the hydrodynamic force
acting on a building depends both on the water depth and on the flow velocity, the latter is
very hard to measure or numerically simulate, and it is seldom considered explicitly (Reese
et al. 2011). In addition to this approximation, in the PTVA-3, the water depth impacting
each building is obtained using a simplistic bathtub-filling approach, in which all inland
areas having an elevation less than the water level on the shoreline (and being hydrauli-
cally connected to it) are considered to be equally inundated. Bathtub-filling methods
neglect the hydraulic interactions of the water flow with inland morphology, and how these
affect hydraulic storage, connectivity, resistance and ultimately water depth and flow
velocity.

In using the PTVA-4, we strongly recommend a hazard assessment using a hydrody-
namic numerical model which accounts for interactions with local coastal morphology and
topography. Tsunami hydrodynamic models such as Method of Splitting Tsunamis
(MOST) (Titov et al. 2005; Titov and Gonzalez 1997) are open-source, easy to use and
have been repeatedly validated (Wei et al. 2013; Synolakis et al. 2007). Whilst these
models provide a more accurate estimate of the maximum inundation depth and inundation
extent, flow velocity impacting each building is still very challenging to obtain, as it is
significantly influenced by local terrain and built environment features whose scale often
exceeds the resolution capability of the model (Koshimura et al. 2009). Some of these
features are considered in the PTVA-3 model through the factor Prot, which estimates the
shielding effect—resulting in a local decrease of water depth and flow velocity—provided
to buildings by their surroundings. Prot includes the protection provided by surrounding
buildings, vegetation, coastal dunes, seawalls and brick walls around the building. As
suggested by 3/14 respondents, other environmental features affecting the tsunami flow
depth and velocity impacting buildings include coastal geomorphology (2/14) and ground
slope (1/14). The contribution of these features to water depth can be simulated with a
reasonable accuracy by numerical models. The same thing cannot presently be said about

@ Springer



1240 Nat Hazards (2016) 83:1229-1256

flow velocity, unless the numerical model results are validated using real-world (on-site)
measurements of flow velocity, which could only be achieved if the selected tsunami
scenario is the reproduction of an historical event during which flow velocity was mea-
sured (Koshimura et al. 2009). It would be therefore reasonable to address the contribution
of ground slope and geomorphology to flow velocity though additional attributes of the
PTVA model, similarly to what has been done for the degree of protection provided to a
building by its surroundings. However, in regard to coastal geo morphology, there is
currently insufficient evidence to associate different costal morphology to tsunami flow
velocity or damage levels. Although during the 2011 Japan Tsunami buildings located in
ria-like coasts suffered on average a damage higher than buildings in open plain areas
(Suppasri et al. 2013a, b), it is unclear if tsunamis have a more severe impact on buildings
in other types of coastal morphologies, such as delta coast, rock coast, estuary coast, etc.
Moreover, the effect of ground slope on local flow velocity may vary significantly based on
other conditions such as the flow direction, the slope direction and the location of the
buildings on the slope (before the crest vs. after the crest). Although in some cases slope
can cause an increased flow velocity, in other cases—for example if the flow slows-down
when going up-hill—it may provide protection to buildings (Dall’Osso et al. 2010; Reese
et al. 2007). Because the relationship between slope and building damage is equivocal, we
did not include the ground slope in the PTVA-4 model attributes. The contribution of
coastal morphology and ground slope to damage will be more easily integrated into the
hazard assessment using high-resolution hydrodynamic models able to accurately calculate
flow velocity impacting each building, once these are fully validated and available to the
wider scientific community.

Other attributes used as proxy for tsunami flow velocity or inundation extent.

These include suggested attributes number 5-8 in Table 5, namely “width of adjacent
roads”, “structure location”, “proximity to water channels”, “type of tsunami overland
flow (turbulent vs. surge)”. These suggested attributes have been grouped together
because they better represent the tsunami hazard impact to buildings. These attributes
might have been suggested to overcome the use of a simplistic bathtub-filling approach
to represent the tsunami hazard in the PTVA-3 model. The PTVA-4 uses a hydrodynamic
model to simulate the inundation process, allowing more accurate estimate of inundation
extent and maximum water depth. If very high-resolution hydrodynamic models and
DEMs are available, such estimates may account for local features such as roads,
channels and other buildings.

3.4 Additional comments/questions about the PTVA-3 model framework

This section considers additional open comments, questions and our responses.

Comment #1:

The components BV and Prot. should range in the same numerical interval as they are
obtained through the same procedure of weighted sum.

Authors’ response to comment #1:

Note: in the PTVA-3, BV ranges between —1 and +1, whilst Prot. ranges between 0 and
+1. The PTVA-4 uses the same numerical interval for the components BV and Surr (note
that the component Surr in the PTVA-4 model replaces the component Prof), which can
assume continuous values within [—1; +1], where values close to +1 represent “higher
contribution to vulnerability”, and values close to —1 represent “lower contribution to
vulnerability”.
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Comment #2:

The repetitive scaling procedure that the PTVA-3 model applies to the numerical value
of the components BV, Ex, Prot and SV is based on intervals and as such it reduces the
model accuracy.

Authors’ response to comment #2:

The respondent refers to the procedure adopted to standardise the original values of BV,
Prot, Ex, SV and WV so that they all range in the same interval [1,5]. In the PTVA-3, this is
obtained through an interval-based approach, as summarised in Table 6. Although this
scaling procedure simplifies the model, it introduces inaccuracy as the differences between
values of BV, Prot, Ex, SV and WV falling in the same interval are lost. For instance, two
buildings having fairly different original values of structural vulnerability (e.g.
SViii2s) =1 and SV|; 125y = 24) will end-up having the same re-scaled value (i.e.
SVi1s1 = 1), and their structural differences will not affect the final RVI score.

The PTVA-4 model significantly improves the scaling procedure of the PTVA-3 model.
The original values of SV, WV, BV, Surr and Ex are scaled to the interval [1,5] using
continuous arithmetical transformations (Sect. 4) which avoids any loss of accuracy.

Comment #3:

In the PTVA-3, the component Ex (i.e. Exposure) has the same value (i.e. Ex = 5) for all
tsunami water depth values higher than 4 m.

Authors’ response to comment #3:

This issue is addressed in the PTVA-4 model by using a standardised value of Ex,
namely:

WD

Exon = yp

(1)

where WD is the water depth impacting the building, which is the water depth above the
terrain level at the point of the study area where the building is located; WD, is the
maximum value of WD among all buildings whose vulnerability is being assessed and

Table 6 (After Dall’Osso et al. 2009a) Original and re-scaled variables used in the calculation of the RVI
scores through the PTVA-3 model

SV (original) 1-25 25-50 50-75 75-100 100-125

Relative vulnerability index (RVI) = (2/3) x (SV) + (1/3) x (WV)

SV (scaled) 1 2 3 4 5
SV = (Bv) x (Ex) x (Prot)
Bv (original) —1to —0.6 —0.6 to —0.2 —0.2 to +0.2 +0.2 to +0.6 +0.6 to +1
Bv (scaled) 1 2 3 4 5
Ex (original) 0-1 m 12 m 2-3 m 34 m >4 m
Ex (scaled) 1 2 3 4 5
Prot (original) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1
Prot (scaled) 1 2 3 4 5
WYV = (number of inundated levels)/(total number of levels)
WV (original) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1
WYV (scaled) 1 2 3 4 5

The re-scaling procedure is based on intervals and as such it reduces the accuracy of the model. This issue is
addressed in the PTVA-4 model

@ Springer



1242 Nat Hazards (2016) 83:1229-1256

compared through the PTVA-4 model; Exjg,}, is be re-scaled to the interval [1,5] before
being used to calculate SV (Sect. 4, Eq. (12)).

Example:

Building A is hit by a water depth of 3.00 m above terrain level. The maximum water
depth impacting all buildings in the study area is 8.00 m (i.e. WD,,,x = 8 m). Then:

Ex[O,l] = % =0.375 (2)
It should be noted that as the value of Ex is standardised to WD,,.x, RVI scores are relative
to the group of buildings from which WDy, is obtained. If users wish to compare RVI
scores between different case study locations, or different tsunami events, they must ensure
that WD, corresponds to the maximum effective water depth among all the considered
case study locations, or among all relevant tsunami events.

In case reliable measures/estimates of flow velocity are available for each building (in
addition to water depth), the term Ex|o ;; can be obtained using the Hydrodynamic Force
(HF) per unit of width, as previously done by Koshimura et al. (2009). HF is a function of
both water depth and flow velocity (see Eq. 15 in Koshimura et al. 2009). In case HF is
used, Exjo; will then have to be obtained as the ratio between the HF impacting the
building and the HF[y,ax, that is the maximum value of HF among all buildings whose
vulnerability is being assessed, similarly to Eq. (1). However, we recommend using HF
instead of WD only if the selected tsunami scenario is the reproduction of an historical
event for which flow velocity was either measured directly during the tsunami or obtained
through a model that was validated using real measurements of flow velocity.

4 The PTVA-4 model

We generated the PTVA-4 model by applying the new attribute weights as detailed in
Tables 2 and 3 and integrating certain changes to the model as recommended by the
respondents (see Sects. 3.1, 3.2, 3.3 and 3.4). A number of assumptions underlying the
mathematical framework of the PTVA-4 model are inherited from the PTVA-3. Whilst this
section presents the PTVA-4 mathematical structure in full, we comment only the newly
introduced items.

The PTVA-4 model calculates the Relative Vulnerability Index (RVI) for each building

using the same formula of the PTVA-3, namely:
2
3
where WV, vulnerability of the building to water intrusion; SV, structural vulnerability of
the building.

Similarly to the PTVA-3, RVI scores as well as SV and WV range between the values of
+1.00 (minimum vulnerability) and +5.00 (maximum vulnerability). WV is obtained
through the same approach as the PTVA-3: the ratio between the building levels inundated
by the tsunami and the total number of building levels. However, in the PTVA-4 the ground
floor is only inundated if the tsunami water depth exceeds the height of the ground floor
above the terrain level.

1
RVI[I,S] == gWV[]j] + SV[I,S] (3)
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Height of inundated building levels> ¥ ()

WV =
o.1] ( Total height of building

“must account for elevated ground floors and include the number of basement levels.
In order to be used in Eq. (3), WV ;; must be re-scaled to the interval [1,5] through the
transformation:

WV[115] = 4WV[0_’|] +1 (5)

The transformation avoids the PTVA-3 scaling procedure, which was interval-based,
and the attendant reduction in accuracy produced by allowing only certain WV, 51 values
(Table 6).

The structural vulnerability of the building is obtained in the PTVA-4 as the product
between the vulnerability of the building itself (i.e. BV, depending on the engineering and
structural characteristics of the building), the building surroundings (i.e. Surr, depending
on the protection provided to the building by its surroundings and by the risk of impact
from large movable objects) and the building exposure to the inundation scenario (i.e. Ex,
depending on the tsunami water depth impacting the building).

SV[1,125] = BV[l,s] : Sur”[l,s] : Ex[l,S] (6)

In order to be used in Eq. (3), SV[1,125) is then re-scaled to the interval [1,5] using the
transformation:

SV[1,125] + 30

SV[1?5] = 31

(7)

As in the PTVA-3 model, the components of SV are obtained as weighted sums of the
building physical attributes (i.e. the component BV) and the surrounding’s characteristics
(i.e. the component Surr):

1
BV_ =-——F"F—(100- 85 - 69 - 69 - 52-sh+34-
(=1+1] (Weight’ssum)( m+ S+ 8+ f+ st re) (8)
1
:@(100~m+85-s+69~g—0—69-f—|—52~sh+34~pc)
1
Surr[,lﬂ]:m(loobr+84sw+72nb+58m0+42w) (9)

1
356
where the attributes of BV (i.e. m, s, g,...) and Surr (i.e. br, sw, nb,...) are obtained from
Tables 7 and 8, and the weights are updated according to Tables 2 and 3.
Exjo,1) is obtained with Eq. (1). Prior to being used in Eq. (6), Bv(_1 413, Surri_; 41 and
Exjo,17 are re-scaled to the interval [1,5] using the following transformations:

(100 -br+ 84 -sw+72-nb+58 -mo+42-w)

BV[1y5] = ZBV[711+12| +3 (10)
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Table 7 Numerical values to be assigned to the attributes of the component BV on the basis of the building

condition)

characteristics
-1 —0.5 0 +0.5 +1
s (number of More than 5 4 stories 3 stories 2 stories 1 story
stories) stories
m (material) Reinforced masonry Timber, tin, clay or
concrete or light materials
steel
g (ground floor Completely open  About About 50 %  About 25 %  Completely closed
hydrodynamics) plan (e.g. no 75 % open plan open plan plan, no or very few
walls, only open openings at ground
columns) plan floor
f (foundation Deep pile Average Shallow foundation
strength) foundation depth
foundation
sh (shape of Round-like or Squared  Rectangular Lengthened  Complex (L, T or X
building triangular or rectangular shaped buildings, or
footprint) almost other complex
squared geometries)
pc (preservation  Very good Good Average Poor Very poor

Table 8 Numerical values to be assigned to the attributes of the component Surr on the basis of the

building surroundings

-1 —0.5 0 +0.5 +1

br (building >10th 7-8-9-10th 4-5-6th 2nd-3rd Ist
Tow)

nb (natural ~ Very high High protection  Average Moderate No protection
barriers) protection protection protection

sw (seawall  Vertical and Vertical and Vertical and 1, Vertical and Sloped and
height >5m 3-5m 5-3m 0-1.5m 0-1.5m
and OR sloped and OR no seawall
shape) 1.5-3m

w (brick Height of the ~ Height of the Height of the Height of the Height of the
wall wall is wall is from wall is from wall is from wall is from
around >80 % of 60-80 % of 40-60 % of 20-40 % of 0-20 % of the
building) the water the water the water the water water depth

depth depth depth depth

mo (sources
of large
movable
objects)

Very low risk
from
movable
objects

Average risk
from movable
objects

Very high risk
from movable
objects
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4.1 What if only a part of the attributes is available?

This section addresses one comment that has informally been made to the authors in more
than one occasion, even though none of the questionnaire respondents noted it. The PTVA-
4 model requires a relatively high number of data to describe the characteristics individual
buildings and their surroundings. In some instances, a part of these data may not be
available. In fact, the number of building attributes needed is significantly higher than
those currently used in tsunami fragility curves (i.e. usually just flow depth) (Tarbotton
et al. 2015). This is the main reason why we consider the PTVA-4 model to be still a
valuable alternative to fragility curves, particularly in areas where no fragility curves have
been developed before. If only a limited number of PTVA-4 attributes is available, the
purpose of using the PTVA-4 over (or in addition to) fragility curves is partially defeated.
With that said, the PTVA-4 model can still be used with a smaller number of attributes,
although this obviously reduces its accuracy. In case limited building attributes are
available, the weight’s sum in the first term of Egs. (8) and (9) will have to be adjusted
accordingly. However, we do not recommend using the PTVA-4 model if at least the two
most important attributes of BV (i.e. material, number of stories) and Surr (i.e. building
row, seawall) are available.

4.2 Summary of the differences between the PTVA-3 and PTVA-4 models

The changes made to the PTVA-3 model following the survey results are summarised in
Table 9.

5 The PTVA-4 model: field test

We field-tested the PTVA-4 model in Botany Bay (Sydney, Australia), and we compared
the results with those obtained using the PTVA-3. Botany Bay is a semi-enclosed, low-
lying embayment south of Sydney Harbour, New South Wales (NSW). It is densely
populated, includes residential, commercial and industrial buildings, and has high socio-
economic significance, containing Sydney’s International Airport and the main commercial
harbour of NSW (i.e. Port Botany) (Albani and Cotis 2007) (Fig. 2).

The selected inundation scenario uses a 1:10,000 years tsunami, triggered by a sub-
marine earthquake (magnitude = 9.05, slip = 15.6 m, rupture length = 700 km) along
the Puysegur Trench, south of New Zealand. We selected this tsunami source because
Puysegur is one of the trenches in the South Pacific with the highest probability of gen-
erating the 1:10,000 year tsunami in NSW (Burbidge et al. 2008). The tsunami is assumed
to occur during high astronomical tide (i.e. +97 cm) under future sea level conditions (i.e.
+84 cm) (NSW DECCW 2009). We chose a tsunami event with a relatively low annual
probability (and, as a consequence, high intensity) to ensure an inundated area large
enough to obtain a statistically robust cohort of exposed buildings (n = 2211) to test the
model. We simulated the tsunami generation, propagation and inundation using the model
Method of Splitting Tsunamis (MOST), accessed through the online platform Community
Model Interface for Tsunamis (ComMIT). ComMIT represents an effort by the United
Nations /OC to harmonise and increase global accessibility to validated tsunami modelling
tools (Titov et al. 2011). The simulation of the inundation phase was supported by a
LiDAR-derived Digital Elevation Model (DEM), having a horizontal resolution of 10 m
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Table 9 Summary of the differences between the PTVA-3 and the PTVA-4 models

PTVA-3

PTVA-4

Tsunami demand parameter (water depth)

The water depth impacting on buildings is obtained
using a static bathtub-filling method

Re-scaling procedure

The components WV, SV, BV, Prot and Ex, once
obtained, are scaled to the interval [1,5] using a
technique based on discrete intervals
(Table 6). This reduces the accuracy of the
PTVA-3 model as different values of the same
element may be transformed into the same
value by the scaling procedure

RVI scores

RVI scores range between 1 (minimum
vulnerability) and 5 (maximum vulnerability).
These are converted to vulnerability
descriptive labels (i.e. very low vulnerability,
low vulnerability, average vulnerability, high
vulnerability, very high vulnerability) by
dividing the range [1,5] in five equal intervals

WYV value

WYV does not account for buildings with raised
ground floors, that are considered as being
inundated if the water depth above the terrain
level is >0

Ex—Exposure

Ex is the water depth impacting the building,
measured in metres above the terrain level
Ex does not change for any tsunami water depth
exceeding 4 m (i.e. Ex = 5 for any value of
water depth exceeding 4 m)

BV—Building Vulnerability

The weights of BV attributes are obtained based
on the opinion of two experts only (Dall’Osso
et al. 2009a, b)

BYV contains the attribute mo (presence of large
movable objects in the building surroundings
that could impact on structure when dragged
by the water flow). mo is the only attribute in
BYV relating to the building surroundings.

The attribute so (i.e. shape and orientation of the
building footprint) requires making difficult
assumptions on the direction of the water flow
impacting the building

PTVA-4 recommends obtaining water depth using
hydrodynamic models

The components WV, SV, BV, Surr and Ex, once
obtained, are scaled to the interval [1,5] using
continuous arithmetical transformations.
Differences between values of the same element
are preserved after the scaling. Accuracy loss is
avoided

RVI scores range between 1 and 5, but are more
evenly distributed due to the new scaling
procedure of the PTVA-4. Since RVI scores
represent the relative vulnerability, we recommend
obtaining the vulnerability labels (i.e. very low
vulnerability, low vulnerability, average
vulnerability, high vulnerability, very high
vulnerability) based on standard deviation or
Jenks’ intervals

WYV accounts for buildings with raised ground floors
that are considered as being inundated only if the
water depth above the terrain level exceeds the
elevation of the ground floor

Ex is the ratio between the water depth impacting the
building (i.e. WD measured above the terrain
level) and the maximum effective water depth in
the study area [i.e. WDp,ax, Eq. (1)]

Different values of water depth impacting the
building—including values above 4 m—
correspond to different values of Ex (Sect. 3.4)

Weights of BV attributes are obtained based on the
opinions of the authors and 14 international
experts

The attribute mo was moved to the component Surr.
BV contains only attributes related to the building
itself. All the attributes about building
surroundings are now included in the component
Surr

The attribute so was changed into sh (i.e. shape).
Orientation is not considered to avoid making
wrong assumptions on the direction of the water
flow impacting the building
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Table 9 continued

PTVA-3 PTVA-4

Surr—Building Surroundings (replaces the Prot factor of the PTVA-3)
Prot accounts only for the protection provided to  Prot is replaced by Surr, which includes all

the building by its surroundings attributes about the building surroundings, namely
Prot assumes continuous values in the interval [0, the same attributes of Prot plus the attribute mo.
+1] Consistently with BV, Surr assumes continuous

The weights of Prot’s attributes are obtained based values in the interval [—1, +1]
on the opinion of two experts only (Dall’Osso  The weights of Surr’s attributes are obtained based
et al. 2009a, b) on the opinions of the authors and 14 international
experts

T Y
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151.06 151.112 151165 151.217 151.269

Fig. 2 View of the study area (Botany Bay, Sydney, Australia). The map was derived from the Digital
Elevation Model (DEM) used to generate the inundation scenario via tsunami hydrodynamic modelling. The
urban areas exposed to the selected tsunami scenario (annual probability = 1:10,000, sea level rise above
year 2010’s level = +84 cm, tide level = +97 cm) are depicted in red. The square identifies the area of
Sans Souci and Dolls Point, for which we generated four thematic building vulnerability maps. High-
resolution thematic vulnerability maps have been generated for the entire study area and are available upon
request to the authors

and vertical accuracy <25 cm. MOST calculated the maximum tsunami flow depth in each
cell of the DEM, which we used as the tsunami demand parameter for the buildings located
within that cell. For further details about the tsunami hazard assessment including the
model validation and the selection of initial conditions readers are referred to Dall’Osso
et al. (2014). MOST produced an inundation map, which was imported into a GIS system
and layered with aerial imagery (year 2011, resolution 50 cm) provided by the local
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councils surrounding Botany Bay. This allowed identification of the buildings exposed to
the selected tsunami scenario, which we digitised as vectorial polygons within the GIS.

The selected tsunami scenario would inundate an area of over 1500 ha, containing 2623
buildings. Given the high number of the exposed buildings and the fact that they are
distributed over a relatively large area, it was not possible to show the location of indi-
vidual buildings on a single map. However, this information is available from the authors.
The location of the exposed urban areas within Botany Bay is shown in Fig. 2.

We collected all necessary data to run the PTVA-4 model by visually inspecting each
exposed building. Out of the 2623 buildings, 412 were not accessible/visible during the
survey and were excluded from the analysis (hence the cohort is n = 2211). Results of the
data collection were entered in the GIS and assigned to the corresponding building/poly-
gon. We then ran both the PTVA-3 and the PTVA-4 models using ESRI ArcGIS toolboxes
that we designed on-purpose (the PTVA-4 ESRI ArcGIS toolbox is provided in Online
Resource 2).

Figure 3g shows the distribution of the final RVI scores obtained with the PTVA-3 and
the PTVA-4 models. Results show that RVI scores obtained with the PTVA-4 model are
significantly better distributed across the building cohort than those obtained with the
PTVA-3. This is due to the differences in the re-scaling procedures adopted by the models.
The interval-based scaling procedure of the PTVA-3 removes any differences between
buildings having scores of the RVI components within the same interval, ultimately
allowing a reduced number of possible RVI scores. The PTVA-4 overcomes this issue
through the use of a continuous arithmetical transformation, as discussed in Sect. 4. As
such, the PTVA-4 model provides significantly better accuracy. This is particularly evident
by observing the distributions of the RVI components in Fig. 3a—e.

Figure 3a shows the distribution of the water depth (WD) impacting each building, as
calculated by MOST. The maximum value of WD (i.e. WD,,,x) is 5.78 m; however, most
buildings would be hit by less than 2 m of water. In both the PTVA-3 and the PTVA-4
models, WD is used to generate the component Ex(; 5;. Figure 3b reveals that the distri-
bution of Ex[; s is significantly more representative of WD when calculated through the
PTVA-4 model (note that the scale of the vertical axis in Fig. 3b is different from that in
Fig. 3a).

Figure 3c, d shows the distributions of BV|_; y;; and BV, s;. Before the re-scaling
procedure, the two distributions of BV|_, 1) (obtained with the PTVA-3 and the PTVA-4
models) are very similar (Fig. 3c). This is explained by the limited changes to the weights
of the attributes of BV (i.e. m, s, f, g, sh, pc) introduced by the PTVA-4 model. Again, the
differences between the two distributions of BV|; 5, observed in Fig. 3d are due to the
different re-scaling methods used by the PTVA-3 and the PTVA-4 models, with the results
obtained through the PTVA-4 being more evenly distributed across the possible range of
values.

In Fig. 3e, the visual comparison of the distributions of the component Protjo ) (ob-
tained with the PTVA-3) and Surr;_; 1, (obtained with the PTVA-4) is complicated by the
different ranges of possible values. It can be observed that both components assume values
in the top half of their respective value range, but Surr_; ; is distributed over a wider
interval and is therefore more sensitive to the attributes of the building’s surroundings. This
is further enhanced by the re-scaling procedure to the interval [1,5] (Fig. 3f).

Once the components, BV[; 5}, Surry; s}, and Ex|; 5; are multiplied together to obtain the
Structural Vulnerability SV, 5; (Eq. 6), the accuracy of the PTVA-4 model is further
amplified (Fig. 3g).
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Fig. 3 Results in the form of frequency distributions (bin = 0.1) obtained from applying the PTVA-3 and
the PTVA-4 models to the building cohort (n = 2211) in Botany Bay (Sydney). The following PTVA
components are displayed: WD (water depth, a), Ex(;s; (building exposure, b), BV|_; . (building
vulnerability original, ¢€), BV, s; (building vulnerability re-scaled, d), Protyo;; and Surri_ ;; (building
surroundings original, e), Prot;; sy and Surr( si(building surroundings re-scaled), SV|;s; (structural
vulnerability re-scaled, f) and the final RVI scores. Each figure compares the component distributions

obtained with the PTVA-3 and PTVA-4 models

The final RVI scores obtained with the PTVA-4 model may be displayed on thematic
vulnerability maps using the same colour-coded approach of the PTVA-3 model. However,
since RVI scores obtained with the PTVA-4 are better distributed across the interval [1,5]
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and differences between buildings are more sensitively represented, we recommend dis-
playing them using more sophisticated classification techniques, such as:

1. Classification based on the number of standard deviations from the mean. This
technique is particularly suited for normally distributed data and has been widely used
in the disaster risk reduction literature to display composite vulnerability indices (e.g.
Cutter et al. 2003);

2. Classification techniques based on the Jenks’ Natural Breaks Algorithm (Jenks 1977),
which identifies clusters of similar data and is well suited to non-normally or unevenly
distributed data.

In order to demonstrate the effect of different classification techniques on the graphics,
we generated four thematic maps for the local area of Sans Souci and Dolls Point (whose
location in the study area is indicated by the purple square in Fig. 2), in the southern part of
the Council of Rockdale. The thematic RVI maps are shown in Fig. 4a—d.

We obtained the colour-coded scale by classifying RVI scores with the standard devi-
ation method (Fig. 4a, b, respectively classified in 5 and 10 classes) and the Jenks’ Natural
Breaks method (Fig. 4c, d, respectively classified in 5 and 10 classes). Figure 4a—d shows
how the better distribution of RVI values across the building cohort obtained through the
PTVA-4 model allows generating more accurate thematic vulnerability maps, in which for
instance RVI values can be grouped in 10 or more colour-coded classes, as opposed to a
maximum of 5 classes available with the PTVA-3. This allows visual detection of smaller
RVI differences. For example, building #2 and #3 in Fig. 4a, ¢ (using only 5 classes) are
included in the same RVI class (i.e. yellow), even if they have different RVI scores. When
the number of classes is increased to 10 (Fig. 4c, d), the difference in the RVI scores
between building #2 and #3 is displayed effectively on the map.

In Sans Souci and Dolls Point, the selected tsunami scenario would inundate 146
buildings. The overall vulnerability level (compared to the rest of the study area) is
medium to low, with 108 buildings having an RVI score at least 0.25 SD lower than the
mean RVI of the total building cohort in Botany Bay. Buildings located on the first row
(beach-front) obtained higher RVI scores, with the exception of a building block in the
northern part of Sans Souci, which would benefit from protection provided by the green
space in front of it (Fig. 4).

The buildings identified by the PTVA-4 model as the most vulnerable in Sans Souci and
Dolls Point are numbered from #1 to #4 (Fig. 4) and are listed in Table 10. Among these,
two are public venues: the Georges River Sailing Club (i.e. building #1), and the “Le
Beach Hut Café” (i.e. building #2). The tsunami flow would completely inundate the
ground floor of the Georges River Sailing Club (water depth = 1.88 m) and would most
likely cause structural damage, because of the building’s relatively light construction
material (single brick layer and corrugated tin) and its beach-front location. Building #3
(“Le Beach Hut Café”) would be hit by a significantly lower water depth (i.e. 0.49 m), but
the poorer construction standards and the fact the building has only a single floor would
still result in an above-average RVI score (+0.70 SD). If a tsunami warning was issued for
this area, access to these buildings should be restricted.

Buildings #4 are residential units located in the first row behind the beach. The ground
floor of these buildings would be inundated by <1 m of water depth, but the lack of
protection and the fact that some of these units have one storey only would still result in
medium RVI scores, and great risk to the residents.

If a complete evacuation of Sans Souci and Dolls Point was necessary, the maximum
distance to a safe location (i.e. outside of the inundated area) would be less than 350 m,
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Fig. 4 Thematic building vulnerability maps for the areas of Sans Souci and Dolls Point (identified by the
purple square in Fig. 1) obtained with the PTVA-4 model. The maps demonstrate the flexibility of the
PTVA-4 in terms of the classification techniques that can be used to display the final RVI scores. a, b Use a
classification based on the distance of the class from the cohort mean, measured in standard deviations.
a Uses 5 vulnerability classes, whilst b uses 10 and allows identifying smaller differences between RVI
scores. ¢, d Use a classification based on Jenks’ Natural Breaks, more suitable for unevenly distributed data
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Table 10 Characteristics of the buildings identified by the PTVA-4 model as being the most vulnerable in
the area of Sans Souci and Dolls Point (Fig. 4)

Building Description Water RVI score Photo (Google, 2013)
(s) number depth [1.00-5.00]
(m)

#1 Georges River Sailing 1.88 2.279

Club
#2 Residential L-shaped 1.52 1.908

building
#3 “Le Beach Hut Café” 0.49 1.751
#4 Residential front-row ~0.9 1.829-1.749

group of buildings

meaning that for an average pedestrian evacuating at the speed of 0.6 m/sec (Post et al.
2009) walking out of the inundated zone would take a maximum of 3.5 min. It is noted that
the estimate of minimum evacuation speed of 0.6 m/sec provided by Post et al. (2009) does
not account for individuals with impaired mobility.

6 Conclusion
This paper discusses our review, assessment, development and testing of a new version of

the PTVA model. The work is the first to build upon a participative approach shared with
experts globally in the field of tsunami damage to the built environment published in the
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last decade (i.e. 2005-2015). A survey gathered expert judgement on the previous version
of the PTVA model (i.e. the PTVA-3 model). Each respondent (sample size n = 30,
response rate 47 %) weighted the building vulnerability attributes used in the PTVA-3
model based on their expertise and on new evidence from the 2011 Japan Tsunami.
Respondents were also given the opportunity to comment generally and make recom-
mendations about the model. In this paper we have presented and discussed the survey
results, and we have used them to generate a new improved version of the PTVA model,
named the PTVA-4 model. The upgrades incorporated by the PTVA-4 model are classified
as follows:

(a) Improvements to the weights of the building vulnerability attributes. Updated
weights were obtained as the mathematical mean among those suggested by the
survey respondents. Almost all respondents (i.e. 13 out of 14) agreed on the
relevancy of all 11 building attributes adopted by the PTVA-3. This may partially
explain the variability associated with the existing building vulnerability curves for
tsunamis, that in most instances are based on one building attribute only (i.e. the
construction material) (Tarbotton et al. 2015). The new weights did not differ much
from those used in the PTVA-3 model, with one exception: the highest weight was
given to the building construction material, which became the most influential
attribute, followed by the number of stories.

(b) Structural changes to the model framework. These included the use of a widely
validated hydrodynamic model (i.e. MOST) to simulate the tsunami inundation and
obtain the maximum water depth impacting each building, the lack of which stood
as one of the main limitations to the accuracy of the PTVA-3 model (Dall’Osso et al.
2010). In addition to this, the PTVA-4 introduced a more flexible definition of the
component Ex, which is now standardised to the maximum water depth observed in
the study area and can differentiate between tsunami water depths >4 m. Another
important structural improvement introduced by the PTVA-4 model is the use of the
effective water depth above the ground floor to determine the damage from
prolonged contact with water (i.e. component WV), accounting for the lower
vulnerability of buildings having raised foundations and/or elevated ground floors.

(c) Formal changes to the model’s re-scaling methodology and RVI’s classification and
display techniques. Whilst being formal in their nature, these changes have
improved the accuracy of the PTVA-4 model. The simplistic interval-based re-
scaling methodology applied by the PTVA-3 meant each model’s component
assumed only certain values within the interval [1,5], ultimately resulting in a
reduced accuracy of the final RVI scores. The PTVA-4 model addresses this issue by
using a re-scaling technique based on continuous arithmetical transformations,
which preserves accuracy throughout the computational steps required to obtain the
RVI scores. As a result, RVI scores calculated with the PTVA-4 model are
significantly better distributed across the interval [1,5] and can be displayed on the
final thematic vulnerability maps using more sophisticated and detailed classifica-
tion techniques.

We field-tested the PTVA-4 model in Botany Bay (Sydney, Australia), using a cohort of
2211 buildings and a 1:10,000 years tsunami scenario. Results were compared with those
obtained with the previous version of the model (i.e. the PTVA-3) and showed a signifi-
cantly better accuracy. We generated four thematic vulnerability maps for the area of Sans
Souci and Dolls Point, and we discussed how these might be used to demonstrate the
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relative vulnerability of the area and to provide simple recommendations for emergency
managers.

We conclude that the PTVA-4 represents the best version of the PTVA model family. It
builds on the same theoretical framework of the widely applied and validated PTVA-3
model, but introduces significant improvements, based on the feedback from the scientific
community working on the field of building vulnerability to tsunamis.

Existing building vulnerability curves for tsunamis have been developed with a variety of
techniques, under different assumptions (Tarbotton et al. 2015). Whilst they provide a
valuable method of estimating the absolute damage to a building, tsunami vulnerability
curves are currently highly variable and difficult to apply to buildings different from those
used to generate them (e.g. in a different country). The PTVA-4 model offers an alternative
approach, which can be especially useful in regions where fragility curves are unavailable, or
to compare the expected performance of different buildings using a higher number of
attributes. However, similarly to all previous versions of the PTVA model, the PTVA-4 is
based on a purely relative approach, meaning that the final RVI scores can be used to
compare the expected performance of buildings (i.e. building A is more prone to damage
than building B), but can never be used to predict which buildings will reach or exceed a
given damage state (e.g. building A will collapse). In other words, buildings with a higher
RVI score are more likely to reach or exceed any given damage state than buildings with a
lower RVI score. However, any comment regarding the absolute expected level of damage
that is solely based on the PTVA-4 model can be misleading and should be strictly avoided.

Future work should concurrently refine and harmonise the methodology to develop
vulnerability curves and target the main limitations of the PTVA-4 model. These are:

a. The final RVI scores are relative and have no stand-alone meaning. They can only be
used to compare the vulnerability of different buildings, but not to estimate the
absolute damage (unless further assumptions are made, see Dominey-Howes et al.
2009);

b. The PTVA-4 model approximates the relationship between tsunami demand parameter
(i.e. water depth) and RVI scores using a linear approach, whilst empirical studies (i.e.
vulnerability curves) show that log-normal functions provide a better fit.

c. The PTVA-4 model requires a high number of input data, resulting in time-consuming
surveys. Studies in countries or regions showing consistent construction standards or
architectonic styles could reduce the input data load by testing the PTVA-4 building
attributes for multicollinearity.

A copy of the PTVA-4 model (in the form of an ESRI ArcGIS toolbox) is provided in
Online Resource 2.
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