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Abstract—Siracusa is one of the most important cities of the

eastern coast of Sicily, which according to historical records and to

the present knowledge of the tectonic setting, is exposed to tsu-

namis generated by landslides on the Malta escarpment and by

local and remote (e.g., Eastern Hellenic Arc) earthquakes. For this

reason, the area of Siracusa has been selected as one of the test sites

to conduct specific studies within the European FP7 project

ASTARTE. In this frame, this work focuses on the assessment of

tsunami vulnerability of (and damage to) the building stock of the

town. The analysis is carried out following two different models,

namely the SCHEMA and the Papathoma Tsunami Vulnerability

Assessment (PTVA-3) methods. Topographic and building stock

data in the potentially flooded areas are taken from detailed digital

databases produced by the region of Sicily, integrated with satellite

and photographic imagery from Google Earth and further validated

by field surveys. We have explored three inundation scenarios

corresponding to a constant-level tsunami flooding with assumed

sea level rise of 1, 3 and 5 m, and evaluated the damage to the town

buildings using both methods that make use of a 5-degree scale.

The main result is that the level of damage of both models is not

consistent, and that consistency may be improved if one changes

from a 5- to a 3-degree damage scale.

Key words: Tsunami vulnerability assessment, tsunami

damage assessment, buildings vulnerability, PTVA-3, SCHEMA,

Siracusa.

1. Introduction

The main purpose of this work is the assessment

of the tsunami-related vulnerability and losses in an

urban environment by two different methods widely

applied in the specialized literature (that will be

denoted as SCHEMA and PTVA-3 in the paper) and

the comparison of the results. The experiment is

motivated by the need to assess the consistency of the

methods, which will be disproven if the methods

provide quite different pictures of vulnerability and

losses. The target area of this study is the town of

Siracusa (see Fig. 1) on the eastern coast of Sicily,

Italy, a medium-size town which, according to his-

torical records and to our present knowledge and

understanding of the regional tectonic setting, is

exposed to the threat of tsunamis induced by earth-

quakes and landslides. Siracusa, together with the

neighboring town of Augusta, is one of the test sites

of the FP7 project ASTARTE (Assessment, STrategy

And Risk Reduction for Tsunamis in Europe, http://

www.astarte-project.eu/) that aims, among other

objectives, to identify strengths and weaknesses in

the current methods of assessing tsunami vulnera-

bility and risks in the European region, and that forms

the general frame for the present study.

The organization of the paper is as follows. After

outlining the main features of Siracusa, we provide a

succinct view of the historical tsunamis and of the

potential tsunami sources affecting the town. Then

we delineate the SCHEMA and PTVA-3 methods.

Further, we will present in detail the application of

the two methods to Siracusa and finally we will

compare the results and discuss the significance of

similarities and differences.

2. The Town of Siracusa

Siracusa is one of the most ancient towns of Italy

founded on the eastern coast of Sicily on the little

island of Ortigia (about 1.6 km long and 800 m wide)

by Greek colonizers from Corinth and Tenea about

734 BC. It was one of the most powerful city-states of

Magna Grecia and of the Mediterranean basin.
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During the Roman republican and imperial domina-

tion, it remained an important town of the Roman

world. But in the course of the history, though with

alternating fortunes, Siracusa progressively lost its

centrality in Sicily where it was substituted by other

towns like Palermo. Today Siracusa preserves a great

deal of its historic patrimony (Greek and Roman

archeological remains, medieval castles, baroque

churches, palaces, etc.), which constitutes a well-

known cultural attraction for tourists who visit the

town not only in summer season, but also during the

rest of the year.

Siracusa started to expand beyond Ortigia only in

the second half of the nineteenth century when the so-

called Umbertin quarter and the quarter of Santa

Lucia were built on the mainland just to the north of

the island after the city’s Spanish walls were

destroyed in 1870. A second more intense urbaniza-

tion process started after the end of the World War II,

when most of the northern quarters were built and the

town assumed the aspect we know today. According

to the last Italian national census (October 2011),

Siracusa counts approximately 118,000 residents with

a decrement of about 6 % from the 1991 peak value.

The main economic activity of Siracusa is the heavy

industry that is concentrated in the coastal district

north of the town, including part of the Siracusa

territory as well as the municipalities of Melilli,

Figure 1
Siracusa is located on the eastern coast of Sicily, Italy. The small inset shows the gulf of Siracusa and the town, whose old core is on the island

of Ortigia, barring the northern side of the gulf
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Augusta and Priolo Gargallo. This is the main source

of permanent and temporary jobs in the province and

induced part of the Siracusa population to migrate

from the town to the district, which explains the

aforementioned demographic decrease.

Siracusa is a marine town with a long tradition of

commercial trades, that however have progressively

declined in recent times due to the strong competition

from the neighboring harbors of Catania and

Augusta. The harbor structure of the town is formed

by two ports that today have both mainly touristic

vocation and are oriented to yacht and boat mooring.

They are called the small harbor (Porto Piccolo) and

the big harbor (Porto Grande) and are found,

respectively, to the north-east and to the south of the

island of Ortigia. To reverse the declining trend of

harbor activities, Siracusa administrators have

devised projects for the requalification of the entire

port structures. These projects (Marina di Siracusa,

Porto di Spero, Marina di Archimede), currently

under discussion, are partly being implemented and

might be fully realized in the next few years.

3. The Tsunami Threat for Siracusa

Eastern Sicily together with southern Calabria is

the Italian region with the strongest tsunami activity

and where the largest events of the Italian tsunami

history took place according to the Italian catalogue

of tsunamis (TINTI et al. 2004). The largest tsunamis

that hit eastern Sicily in modern history are the tsu-

nami of 11 January 1693 and the tsunami of the 28

December 1908. It is worth pointing out that the real

cause of both tsunamis is still debated (see BILLI et al.

2010), since it is still unclear if they were triggered

by the earthquakes or by one or more mass failures

induced by the shocks.

3.1. The 1693 Tsunami

On 11 January 1693 an M = 7.4 earthquake

occurred following a destructive M = 6.2 foreshock

that took place 2 days before. The earthquake hit

south-eastern Sicily including the coastal provinces

of Catania and Siracusa, as well as the province of

Ragusa. The two earthquakes together caused large

destruction and more than 50,000 fatalities (GUIDO-

BONI et al. 2007). Severe seismic damage was caused

even in Siracusa and especially in Ortigia. The

tsunami was observed with damaging effects all

along the eastern Sicily coast. The largest impact was

in Augusta, a few kilometers north of Siracusa, where

the harbor was first completely dried by the water

withdrawal and then the sea rose by about 2.5 m

above the normal level and inundated the town with

run-up reaching 8 m, as reported by coeval sources

(see ASV 1693; BURGOS 1693; BOCCONE 1697;

BOTTONE 1718). In Siracusa three main tsunami

waves were observed (starting with a sea recession,

as in all other Sicilian sites), and the inundation was

not larger than 150 m inland (BARATTA 1901; GERARDI

et al. 2008), but the information is too poor to allow

one to localize precisely the place or places where the

coast was flooded.

The parent fault of the 1693 main shock was

located onshore by researchers who took into account

only seismic data (see SIROVICH and PETTENATI 1999;

DISS 2010), or offshore in the Ionian Sea, along the

Malta escarpment (PIATANESI and TINTI 1998; BIANCA

et al. 1999; TINTI et al. 2001) or in the Calabria

subduction zone (GUTSCHER et al. 2006), by models

trying to explain the tsunami as induced directly by

the earthquake. In addition, also the hypothesis of a

submarine landslide triggered by the earthquake was

advocated, which, introducing distinct sources for the

earthquake and the tsunami, is compatible with a

seismic fault placed onshore (TINTI et al. 2007;

ARGNANI et al. 2012).

3.2. The 1908 Tsunami

The 28 December 1908 earthquake and tsunami

form together the most disastrous natural event that

hit Italy in modern history, and the tsunami is the last

major tsunami that occurred in the Mediterranean.

The M = 7.1 earthquake caused great devastation in

eastern Sicily and southern Calabria destroying

Messina and Reggio Calabria with a toll of over

80,000 people (BARATTA 1910). The tsunami is the

best known of the Italian catalogue, since many data

and abundant documentation were collected in ad hoc

field surveys through direct measurements and inter-

views (e.g., PLATANIA 1909a, b) and a number of
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specific contributions were published by coeval

scholars and researchers (e.g., MARTINELLI 1909;

MERCALLI 1909; BARATTA 1910). The tsunami

attacked the coast a few minutes after the earthquake

and was more severe in the southern part of the

Messina Straits where run-up heights in excess of

10 m were measured on the coasts of Lazzaro and

Pellaro in Calabria and at Sant’Alessio in Sicily

(PLATANIA 1909a). The run-up heights attenuated

going southwards and in the region of Augusta and

Siracusa they were in the order of 2 m (PLATANIA

1909a). In Siracusa the tsunami attacked the outer

jetty of the small harbor and travelled along the

channel connecting the small harbor to the big harbor.

The area around the channel was flooded, but the

tsunami did not travel beyond the square of the Postal

Palace and the archeological site of the Doric temple

of Apollo, circa 100 m from the channel bank. The

inhabitants believed that Siracusa was preserved from

the tsunami attack thanks to the protection of Saint

Lucy, the patron of the town, and in her honor, 1 year

later, they erected a devotional thanksgiving aedicule

in the tsunami inundation zone. Every year on the day

of the anniversary of the tsunami, the population

expresses gratitude to the Saint with special religious

ceremonies.

The fault responsible for the 1908 earthquake is

unanimously recognized to be in the Messina Straits,

though there is no consensus on the detailed geometry

and slip distribution and a number of models were

suggested in the literature (e.g., MONACO and TOR-

TORICI 2000; VALENSISE and PANTOSTI 1992; PIATANESI

et al. 2008; DISS Working Group 2010; ALOISI et al.

2013). The difficulty in reconciling the available

seismic and geodetic data with tsunami data in a

global inversion procedure was first pointed out by

PIATANESI et al. 1999, and by TINTI and ARMIGLIATO

2000 and 2001. Later the hypothesis of a huge

landslide as an additional source for this tsunami was

proposed by BILLI et al. (2008). Though that specific

source was considered questionable and inadequate

by other authors (ARGNANI et al. 2009), the idea that

the 1908 tsunami has to be mostly ascribed to the

effect of one or more submarine mass movements set

in motion by the earthquake is considered plausible

and a fruitful subject of investigation (FAVALLI et al.

2009; RIDENTE et al. 2014).

3.3. Other Tsunamis

It is not in the scope of this paper to reconstruct

the full history of tsunamis that affected the area

surrounding Siracusa. It is convenient, however, to

add some more information, starting from the last

tsunami event that occurred on 13 December 1990,

when a M = 5.6 earthquake with epicenter off

Brucoli north of Augusta, and with strike–slip focal

mechanism, took place causing severe damage in

several villages (AMATO et al. 1995; BARBANO et al.

2001). The earthquake was too small and with

unfavorable focal mechanism to generate a tsunami,

but some effects were anyhow produced and

reported (BOSCHI et al. 1997). In Augusta, some

anomalies of the ordinary sea wave pattern were

observed and the littoral road called Lungomare

Granatello was flooded by sea water. Some kilome-

ters to the north, off Agnone, some seamen noticed

a change in the pre-earthquake sea depth, which was

suggestive of submarine slides, and smaller slides

were also advocated to explain further sea depth

changes off Catania. In summary, though there are

no instrumental records confirming that a tsunami

took place, there are a few hints that this medium-

size earthquake may have destabilized the sea

bottom in several places and generated a number

of small tsunamis all along the coast from Augusta

to Catania.

Tsunami geology can extend the records of

tsunamis affecting a target coast beyond the limit of

historical documents. Tsunami deposits in the form of

big scattered boulders and of sediment layers were

identified in several sites along the eastern coast of

Sicily (SCICCHITANO et al. 2007, 2010; DE MARTINI

et al. 2010, 2012; SMEDILE et al. 2012) and were

associated to paleo- as well as historical tsunamis.

The most relevant of these are 3 local and 2 remote

tsunamis. The local tsunamis are the already men-

tioned 1693 and 1908 tsunamis and, in addition, a

tsunami that occurred in 1169 and on which infor-

mation is rather poor (TINTI et al. 2004). The remote

events are the 365 AD tsunami, due to an earthquake

in the western Hellenic Arc west of Crete (see the

tsunami model by SHAW et al. 2008 and the presumed

generation of a megaturbidite in the Ionian Sea by

POLONIA et al. 2013) and the tsunami caused by the

G. Pagnoni, S. Tinti Pure Appl. Geophys.
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explosion of Santorini some 1600 years BC (MCCOY

and HEIKEN 2000).

4. Tsunami Scenarios for the Town of Siracusa

Tsunami vulnerability and damage analyses

require inundation maps as input since the level of

damage incurred by vulnerable elements depends on

the characteristics of the tsunami flow. Inundation

maps can be the outcome of probabilistic tsunami

hazard analyses (though most of these applications

are restricted to computing the wave height at the

coast; see e.g., TiNTI 1991; GEIST and PARSON 2006;

BURBRIDGE et al. 2008; BRIZUELA et al. 2014) or of

assessments based on credible tsunami scenarios (see

GRILLI et al. 2011; TONINI et al. 2011; PAGNONI et al.

2015).

Since our study is focused on the comparison of

two different vulnerability and loss estimate methods,

we opted for considering simplified reasonable

inundation scenarios, that is by considering that the

coast is flooded by a uniform increase of the sea level

induced by the tsunami, which is usually referred to

as the bath-tub hypothesis (see ECKERT et al. 2012).

Assuming a constant-level inundation implies that the

main parameter involved in the vulnerability and

damage computations is the tsunami flow depth, and

that the velocity of the tsunami currents has no

influence in producing damage on the exposed ele-

ments. This is an approximation that is usually done

in this field and is mainly justified by the circum-

stance that very often the only data that can be

obtained by post-tsunami surveys are the maximum

height reached by the sea onshore, while data on

water speed cannot be retrieved, if not exceptionally

(see FRITZ et al. 2012).

We will explore three tsunami scenarios for the

town of Siracusa, with inundation heights of 1, 3 and

5 m. The question arises if considering these height

levels is reasonable. More specifically one might

wonder if assuming that Siracusa is flooded by a 5-m

tsunami is a credible scenario or not. The main doubts

can be derived from the observation that, from the

known tsunami history of the town, tsunami heights

as large as 5 m were never reported in the town.

Some more doubts can be derived from the work of

SØRENSEN et al. (2012) who evaluated the tsunami

hazard in the whole Mediterranean. The eastern

Sicily coast including Siracusa is their region 7 and

the maximum expected tsunami height results do not

exceed 2 m for a 500-year time span and to be in the

order of 5 m for a period of 5000 years. However,

there are a number of arguments that can be invoked

in support of our hypothesis.

The first argument regards the local earthquake

sources. The most recent databases of the Italian

active faults are denoted as DISS (see BASILI et al.

2008) and as SHARE-EDSF (BASILI et al. 2013), the

former being focused on the Italian region and the

second being an update of the former and an exten-

sion to the Mediterranean area. In DISS terminology,

the source areas that are best known and character-

ized are called individual seismogenic sources (ISS)

and composite seismogenic sources (CSS), while

others deserving more research are called debated

seismogenic sources (DSS). It is worth pointing out

that, as regards south-eastern Sicily, the two data-

bases are perfectly coincident, and that all the sources

of type ISS and CSS are located onshore and are

incompatible with tsunami generation. The only

source in DISS that can generate tsunamis is of the

type DSS and runs offshore, parallel to the Malta

escarpment from Catania to Siracusa. A similar fault

was included in the catalog of the tsunamigenic

sources for the European area that was assembled in

the European 2006–2009 project TRANSFER (http://

www.transferproject.eu/). Numerical simulations to

explain the 1693 tsunami carried out by PIATANESI and

TINTI (1998) and by TINTI et al. (2001) took into

account this offshore fault and some other variants,

but all assumed that the rupture did not affect the

southern sector of the fault in front of Siracusa, since

most of the observed tsunami effects were reported in

Augusta and to the north of it. That the entire fault

segment, including the southern sector, might break

was assumed by TINTI et al. (2005a) who described

possible giant tsunami scenarios in the Mediter-

ranean, but focused on the open sea propagation and

did not pay attention to the local effects on Siracusa.

What we stress is that, though debatable, nobody can

exclude, on the basis of the present imperfect

knowledge of the regional seismotectonics, that there

is an active fault off eastern Sicily running almost
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parallel to the coast in correspondence with the Malta

escarpment. Further, nobody can exclude that this

fault is capable of earthquakes of magnitude larger

than 7 and even up to 8 (see TINTI et al. 2005a;

SØRENSEN et al. 2012) and that in the future the sector

of the fault in front of Siracusa might break. If we

further add that big earthquakes are almost always

associated with rather heterogeneous slip distribu-

tions on the fault, we can come to the conclusion that

the scenario of a big local earthquake occurrence with

a patch of a large co-seismic slip off Siracusa is

credible, and equally credible is that the town could

be consequently inundated up to a level considerably

larger than the known historical evidence of 2 m.

The second argument regards remote earthquake

sources. The western Hellenic Arc going from west-

ern Crete to the Peloponnesus is a source of big

earthquakes with potential for large tsunamis. The

365 AD tsunami is one example of such occurrences.

It was observed in the whole eastern Mediterranean

and affected also the central Mediterranean coasts,

including Sicily (GUIDOBONI et al. 1994). Numerical

tsunami simulations show that a large earthquake in

that area generates a tsunami with most of the energy

directed to the south-west against the coasts of Libya

and Tunisia, with some local effects also on the

coasts of eastern Sicily (TINTI et al. 2005a; SHAW

et al. 2008). In addition, there is strong geological

evidence that the 365 AD tsunami propagated toward

the west and inundated Sicilian coasts. Recently,

POLONIA et al. (2013) reinterpreted the Homogenite,

also known as Augias turbidite, that is found in the

Ionian and Sirte abyssal plains as due to the effect of

the 365 AD tsunami propagating westward rather

than of the tsunami caused by the Santorini caldera

collapse, as previously suggested by KASTENS and

CITA (1981) and later supported by other studies (see

e.g., CITA and RIMOLDI 1997). Moreover, from a

number of sediment cores taken in 10 sites onshore

and one site offshore along the eastern coast of Sicily,

and spanning a period of about 4000 years, SMEDILE

et al. (2012) were able to suggest the association of

sediment layers with the 365 AD tsunami in at least 4

of the 10 onshore sites (namely, Torre degli Inglesi,

Gurna, Priolo Gargallo and Morghella) as well as in

the offshore site in Augusta Bay. In addition, ana-

lyzing fine-to-coarse sediment deposits in a narrow

embayment at Ognina, SCHICCHITANO et al. (2010)

were able to attribute them to the 365 AD event.

Since some of these sites are located to the north and

some to the south of Siracusa, it is reasonable to

assume that also Siracusa was affected by this tsu-

nami. Further, considering that the inundation

distance where the cores were taken is more than

500 m in Priolo Gargallo and beyond 1200 m in

Morghella (DE MARTINI et al. 2012), one can assume

that the tsunami was large enough to cause extensive

flooding even in Siracusa. The second argument can

be summarized then as follows. Even though there

are no specific tsunami accounts in the historical

records concerning Siracusa, nobody can exclude that

the 365 AD tsunami inundated the area surrounding

Siracusa and the town itself, and, moreover, nobody

can exclude that a big earthquake taking place in the

western Hellenic Arc can produce inundation of

several meters in Siracusa, if the fault geometry and

slip distribution are favorable.

The third argument regards landslide sources. It

has been already mentioned that the 1693 and the

1908 tsunamis are still subject to active research,

because there is no consensus on the genetic fault for

either of them and also because it has been suggested

that they are the result of submarine landsliding. That

the slopes of the Messina Straits and the Malta

escarpment are areas prone to mass failures is known

from a number of morpho-bathymetric surveys

(ARGNANI and BONAZZI 2005; RIDENTE et al. 2014).

Further, we note that even a medium earthquake like

the 13 December 1990 shock was able to set in

motion a number of submarine slides off Augusta and

in the Gulf of Catania, as reported by fishermen

(BOSCHI et al. 1997). And in addition we can mention

the damage of two telegraph cables connecting Sicily

and Calabria across the Straits of Messina, and the

break of a long cable connecting Malta and the Greek

island of Zante across the Ionian Sea after the 1908

Messina earthquake. This was taken by RYAN and

HEEZEN (1965) as the proof that a slump was induced

by the earthquake and that it evolved into a turbidity

current able to travel over 120 miles and to intercept

the cable. A further consideration is that local tsu-

namis with high run-up can be produced even by

small-volume landslides. The 2002 tsunami that

produced severe damage in Stromboli was shown to
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have been generated by two landslides along the

north-western slope of the volcano in the so-called

Sciara del Fuoco, none of them having volume larger

than 40 million m3 (TINTI et al. 2005b; TINTI and

PAGNONI 2006). And recently, ZANIBONI et al. (2014)

showed through numerical simulations that sub-

marine landslides in the Malta escarpment with

volume of 150 million m3 are able to produce waves

larger than 6 m at the Sicily coast. Taking into

account all the previous considerations, the third

argument is that nobody can exclude that a small-

volume landslide can be triggered even by a moderate

earthquake in the Malta escarpment sector off Sira-

cusa and that the landslide can generate a tsunami

able to flood the town.

On the basis of the above three arguments, we

believe it is reasonable to explore inundation

scenarios for Siracusa in the range of 1–5 m

flooding, which however does not mean that we

consider the 5-m level as the extreme inundation

limit for the town. To determine the maximum

level a detailed tsunami hazard analysis should be

carried out, but this is outside the scope of the

present paper.

5. Tsunami Vulnerability and Damage Analysis

Methods

Vulnerability to tsunamis, like in general tsunami

science, had a spectacular advancement in the decade

after the catastrophic 2004 Boxing Day tsunami in

the Indian Ocean, since it attracted the attention of

many more researchers and practitioners. In spite of

this, there is still a lack of systematization even of the

basic concepts and terminology (see BIRKMANN and

FERNANDO 2008; CAMARASA BELMONTE et al. 2011). In

this paper, we restrict our attention to assess the

vulnerability of buildings to the impact of tsunamis

and we will apply two different methods that were

developed by different groups in different frames and

were both applied extensively in different regions of

the world. As anticipated before, we will call them

SCHEMA and PTVA-3 in this paper and we will give

a succinct outline of them in the following, while for

all other details the reader can refer to the original

papers.

5.1. The SCHEMA Method

SCHEMA (Scenarios for tsunami Hazard-induced

Emergencies Management) is the acronym of a

European FP6 project. One of its goals was the

development of a new method for tsunami vulnera-

bility assessment. In SCHEMA, vulnerability

analysis covered all the possible elements or assets:

inanimate static objects (like buildings, bridges,

infrastructures), inanimate mobile objects (like cars,

trains, buses, boats), animate entities (like persons),

etc. But most of the efforts were devoted to cover

buildings vulnerability and damage evaluation. Pri-

mary and secondary factors were recognized to

influence the capability of a building to resist tsunami

attack. Primary factors deal with the intrinsic prop-

erties of the building, that is construction materials

and structure, including foundation. Secondary fac-

tors have mainly to do with the physical context,

including ground type, building orientation, distance

from shoreline, existence of possible direct or indirect

protections (like walls), vicinity to floating debris

sources (e.g., marinas, open-air parking places), etc.

A third group of factors has to do with the hydro-

dynamic characteristics of tsunami waves, such as

flow depth, flow speed and drag, number and period

of waves, etc.

In the SCHEMA project, a building classification

scheme was set up according to the primary factors of

vulnerability. It was built using a work by LEONE

et al. (2010) who analyzed the damage to construc-

tions caused in Banda Aceh, northern Sumatra, by the

Indian Ocean tsunami, but was modified to adapt it to

European building standards (VALENCIA et al. 2011).

It was further assumed that the main flow feature

influencing damage is the flow depth, also known as

the height of the water column, and, for each building

class, a damage function was built on the basis of

experimental data. The damage function provides the

maximum level of damage that a building may incur

corresponding to a given maximum flow depth

(GARDI et al. 2011; VALENCIA et al. 2011). In this

paper, we use the SCHEMA classification that is

given in Table 1: building classes go from class A

(light constructions) to class E (reinforced concrete

buildings). The damage to buildings is in turn

discretized in 6 levels going from D0 (no damage)
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to D5 (total collapse). The damage discretization

implies a corresponding discretization of the damage

functions that in SCHEMA are represented altogether

by means of a damage matrix. The matrix we use in

this work is given in Table 2. Each building class

corresponds to a matrix column. Classes are ordered

from A to E, that is in decreasing level of vulnera-

bility. Vice versa, the rows are ordered for increasing

level of damage from D1 to D5. Notice that level D0

is missing since it is assumed that a building has no

damage if it is not reached by the tsunami, that is if

the maximum flow depth is zero. In the columns, one

can read the flow depth intervals producing a specific

level of damage. The flow depth values are expect-

edly increasing with the damage level. It is worth

mentioning that the SCHEMA method was applied in

a number of test sites, namely in Setúbal, Portugal

(RIBEIRO et al. 2011), in Rabat, Morocco (ATILLAH

et al. 2011), as well as in Mandelieu, close to Nice,

France, and in Balchik, Bulgaria (TINTI et al. 2011)

and in Alexandria, Egypt (PAGNONI et al. 2015). The

application of the SCHEMA method to the Italian site

of Catania, eastern Sicily, deserves special mention,

since Catania is located not far from Siracusa (see

TINTI et al. 2010).

5.2. The PTVA-3 Method

By PTVA, an acronym standing for Papathoma

Tsunami Vulnerability Assessment, one denotes a

method to evaluate vulnerability that was first

devised by the Greek researcher Papathoma who

applied it to the Cretan town of Heraklion (PAPATH-

OMA et al. 2003). This followed a previous attempt to

study consequences of a tsunami in Heraklion made

by PAPADOPOULOS and DERMETZOPOULOS (1998) and,

Table 1

Building classes depending on the resistance characteristics of the constructions after the SCHEMA project

Class Building types Number of floors

I. Light constructions

A Beach or sea-front light constructions/shanty town/old town. Wooden, timber, clay materials, slabs of zinc 1

II. Masonry constructions and not reinforced-concrete

B Bricks not reinforced, cement mortar wall, fieldstone, masonry 1

C Individual buildings, villas, hangars

Bricks with reinforced column and masonry filling

1 or 2

D Large villas or collective buildings, residential, commercial or industrial buildings. Concrete not reinforced Any

III. Reinforced-concrete constructions

E Residential or collective structures or offices, car parks, commercial or industrial buildings

Reinforced concrete, steel frames

Any

Table 2

Damage matrix obtained by discretizing the SCHEMA damage functions and modified after REESE et al. (2007)

Damage level A B C D E

Light damage

D1 0–0.5 0–1 0–2 0–2.8 0–3

Important damage

D2 0.5–1 1–2 2–4 2.8–4.5 3–6

Heavy damage

D3 1–2 2–4 4–6 4.5-6.5 6–9.5

Partial collapse

D4 2–3 4–5 6–8 6.5–9 9.5–12.5

Total collapse

D5 [3 [5 [8 [9 [12.5

Inundation depths are in meters. The letters (A, B,…,E) in the first row indicate the SCHEMA vulnerability class
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together, constitute the first examples of a vulnera-

bility and damage evaluation carried out in Europe

before the 2004 Indian Ocean tsunami. The method

was further applied to Akoli and Selianitika, two

small coastal villages in the Corinth Gulf, Greece

(PAPATHOMA and DOMINEY-HOWES 2003), and later

validated on the Maldives that were attacked by the

Indian Ocean tsunami (DOMINEY-HOWES and PAPATH-

OMA 2007).

We will use here a revised version of the method,

that is also known as PTVA-3 (DALL’OSSO et al.

2009a), that was used to evaluate buildings vulner-

ability in Sidney, Australia (DALL’OSSO et al. 2009b)

and later validated in Stromboli, Italy, after the

damaging tsunami of 30 December 2002 (DALL’OSSO

et al. 2010). In PTVA-3 the vulnerability of a

building (Bv) is an integer index ranging from 1 to 5.

In order to compute it, PTVA-3 introduces first an

intermediate index, Bv0 that is computed by taking

into account as many as N = 7 structural parameters

or attributes that are listed in Table 3. Each attribute

is graded by a score Pk (k = 1,2,…N) selected by the

evaluator among the options proposed in the table.

The index Bv0 is the weighted average of these scores

where the weights Wk are appropriate numerical

constants that were calibrated in the field (DALL’OSSO

et al. 2009a):

Bv0 ¼
XN

k¼1

PkWk

 !
=
XN

k¼1

Wk ð1Þ

In the original PTVA-3 notation, buildings

attributes are P1 the number of stories (s), P2 the

type of construction material (m), P3 the degree

of the ground floor openness (g), P4 the type of

foundation (f), P5 the shape and orientation (so),

P6 the presence of movable objects (mo), and P7

the preservation conditions (pc). By construction,

the index Bv0 can take values within the interval

[-1, ?1] and is linearly mapped and discretized

in the integer index Bv with five levels from 1 to

5.

In order to assess the damage incurring to a

building, the PTVA-3 method introduces two more

indices designated by Prot and Ex called, respec-

tively, protection and exposure. Following the

previous procedure, an intermediate index Prot0 is

computed according to Table 4 in a way similar to

the one used for the index Bv0, that is as a weighted

average of N = 4 parameters. In this case, the

parameters are P1 the number of building rows

interposed between the shoreline and the building

itself (br), P2 the presence of natural barriers (nb),

P3 the height and shape of seawalls (sw), and P4 the

height of possible walls around the building (w).

Like for Bv0, the index Prot0 is also scaled from its

original range [0,1] to the interval [1, 5] and

transformed into the five-degree index Prot. Even-

tually, the exposure Ex is also an integer index

ranging from 1 to 5. It is 5 if the maximum flow

depth at the building is larger than 4 m, while in all

other cases Ex is simply the maximum flow depth

expressed in meters and rounded to the next upper

integer.

The following step of the PTVA-3 method is the

computation of the structural vulnerability index Sv,

that is an integer index going from 1 to 5. It is

obtained through the intermediate index Sv0 that is

Table 3

Attributes to compute the intermediate vulnerability of a building Bv0 according to the PTVA-3 method

Attribute -1 -0.5 0 ?0.25 ?0.5 ?0.75 ?1

s (number of stories) [ 5 4 3 2 1

m (material) Reinforced

concrete

Double brick Single brick Timber

g (ground floor hydrodynamics) 100 % open plan 75 % open plan 50 % open plan 25 % open plan Not open plan

f (foundation strength) Deep pile Average depth Shallow

so (shape and orientation) High Average Poor

mo (movable objects) Minimum Moderate Average High Extreme

pc (preservation condition) Excellent Good Average Poor Very poor
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defined as the product of the indices introduced

before, i.e.:

Sv0 ¼ Bv � Prot � Ex ð2Þ

and that therefore is an integer belonging to the

interval [1,125]. This in turn can be converted to Sv

by dividing Sv0 by 25 and by making a proper

discretization.

A further integer index going from 1 to 5 is the

vulnerability due to water intrusion Wv, that is

computed as the ratio between the number of

inundated levels and the total number of stories of

the building, multiplied by 5 and then rounded to the

next upper integer.

The final index of the PTVA-3 method is the

relative vulnerability index Rv that is obtained as a

linear combination of Sv and Wv through the

expression:

Rv ¼ 2=3 Sv þ 1=3 Wv ð3Þ

and that is a real number falling in the interval [1, 5].

The PTVA-3 method assumes that the index Rv is

directly related to the damage level incurring to the

building according to a linear relationship, that is: the

damage is ‘‘minor’’, if 1 B Rv\ 1.8; it is ‘‘moder-

ate’’, if 1.8 B Rv\ 2.6; it is ‘‘average’’, if

2.6 B Rv\ 3.4; it is ‘‘high’’, if 3.4 B Rv\ 4.2; it is

‘‘very high’’, if 4.2 B Rv B 5.

In the following, it will be convenient to replace this

5-degree PTVA-3 damage scale with a quantitative

scale ranging from 1 to 5. We will call it the PTVA-3

damage or simply PD scale: with ‘‘minor’’ correspond-

ing to PD = 1, ‘‘moderate’’ to PD = 2, etc.

6. Data Sets

The data that have been used to carry out the

comparative analysis of buildings vulnerability

and damage are (1) technical local maps at scale

1:2000 in numerical form resulting from aerial

photogrammetic surveys carried out between

August 2004 and June 2005; (2) Digitalglobe

satellite imagery taken in November 2011, made

available by Google through Google Earth; (3)

digital pictures at ground level visible through the

Google Maps Street View technology, covering

the whole town of Siracusa and acquired in March

2009, February and October 2010, and mostly in

July 2012 and (4) data gathered through a field

survey carried out by Dr. Gianluca Pagnoni and

Dr. Francesco Rallo in February 2014 with the

double purpose of data verification and data

integration.

6.1. The CTN GIS-Oriented Maps

Since Google Earth and Google Maps products

are very well known and widely used, there is no

need for any specific description; however, it is

convenient to better clarify the data available at the

1:2000 scale. The local maps known with the

acronym CTN from the Italian denomination ‘‘Carta

Tecnica Numerica’’ are 1:2000 sheets that are part of

a cartographic map series that is published by the

Regione Sicilia and covers the whole territory of

Sicily. Each CTN sheet spans an interval of 1 arc

prime in longitude and of 36 arc seconds in latitude.

Table 4

Attributes to compute the intermediate protection level of a building Prot0 according to the PTVA-3 method

Attribute 0 0.25 0.5 0.75 1

br (building

row)

[10th 7th–10th 4th–6th 2nd–3rd 1st

nb (natural

barriers)

Very high protection High protection Average protection Moderate protection No protection

sw (seawall

shape and

height)

Vertical and more

than 5 m

Vertical and between 3

and 5 m

Vertical and between

1.5 and 3 m

Vertical and less than 1.5

OR sloped and more

than 1.5 m

No seawall OR

sloped and less

than 1.5 m

w (brick wall

around the

building)

Wall height more

than 80 % of the

water depth

Wall height between 60

and 80 % of the

water depth

Wall height between 40

and 60 % of the

water depth

Wall height between 20

and 40 % of the water

depth

Wall height less than

20 % of the water

depth
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The four sheets including the area of interest for our

analysis are represented in Fig. 2. Sheets 18 and 23

cover the old town on the island of Ortigia and the

Umbertin quarter bridging the island with the main-

land. Sheet 13 covers the quarter of Santa Lucia and

the modern town in the east, while sheet 17 covers the

commercial and industrial quarters in the west. The

reference frame is the Gauss–Boaga coordinate

system centered on the 15�E meridian.

It is convenient to stress that CTN sheets are

GIS-oriented databases, whose content is quite rich

of valuable territorial, geographically referenced,

information. Data are organized in thematic layers

that are identified by capital letters such as A, B, C,

Figure 2
Union view of the four 1:2000 digital thematic charts used in this work. Numbers are the codes identifying the individual charts in the Sicilian

map series. It is seen that sheet 6,461,213 covers the northern quarters of the town, sheets 6,461,218 and 6,461,223 cover the old historical

town on Ortigia and the quarters developed between the end of the nineteenth century and the beginning of the twentieth century, while sheet

6,461,217 covers the western part of the town including mostly industrial and commercial constructions. In the paper, sheets will be identified

by the last two digits of the code
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etc. They are listed in Table 5 where one can find

the general description as well as examples of

objects or entities that are classed in each layer. The

most interesting layer for the present study is layer

B including data on buildings. Here it is worth

observing that, for all constructions, the database

contains the attribute called ‘‘elevation’’, giving the

space-average altitude of the entity above the mean

sea level taken at the ground level. This makes it

very easy to select entities falling in the inundation

areas, that is areas flooded as a result of an assumed

sea level increase by 1, 3 and 5 m. It has to be

noted that when the building lies on a slope and

therefore its elevation changes over its basal area,

taking the average value as characteristic for the

whole building introduces some approximation

error; that, however, is not crucial for the present

analysis. Figure 3 provides an exemplary geographic

picture of all layer B entities that belong to sheet 18

and that are at an altitude level less than, or equal

to, 5 m asl.

7. Buildings Vulnerability Analysis

The analysis of vulnerability for buildings has

been carried out according to the two models,

SCHEMA and PTVA-3, described synthetically in

the previous sections. The first step is the creation of

a buildings inventory, which was done starting from

the CTN data mostly contained in layer B, but also in

layer C. The final result is summarized in Table 6,

where one can find the layer categories and their

description in the first two columns, as well as the

number of entities selected for the inventory from

each category (last column), under the assumption of

a 5-m tsunami inundation. For a 5-m inundation, a

total of 2446 buildings (entities) were inventoried.

Their distribution in the town can be seen in Fig. 4,

where they are also shown for different inundation

levels. It turns out that only 57 constructions fall

within the 1-m inundation area, with the number

growing to 1161 for the 3-m level and to 2446 for the

5-m level.

Table 5

Layers of the standard 1:2000 CTN sheet

Polyline

layer

General description Examples of entities

A Street, railway and other communication

network

High-capacity way such as a highway, state road, driveway, carriageway, byway,

railway, train station, lighthouse, harbor dock, jetty, aerial tramway, etc.

B Buildings and building complexes Residential building, industrial building, commercial building, shopping mole, sports

venue, cultural center, tower, chimney, kiosk, under construction building, etc.

C Water streams and separation border

between land and waters

Sea coastline, channel bank, river bank, jetty and breakwater profile, dock profile,

river, watercourse, aqueduct, lake, pond, swimming pool, water sink, water

source, water fall, etc.

D Structures connected to production and

transportation of energy and data

Oil well, methane well, gathering-transportation oil and gas pipeline, excavation

quarry, electric power transmission line, telecommunication line,

telecommunication antenna, pump station, etc.

E Separation and support elements Hedgerow, fence, palisade, barbed wire fence, wall fence, wood fence, city wall,

bastion, etc.

F Morphological elements Scarp, escarpment, detachment niche, levee, embankment, cave, natural sink,

drainage basin, watershed, reef, etc.

G Vegetation elements Forest, wood, isolated tree, park, garden, garden center, plant nursery, vineyard,

grove, olive grove, citrus grove, grove of reeds, etc.

H Orography Altitude isoline, aerophotogrammatic altitude at the ground

I Administrative boundaries and other

elements

Municipality border, province border, military area border, cemetery cross, etc.

L Toponyms Urban inhabited settlement, inhabited nucleus, scattered houses, monument, church,

relevant historical building, watercourse, mountain, valley, mountain pass, plain,

plateau, lowland, beach, littoral, etc.

M Framing points IGM trigonometric vertex, benchmark point, etc.
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7.1. SCHEMA

The attribution of the inventoried buildings to

classes from A to E following the scheme of Table 1

can be performed building by building. However, we

have assumed that the very detailed categorization

made within the CTN program could be exploited by

suitably mapping the relevant categories of the CTN

Figure 3
Sheet No. 18. Entities of layer B (buildings) with elevation less than, or equal to, 5 m

Table 6

Frequency of entities for each category (Bxxx, Cxxx) of layers B and C classified for vulnerability analysis. Only entities with altitude less

than, or equal to, 5 m are counted

Category Description No inventoried buildings

B001 Residential building unit, service building unit, administrative building unit 1871

B002 Industrial building unit, commercial building unit, hangar, warehouse 174

B003 Religious unit, bell tower, tabernacle 7

B004 Building under construction 1

B005 Ruins 10

B006 Bar, kiosk 162

B007 Canopy, shelter 161

B009 Electric power house, electrical substations 13

B010 Stable greenhouse 2

B021 Tower, chimney, tower silo 6

C009 Artifact of aqueduct (water tower) 39

Total 2446
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layer B and C to the five classes of the SCHEMA

model, and by further testing the hypothesis by direct

verification (through Google Maps Street View and/

or field survey). This procedure provided a satisfac-

tory preliminary classification, that was later refined

when anomalies were found. Table 7 shows the final

result of the SCHEMA classification for each CTN

category. It is found that several categories map into

a single class (B009, B010, B021, C009), others

correspond predominantly, but not exclusively, to a

unique class (e.g., B001, B002, B003…), and one

(B006) is mostly distributed into two classes. Most of

buildings belong to category B001 and have medium-

to-high resistance to tsunami impact (from class C to

E). Notice further that the majority of the most

vulnerable constructions (class A) belongs to cate-

gories B006 (kiosk) and B007 (canopy, shelter).

Notice further that, when edifices are attached to one

another in a unique house agglomerate, they have

been attributed the same class, since distinction was

not possible and probably could be done only at the

cost of a very specific geotechnical and structural

analysis. Figures 5 and 6 give pictures from the

Google Earth database, showing, respectively, a

typical hangar of the industrial-commercial zone in

category B002 and a residential building (close to the

small harbor) in category B001. Their respective

SCHEMA classes are C and D. Figure 7 shows the

Figure 4
Inventoried buildings within the inundation areas for an assumed sea level increase of 1 m (black), of 3 m (black ? red) and of 5 m

(black ? red ? green). In the 1-m inundation area one counts 57 entities. In the 3-m one, entities are 1161, and in the 5-m one, they are 2446
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map of the SCHEMA-classed buildings for the 5-m

inundation level. It appears that most of the buildings

are in class C and are located between Ortigia and the

Umbertin quarter. Further, the majority of the most

vulnerable constructions (class A) are found in the

west, in an area called Pantanelli, a shanty town that

was built on the bank of a flood-control channel

connected to the nearby stream Pisimotta.

Table 7

Number of inventoried buildings per SCHEMA classes and per relevant CTN categories, under the assumption of a 5-m tsunami inundation

Category A B C D E Total

B001 6 72 1604 60 129 1871

B002 1 0 173 0 0 174

B003 0 1 4 1 1 7

B004 0 0 1 0 0 1

B005 0 1 9 0 0 10

B006 93 69 0 0 0 162

B007 139 19 3 0 0 161

B009 0 13 0 0 0 13

B010 2 0 0 0 0 2

B021 0 0 6 0 0 6

C009 0 0 39 0 0 39

Total 241 175 1839 61 130 2446

The letters (A, B,…, E) in the first row indicate the SCHEMA vulnerability class

Figure 5
Picture of a typical hangar (red circle) in the industrial-commercial zone. Hangars are often 1-story constructions, open on at least one side,

with bearing structure in iron or reinforced concrete and brick walls. Sometimes walls are replaced by large glass window. This hangar is

classed in C according to SCHEMA. The PTVA-3 index Bv results to be 4
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7.2. PTVA-3

The vulnerability analysis for the method PTVA-3

ends with the determination of the building vulner-

ability index Bv. This is based on associating a set of

7 attributes (see Table 3) to each building. Most of

these, s (number of stories), m (material), g (hydro-

dynamics of the ground floor), pc (preservation

conditions) and so (shape and orientation) can be

obtained from inspecting images and pictures, avail-

able in Google Street View. The evaluation was made

case by case. As regards the foundation depth (f),

evaluations were mostly based on the CTN cate-

gories. Categories like B006 (kiosk) and B007

(canopy) were assumed to have no foundation

(f = 1). The same assumption was made for most

of hangars in category B002, and also for all

buildings on the island of Ortigia, where construc-

tions are built on rocks and are unbolted (according to

reports from local people gathered during the field

survey). The value f = -1 (deep foundation) was

instead attributed to modern buildings with three or

more stories. As for the attribute mo (movable

objects), we have graded it from minimum to extreme

(see Table 3), depending on the recognizable pres-

ence of potential debris sources and on their distance.

Extreme values have been attributed to buildings

close to marinas and parking places. Detailed exam-

ples of evaluation are given by means of the pictures

of Figs. 5 and 6. More specifically, for the hangar of

Fig. 5, the attributes to compute the intermediate

index Bv0 are given the value s (1), m (0), g (0.5),

f (1), so (1), mo (0.25) and pc (0) (see Table 3), which

leads to Bv0 = 0.59 and eventually to Bv = 4. As for

the residential building shown in Fig. 6, the Bv0

attributes have the value s (0.5), m (-1), g (0), f (0),

so (1), mo (0.5) and pc (-0.5) (see Table 3), which

leads to Bv0 = 0.08 and eventually to Bv = 3.

Table 8 gives the results of the building classifi-

cation per CTN categories. Notice that most buildings

have Bv = 4 and none Bv = 1. Notice further that

none of the CTN categories corresponds to a single

Bv value (apart from B004 having only one element),

and that they are distributed on several Bv values,

though one is generally by far predominant. Only

Figure 6
Picture of a residential building (red circle) that is found close to the small harbor. It is placed in the SCHEMA class D. The PTVA-3 index Bv

results to be 3
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category B007 distributes more equally between

Bv = 5 and 4. Looking at the map of Fig. 8, where

the Bv distribution is portrayed by using the same

5-color palette used for representing the SCHEMA

model, one can see that the most vulnerable structures

are found close to the sea, and in the shanty town of

Pantanelli.

7.3. SCHEMA vs. PTVA-3

In principle, SCHEMA classes and building

vulnerability Bv take into account different factors

and elements to evaluate the vulnerability of build-

ings to tsunami impact. SCHEMA model

classification is more based on structural and material

elements of the constructions. Instead, PTVA-3

model also accounts for environmental elements like

so (shape and orientation), where orientation refers to

the expected provenance direction of the tsunami

front, and mo (movable objects) where proximity and

intensity of debris sources are considered. Nonethe-

less, since both models give vulnerability graded in

five discrete levels, it is of interest to put side by side

the results of the vulnerability classification for

comparison. Indeed, since no buildings are given

Bv = 1, the 5 SCHEMA classes map into 4 PTVA-3

groups. Comparison is done in Table 9, from which

one can see that there is a rough correspondence

Figure 7
Vulnerability classification of buildings in the 5-m inundation area according to the SCHEMA model. Classes from A to E are in decreasing

order of vulnerability
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between class C and Bv = 4 and between class E and

Bv = 2. Class D is more distributed between Bv = 3

and 4. Finally, classes A and B can together

correspond to Bv = 1 and 2.

8. Buildings Damage Analysis

The evaluation of the damage incurring to a

building as the consequence of a tsunami attack is the

main topic of this section, where both models,

SCHEMA and PTVA-3, will be applied and

compared.

8.1. SCHEMA

The application of the damage analysis in the

SCHEMA model is straightforward, once the step of

the buildings classification is carried out, which

indeed is the most time-consuming phase of the

model. The analysis is simply done by applying the

damage matrix given in Table 2: taking as input the

local flooding depth and the class of a building, the

matrix provides the maximum expected damage Dx

on a scale from D1 to D5. The no-damage level D0 is

assigned to all buildings outside the inundation area.

In our case, under the hypothesis of a bath-tub

tsunami inundation, the flooding depth also known as

water column height is a parameter easy to compute.

It is simply the difference between the assumed sea

level and the asl topographic altitude of the building

taken at the ground, i.e., the ‘‘elevation’’ which is one

of the attributes of all entities, including buildings,

reported in the CTN database. Results are given in the

map of Fig. 9 for a supposed 5-m inundation level. It

is seen that most buildings are in the damage levels

D1–D2 meaning damage between light and impor-

tant, that a higher damage (D3–D4) is evaluated for

constructions located in lower areas close to the sea,

and that total collapse (D5) is restricted to elements

one finds in the shanty area of Pantanelli. A further

observation is that damage levels seem to be

clustered, with level D1 prevailing in Ortigia and in

the Santa Lucia quarter, level D2 prevailing in the

Umbertin quarters and along the coast of the western

side of the bay.

8.2. PTVA-3

For the PTVA-3 model, the evaluation of the

damage is as time-consuming as the buildings

vulnerability analysis, since for each construction,

one has to make an evaluation concerning the indices

Prot (protection) (see Table 4) and Ex (exposure) to

obtain the structural vulnerability index Sv. This

index, in turn, is combined with the wave intrusion

Wv to get the relative vulnerability index Rv.

Eventually this converts linearly to the PD index

Table 8

Number of inventoried buildings per different values of the PTVA-3 index Bv and per relevant CTN categories, in case of a 5-m flooding

tsunami

Code 5 4 3 2 1 Total

B001 95 1541 132 103 0 1871

B002 27 147 0 0 0 174

B003 1 4 1 1 0 7

B004 0 1 0 0 0 1

B005 3 7 0 0 0 10

B006 159 3 0 0 0 162

B007 89 72 0 0 0 161

B009 6 7 0 0 0 13

B010 2 0 0 0 0 2

B021 0 6 0 0 0 6

C009 0 39 0 0 0 39

Total 382 1827 133 104 0 2446

The numbers (5, 4,…,1) in the first row indicate building vulnerability index (Bv) provided by PTVA-3 method
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Figure 8
Building vulnerability index Bv according to the PTVA-3 model. Index values from 1 to 5 denote an increasing vulnerability. To favor

comparison, color palette is the same used in Fig. 7 for the SCHEMA model map

Table 9

Buildings classification of SCHEMA classes vs. PTVA-3 building vulnerability index Bv

SCHEMA A % B % C % D % E % Total

PTVA-3

5 176 73 128 73 78 4.2 0 0,0 0 0 382

4 65 27 47 27 1681 91.4 34 56 0 0 1827

3 0 0 0 0 79 4.3 24 39 30 23 133

2 0 0 0 0 1 0.1 3 5 100 77 104

1 0 0 0 0 0 0 0 0 0 0 0

Total 241 175 1839 61 130 2446

The letters (A, B,…,E) in the first row indicate the SCHEMA vulnerability class, while the numbers (5, 4,…,1) in the first column denote

building vulnerability index (Bv) of the PTVA-3 method
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providing the expected damage level. The inundation

depth enters in the computation since it influences the

values of Ex and Wv as well as Prot, through the

attribute w (see Table 4). Other relevant factors are

the properties of the construction itself and of the

surrounding environment. All involved attributes

were evaluated by means of the CTN data and of

Google Earth images, integrated, when needed, by

the field survey. It is worth mentioning that the

attribute w (height of possible walls around the

building) needed to compute Prot (see Table 4) is a

quantitative datum one gets very often from CTN

sheets. When it was not available, it was estimated

from images, which is satisfactory since only rough

estimates are required by the model. Examples of

index estimations are given through Figs. 5 and 6.

For the hangar of Fig. 5, the four attributes to

compute the intermediate index Prot0 are given the

value br (1), nb (0.5), sw (1), w (0.5) (see Table 4),

which implies that Prot0 = 0.79 and eventually

Prot = 4. For the building of Fig. 6, the Prot0

attributes are br (0.75), nb (0.75), sw (0.5), w (1)

(see Table 4), and this implies that Prot0 = 0.74 and

eventually Prot = 4. Results are given in the map

portrayed in Fig. 10 where the damage is shown for

all buildings within the 5-m inundation area. By

inspection, it is seen that the most frequent levels are

‘‘minor’’ (PD = 1) and ‘‘moderate’’ (PD = 2). The

level ‘‘average’’ (PD = 3) is frequent in the Umbertin

quarter, and above all in the industrial-commercial

Figure 9
Damage level (Dx) of buildings for a 5-m inundation calculated via the SCHEMA model where D1 is light damage and D5 is total collapse
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area inland. ‘‘High’’ (PD = 4) and ‘‘very high’’

damage (PD = 5) are estimated not only in the

shanty town area, but also for most constructions in

the water front of the western coast.

8.3. SCHEMA vs. PTVA-3

The damage levels to buildings Dx and PD are the

final results of the respective models SCHEMA and

PTVA-3. These results, in the form of tables or maps

or both are provided to stakeholders, that is local

authorities, emergency managers, long-term planners,

etc., to mitigate tsunami impact. Though these indices

are derived in totally different ways and contain

somewhat different information, they both aim to

rank buildings on the basis of an index broadly

measuring the consequences of a tsunami attack, and

this is provided in a 5-degree scale. This enables one

to assume a one-to-one correspondence between the

SCHEMA Dx and the PTVA-3 PD. Hence, after

assigning integer values to Dx according to the trivial

scheme D1 = 1, D2 = 2, etc., one can compare

results by quantifying the discrepancies through the

simple difference Dx-PD. This is mapped in Fig. 11

and summarized through the histogram of Fig. 12.

The difference distribution of the histogram

(Fig. 12) is centered on zero, meaning that in most

cases Dx and PD are found to be equal. However, it is

Figure 10
Damage level of buildings for an inundation level of 5 m calculated through the relative vulnerability index Rv of the PTVA-3 model
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not symmetric, but strongly left tailed, revealing that

in many cases the SCHEMA Dx is smaller than the

corresponding PTVA-3 PD and in very few cases the

opposite occurs. Most discrepancies are limited to 1

unit, and exceptionally they are 2 or 3 units, but never

4. The map of the differences reveals that 0-differ-

ences are concentrated in Ortigia and in the quarter of

Santa Lucia, and that higher discrepancies (-2 and

even -3) can be found in the Umbertin quarter, but

mostly along the northern and coastal belt of Siracusa

Bay, where ground level is lower. Further, notice that

the few positive strong differences (?2) are concen-

trated in the industrial-commercial area inland.

Figure 11
SCHEMA vs. PTVA-3 damage to buildings for a 5-m inundation level. Difference is computed via the formula Dx (SCHEMA)-PD (PTVA-

3)

Figure 12
SCHEMA vs. PTVA-3 damage level for a 5-m inundation level.

Differences are computed via the formula Dx (SCHEMA)-PD

(PTVA-3)
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9. Discussion and Conclusions

The main aim of this paper was to apply dif-

ferent models to estimate vulnerability and damage

to buildings under tsunami attack and to identify

analogies and discrepancies in the result also as a

basis to evaluate uncertainties. The methods we

selected for this comparative study are SCHEMA

and PTVA-3 and the main reasons for this choice is

that they are well known in the specialized literature

through a series of recent applications and that they

are examples of two different basic approaches. The

former (SCHEMA) is quantitative in nature and

representative of all those methods where (a) build-

ings vulnerability classification is founded on a few

engineering structural properties of the edifices and

(b) damage levels derive from fragility curves

obtained from field data in areas hit by tsunami

floods. The second (PTVA-3) is more qualitative,

and more depending on subjective judgements: it

considers many more properties of the buildings and

of the surrounding environment and provides scores

that are combined together to produce indices that in

turn can be further combined to give the final

results. This latter scheme has the advantage that a

lot of features (attributes) can be scored and used in

the evaluation, but also the disadvantage that it has

no value until attributes, parameters (weights), and

algorithms are tested and calibrated on real cases. It

is worth mentioning that testing and calibration of

the PTVA-3 model was done also for the case of a

recent tsunami in Stromboli, that is in a place not

far from the area of Siracusa (DALL’OSSO et al.

2010).

The area of application, i.e., the town of Siracusa,

was selected because it is a very important town, also

included in the list of UNESCO World Heritage Sites

since 2005, that is located on a coastal region

threatened by big and damaging tsunamis. A further

reason for selecting Siracusa is that the Sicily region

over recent years (this is the Italian region where

Siracusa is located) has systematically built a very

rich and valuable database with thematic layers given

in the form of digital maps with a sophisticated level

of detail (1:2000 CTN sheets), that made it possible

to produce an inventory of the constructions suit-

able for vulnerability analysis.

As described and shown in the previous sections,

the two models go along different paths that have

only two points of crossing where inter-comparison is

possible: (1) the buildings classification of SCHEMA

can be put in parallel with the PTVA-3 building

vulnerability index Bv; (2) the damage level to

buildings of SCHEMA can be compared to the

PTVA-3 index PD. The comparison was carried out

under the hypothesis that the sea level rises uniformly

(bath-tub assumption) by 5 m. This over-simplifica-

tion is justified because the main focus is on the

behavior of the models and serves to decouple vul-

nerability and damage evaluations from hazard

assessments. A more specific study where the inun-

dation level is heterogeneous will be carried out in

the town when tsunami hazard will be estimated

properly (see e.g., the exemplary study by PAGNONI

et al. 2015, conducted for the town of Alexandria)

and more information on the expected inundation

area is available.

The joint evaluation of the buildings vulnerability

shows that it is not possible to establish a one-to-one

correspondence between the 5 building classes of

SCHEMA, from A to E, and the 4 populated classes

of Bv, from 2 to 5 (see Table 9). It seems that only

class C can be assimilated to Bv = 4, since more than

91 % of class C entities are also attributed Bv = 4.

The other classes show a larger dispersion: class A

and class B distribute 73 % in Bv = 5 and 27 % in

Bv = 4; class D distributes mostly in Bv = 4 (56 %)

and Bv = 3 (39 %), and eventually class E is dis-

persed between Bv = 3 (23 %) and Bv = 2 (77 %).

The fact that most categories of SCHEMA split in

two categories of Bv, though with one prevailing,

means that the two classifications are different and

cannot be reconciled in a simple way. One can only

recognize a rough correlation by stating that, when

one goes from class A to class E, the corresponding

value of Bv is expected to decrease from 5 to 2.

The analysis of damage to buildings is carried out

by connecting the SCHEMA damage levels from D1

to D5 to the PTVA-3 index PD (see Figs. 9, 10, 11,

12). It was observed that for most buildings the two

models provide coincident indices, but that it is also

frequent the case that SCHEMA computes a smaller

level of damage than PTVA-3 (see the difference

histogram of Fig. 12). Table 10 shows the frequency
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distribution of damage in a two-entry table of Dx vs.

PD, and is analogous to Table 9 concerning vulner-

ability. In a perfect one-to-one correspondence the

frequency matrix should contain only diagonal ele-

ments different from zero. What is seen instead is that

diagonal elements tend to be the larger, which sup-

ports a general correspondence between Dx and PD,

but this correspondence is ‘‘spoiled’’ by three main

features: (1) the damage level D2 peaks on PD = 3;

(2) the damage level D3, more than pointing to

PD = 3, extends almost equally on the broad range

PD = 3–5; (3) the diagonal elements of the central

classes D2–D4 are rather low (not exceeding 54 %)

and only for the extreme classes D1 and D5 they go

beyond 60 %. The observation that the estimated

damage Dx for a building is usually equal to or

smaller than the estimated PD is also confirmed by

Table 10 where it is clear that frequencies below the

diagonal are larger than frequencies above. But

Table 10 reveals that this is mostly due to the mis-

placement of the peak of the D2 column that is

located below the diagonal suggesting a correspon-

dence between D2 and PD = 3.

In conclusion, like for the vulnerability analysis, a

perfect correlation between the damage level of

SCHEMA and the PD index of PTVA-3 is not sup-

ported by our analysis, but only a rough correlation,

by which we mean that usually if a building has an

assessed damage level larger than another, it is

expected that its PD is also larger. A less detailed

damage grouping, however, could improve the cor-

relation. From analyzing the matrix of Table 10, it is

seen that a three-degree damage scale ND1-ND3,

where NDx denotes a New Damage level, could

better correspond to a three-degree NPD with range

1–3 (with analogously NPD designating a New

PTVA-3 Damage index), if the following grouping is

made: ND1 equivalent to D1, ND2 containing from

D2 to D4, and ND3 equivalent to D5; likewise

Table 10

SCHEMA damage levels D1–D5 compared to the PTVA-3 damage from ‘‘minor’’ (PD = 1) to ‘‘very high’’ (PD = 5)

SCHEMA D1 % D2 % D3 % D4 % D5 % Total

PTVA-3

1 767 61 4 0.5 0 0 0 0 0 0 771

2 433 34 263 32 4 2.5 0 0 0 0 700

3 60 5 353 43.5 53 32.5 29 35 9 7 504

4 0 0 148 11 45 27.6 44 54 20 16 257

5 0 0 45 3 61 37.4 9 11 99 77 214

Total 1260 813 163 82 128 2446

The numbers (5, 4,…,1) in the first column denote the level of damage (PD) provided by PTVA-3 method. The assumed inundation level is

5 m

Figure 13
Complementary cumulative damage-level distributions of

SCHEMA and PTVA-3 models for a 5-m sea level increase

Figure 14
Complementary cumulative damage-level distributions of

SCHEMA and PTVA-3 models for a 3-m tsunami inundation
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NPD = 1 equivalent to PD = 1, NPD = 2 including

from PD = 2 to PD = 4, and NPD = 3 equivalent to

PD = 5. This 3-degree scale could provide more

consistent results between the two models.

So far our discussion was based on analyses

concerning the 5-m inundation level. But our data-

base is suitable for evaluation of any level of

inundation less than 5 m, since in this case the

corresponding inundation area is contained in the 5-m

flooding zone, and therefore the corresponding

inventoried buildings are simply a subset of the one

already analyzed. In addition to the 5-m level, we

have considered also 3- and 1-m levels of inundation,

which reduced the number of constructions falling in

the flooded area, respectively, to 1161 and to 57 (see

Fig. 4). The purpose is to see if observations made for

the 5-m sea level increase apply also to lower levels

of inundation, that is for smaller tsunamis. The results

are illustrated in Figs. 13, 14, 15 and in Tables 11

and 12. Figures provide the complementary cumula-

tive frequency distribution (CCFD) of the damage

level side by side with the CCFD of PD for the three

assumed levels of inundation. In all cases the

SCHEMA CCFD is found to decay much quicker

than the PTVA-3 CCFD, which means that for all

inundation cases Dx is found to be equal or smaller

than the corresponding PD. Even the two-entry

matrices given in Tables 11 and 12 (corresponding to

3- and 1-m inundation levels, respectively) support

what was found for the 5-m inundation level.

Figure 15
Complementary cumulative damage-level distributions of

SCHEMA and PTVA-3 models for a 1-m tsunami flooding

Table 11

SCHEMA damage levels D1–D5 compared to the PTVA-3 damage from ‘‘minor’’ (PD = 1) to ‘‘very high’’ (PD = 5)

SCHEMA D1 % D2 % D3 % D4 % D5 % Total

PTVA-3

1 575 63 1 1 0 0 0 0 0 0 576

2 241 27 46 39 13 11 0 0 0 0 300

3 88 10 66 56 100 82 1 7 0 0 255

4 0 0 7 4 9 7 14 93 0 0 30

5 0 0 0 0 0 0 0 0 0 0 0

Total 904 120 122 15 0 1161

The assumed inundation level is 3 m

Table 12

SCHEMA damage levels D1–D5 compared to the PTVA-3 damage from ‘‘minor’’ (PD = 1) to ‘‘very high’’ (PD = 5)

SCHEMA D1 % D2 % D3 % D4 % D5 % Total

PTVA-3

1 32 58 0 0 0 0 0 0 0 0 32

2 23 42 2 100 0 0 0 0 0 0 25

3 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0

Total 55 2 0 0 0 57

The assumed inundation level is 1 m
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The main three conclusions following the above

discussion are that (1) the two models provide tsu-

nami damage pictures that are discrepant, although

increased damage in one model usually implies an

increased PD in the other; (2) consistency between

the models can be improved if the five-degree scale is

replaced suitably by a three-degree scale of damage;

(3) the level of inundation has no substantial influ-

ence on the previous two statements.
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