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Abstract A deterministic seismic risk and monetary loss model is presented for the capital
of Santorini volcanic Island, the town of Fira, on a building block scale. A local seismic
source of M5.6 inferred from a recent volcano unrest in 2011-2012, detailed seismic
vulnerability of 435 buildings and site conditions deduced from free-field ambient noise
measurements were combined toward assessing the EMS-98 damage grade and its prob-
ability to occur. The seismic scenario yielded no damage or slight damage for 84% of the
buildings, 16% of the constructions are expected to present moderate-to-heavy damage,
while the economic loss amounts to 4 million euros. Although the model predicts low
damage and direct economic loss, interaction with the touristic business activities might
produce cascade side effects for the economy of the island and consequently Greece’s
GDP, an important part of which emanates from Santorini.

Keywords Santorini - EMS-98 - HVSR - Seismic risk - Building typologies - Seismic
vulnerability - Monetary loss

1 Introduction

Aiming at supporting the full cycle of the natural and environmental disaster management
in Greece, a comprehensive seismic risk model has been developed for the town of Fira.
Fira is the capital of Santorini Island, one of the most popular destinations for visitors
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globally. This is due to an outstanding caldera scenery created by intense volcanic phe-
nomena, and in particular by the Plinian volcanic eruption in ~ 1600 BC (Druitt et al.
1999) which in combination with a 9-m tsunami runs up at the Cretan coasts (e.g.,
Nomikou et al. 2016) destroyed the Minoan civilization and terminated the copper era in
ancient Greece. The caldera is presently a rectangular lagoon, approximately 12 x 7 km?
with a depth reaching 392 m, surrounded by a 300-m high steep relief, atop of which the
town of Fira is situated.

Apart from the magnificent scenery, Santorini exhibits an urban environment with
unique vernacular architecture, found in particular in the towns of Fira and Oia (Bozineki-
Didoni 1999). Apart from their cultural-architectural particularity, surprising is the
arrangement of terraced buildings, forming a colorful puzzle of “eagle-nests” resting upon
the tips of the caldera, a unique spectacular worldwide and the island’s great attraction.
Apparently, given the high hazard of the area due to its volcanic and seismotectonic
environment, these traditional constructions emerge an increased interest on their seismic
response, which has not been yet investigated.

Thanks to the abovementioned and also several other local attractions, Santorini gained
a high touristic popularity that culminates during the summertime, with several hundreds of
thousands visitors. As a consequence, extensive touristic business located on the island
largely contributes to the Greek GDP; hence, its interruption in case of a crisis due to the
region’s high natural hazard should significantly impact the country’s economy.

Although volcanism is the major hazard for Santorini, the risk for a disaster by a major
explosive event is more manageable, considering that such episodes are rare and moreover,
they can be forecasted by the pre-eruptive activity that provides warnings which allow for
taking over predetermined plans of evacuation and sheltering actions (e.g., Newhall 2000).
It is worth noting that tephra fallout (e.g., Biass et al. 2016a), and/or volcanic ballistic
projectiles (e.g., Biass et al. 2016b) which can be produced from a mild volcanic unrest that
occurs more frequently, consists of potential hazards for the island, as it may impact its
structures. Without underestimating the above hazards and their potential monetary loss for
the local society, emphasis herein is given on seismic phenomena that have strongly
impacted Santorini in the past (e.g., the 1956 catastrophic event, Papadopoulos and Pav-
lides 1992).

In January 2011, the volcano reawakened with intense seismic activity beneath the cal-
dera and surface deformation was interpreted by the inflation of a magmatic source (New-
man et al. 2012; Papoutsis et al. 2013). The possibility that the magmatic inflation might
have increased the seismic hazard of Santorini has motivated this study. Another reason that
motivated our effort is the need for coping with adverse circumstances in case of a crisis,
given the particularly dense/narrow urban tissue and overcrowding of Santorini during the
high season. The importance of a tailored seismic risk mitigation plan for the island is
highlighted, contributing to the enhancement of protection and resilience of this region of
high cultural, architectural, economic interest and seasonally dense multinational popula-
tion. To this aim, given that no known relative work has been conducted to date, the seismic
hazard, vulnerability of the building stock and the seismic risk of Fira are investigated.

The urban area under study is the central part of Fira. The data used were obtained
during an in situ survey conducted by our working group for collecting microtremor
recordings and the inventory of the existing building stock. In addition, the footprints of the
buildings mapped by SERTIT (SErvice Régional de Traitement d’Image et de
Télédétection, Strasbourg) through satellite images have been used after in situ validation
and in juxtaposition with the urban plan. Geological, geotechnical and seismological
information available from previous research has also been implemented.
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In the next sections, we describe a deterministic seismic hazard model and an empirical
vulnerability model for the town of Fira. These two models were combined using
semiempirical vulnerability functions, as incorporated into a LM1 macroseismic scheme,
developed in the framework of the Risk-UE Programme (Milutinovic and Trendafilloski
2003). This procedure yielded a physical seismic risk and monetary loss model for a M5.6
earthquake scenario on a NE-SW fault in the vicinity of the target site, inferred by the
recent 2011-2012 seismic swarm activity (Papadimitriou et al. 2015). The flowchart of
Fig. 1 presents the organization of this work. In conclusion, reference is made to the need
of a future study focused on the touristic industry and the impact that a seismic crisis may
have on it.

2 The seismic hazard model

Santorini is located within the Aegean microplate, which undergoes rapid deformation,
related to its convergence with the African continent and the active subduction of the
remnants of the oceanic Tethys lithosphere beneath it; as a result, the occurrence of
volcanic episodes and earthquakes is common phenomena, which have formed the present
South Aegean Active Volcanic Arc (SAAVA) (e.g., Papazachos and Comninakis 1971),
part of which is Santorini (Fig. 2a). Among the volcanic centers of the SAAVA, only
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Fig. 1 Methodology and workflow
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Fig. 2 Top: Seismotectonic map of the South Aegean. Bathymetry and topography are from GeomapApp
database. Black lines are main faults (Ganas et al. 2013). Beachballs are GCMT solutions. Earthquake
epicenters (solid circles) are from the SHEEC database (e.g., Griinthal et al. 2013). The white rectangle
surrounds the Santorini Volcanic Center (SVC). Yellow arrows indicate the direction and the relative
amplitude of the plates’ motion (Kahle et al. 1998). Greenish bars indicate the direction of active crustal
faulting along SAAVA (Papazachos and Panagiotopoulos 1993). Bottom: Map of Santorini (the area of the
white rectangle in the top panel). Magenta stars indicate earthquakes prior to 1900 (Papazachos and
Papazachou 2003) and yellow stars earthquakes after 1900 (Makropoulos et al. 2012) with M > 6
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Santorini and Nisyros have either erupted or shown significant evidence of unrest during
the past 100 years. The last eruption of the Santorini volcano occurred in 1950.

The volcanic origin of Santorini is evidenced by its geology; however, the tectonic
context of the volcano is poorly documented (Feuillet 2013). Its prominent seismogenic
sources are two tectonic lineaments, capable of producing hazardous earthquakes, namely
the Columbo (or Colombos) Line (CL) and the Kameni Line (KL) (Fig. 3). Santorini has
been proven vulnerable also due to more distant seismogenic sources, belonging to the
system of the South Aegean active faults (Nomikou et al. 2017). Specifically, on July 9,
1956, a M7.8 earthquake, been the strongest earthquake of the twentieth century in the
Aegean, and a M6.9 aftershock (Fig. 2b) devastated the island (Papazachos and Papaza-
chou 2003). The former event caused a large tsunami due to submarine landslides that
largely affected the eastern coast of Santorini, reaching even the shores of Crete and
Turkey with significant run-ups (Okal et al. 2009).

Until recently, the Santorini volcano was in a dormant stage, although a continuous
hydrothermal activity accompanied by local weak seismic activity (e.g., Kolaitis et al.
2007) indicated an active field. Recently, in 2011, the volcano entered a period of unrest,
characterized by the onset of intense intra-caldera swarm-type seismicity, which ended
around the end of February 2012 (Chouliaras et al. 2012; Vallianatos et al. 2013;
Papadimitriou et al. 2015; Kaviris et al. 2015). Hundreds of well-recorded small earth-
quakes, consisting the 96% of the activity during the unrest period (Feuillet 2013), indi-
cated the activation of a segment of the Kameni Line (KL) (Papadimitriou et al. 2015)
(Fig. 3). Taking into account the distribution of accurately relocated hypocenters (Pa-
padimitriou et al. 2015), the dimensions of the activated seismic source, namely about
8 km length and 6 km width, were applied in Eq. 1 (Wells and Coppersmith 1994) toward
determining the fault’s magnitude potential (M):

M =3.93 4 1.02 - log(AS), (1)

where AS is the fault surface. The inferred fault is found capable of producing an earth-
quake in the vicinity of Fira with M5.6. Although the magnitude of the seismic scenario is
moderate, the effects upon a complex built environment in Fira may be adverse. The latter
is supported also by the fact that the town’s urban facilities become often over-saturated
during summertime; thus, human safety is additionally jeopardized in case of a seismic
event.

2.1 Ambient noise HVSR

Given the lack of local recordings of strong earthquakes, stochastic ground motion sim-
ulation was performed for the M5.6 earthquake scenario on the KL using the EXSIM
(EXtended source SIMulation) code (Boore 2009). The method combines energy radiation
from a specific fault source with propagation laws and site amplification for producing
seismic motions at specified locations. A tailored urban scale seismic risk model, such as
the one presented herein, prerequisites the implementation of site conditions. The latter
may significantly vary even in neighboring positions, and thus they play an important role
to the earthquake effects by amplifying or de-amplifying seismic excitations at certain
frequencies (e.g., Kassaras et al. 2015). Hereby, site conditions were approximated by the
horizontal-to-vertical spectral ratios (HVSRs) from free-field ambient noise measurements,
following the popular method of Nakamura (Nakamura 1989).
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Fig. 3 Simplified geological map of the Santorini complex presenting main volcanic formations and active
tectonic features. The pink rectangle shows the surface projection of the KL fault segment for which the
earthquake scenario has been developed, while the beachball indicates the average focal mechanism (after
Papadimitriou et al. 2015). KL: Kameni Line, CL: Colombo Line. Modified after Petersen (2004)
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Fig. 4 a Fundamental frequency (F,) and b site amplification (Ap) at 21 ambient noise measurement
positions in Fira (red solid circles)

Ambient noise records were obtained during December 19-21, 2015 in the municipality
of Fira, at 23 locations (Fig. 4). The selection of measurement points was based on their
accessibility and the absence of artificial noise sources. All measurements were carried out
during daytime. Three-channel REFTEK-130 seismic recorders were used, equipped with
Guralp-CMG40T seismometers. The duration of each measurement was 30 min.

HVSR curves were computed using the Geopsy software (SESAME 2005). Geopsy, a
suite of software applications for ambient vibration techniques, allows for the imple-
mentation of several processing modules (e.g., filtering, smoothing, window selection)
enabling quick visualization of the results. The fast Fourier transform (FFT) was calculated
for each component and average HVSRs were obtained, further simplified by the use of a
Kohno and Ohmachi (1998) logarithmic windowing filter.

After removing two recordings of poor quality due to instruments’ malfunction, the
dominant (peak) frequency and its corresponding quasi-amplification factor were picked
from 21 simplified HVSR curves. These peaks are distributed in the low-frequency range
(< 1 Hz) (Fig. 4a). Given the stiff volcanic formations of the study area, one should expect
no, or low amplification. However, this is not the case, since amplification ratios are found
to be significant, exceeding the value of 2 for all the measurement points (Fig. 4b). We
could presume, thus, that the sovereignty of horizontal motion could be related to the steep
cliff of the Santorini caldera imposing topographic effects at low frequencies. This effect is
particularly evident at the western part of the town, near the tip of the caldera, where higher
amplification is observed (Fig. 4b).
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2.2 Stochastic ground motion simulation

For the ground motions simulation in Fira, we applied the stochastic finite fault model
approach proposed by Beresnev and Atkinson (1998), implemented by Boore (2009) in the
EXSIM algorithm that was used herein. The rectangular fault plane of the M5.6 earthquake
scenario was divided into smaller subfaults, each of which was then considered to be a
point source with a w-squared high-frequency cutoff spectrum, representing its seismic
energy radiation (Brune 1970; Boore 1983). In an iterative procedure including 30 itera-
tions, the hypocenter was placed randomly at one of the subfaults and the rupture was
propagated radially with a constant rupture velocity until every subfault was activated. The
acceleration spectrum for each subfault R(f) was provided as a result of the convolution of
the source, path and site (Joyner and Boore 1988):

R(f) = C-S(f)-A(f) - D(f) - 1(f) (2)

where C is a scale factor, S(f) the source spectrum, A(f) the site amplification factor,
D(f) the source-site attenuation function and I(f) a function that controls the instrumental
response and filters used in the process. The parameterization of the stochastic model is
outlined below:

e The dimensions (8§ km x 6 km) and the magnitude potential (M5.6) of the seismogenic
source were considered according to the seismotectonic analyses of Papadimitriou et al.
(2015) and scaling laws from Wells and Coppersmith (1994), respectively.

e The fault was divided into six subfaults.

e The stress parameter (Ag) that controls the shape of the source spectrum S(f) was
considered 55 bars as suggested by Margaris and Boore (1998) for earthquakes in
Greece.

e The site attenuation parameter x, that controls the high frequencies of the damping
function D(f) was considered 0.035, on the basis of a combination of results for the
Greek area (Margaris and Boore 1998; Ktenidou et al. 2015).

e The function of the inelastic attenuation Q(f) in use, although negligible in the near
field, was the one proposed by Hatzidimitriou et al. (1993) derived from acceleration
records in Greece.

e The effect of soil conditions A(f) was approximated by the HVSR curves calculated
from ambient noise recordings.

Synthetic Seismic Intensity (SI) was then derived from the simulated horizontal peak
ground acceleration (PGA) using the empirical relationship of Tselentis and Danciu
(2008):

SI(MMI) = 3.563 - log(PGA) — 0.946, (3)
where MMI is Modified Mercalli Intensity. Equivalence between MMI and EMS-98 scales
is recognized (Musson et al. 2010) and thus its implementation was selected for the herein
EMS-98 damage grade estimation (Eq. 4). Figure 5 presents the resulted distribution of the

simulated PGA and SI, which reach 285 cm/s? and 7.8 at the western “caldera” section of
Fira, respectively.
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Fig. 5 Synthetic Peak Ground Acceleration (PGA) (a) and Seismic Intensity (SI) (b) in Fira for the M5.6
earthquake scenario

3 The buildings exposure model

The building stock of Fira is very particular, related to the long history of Santorini, the
rapid touristic development, and its complex geology and morphology. According to
census data (EL.STAT. 2011), 1661 buildings are registered at the municipal community
of Fira. Since Santorini is one of the most touristic places in Greece, the registered 1:1 ratio
between buildings and permanent residents (1616 people) is largely reduced during the
high touristic season. Moreover, the large demand for touristic lodging from mid-1970s led
to an uncontrolled construction and expansion of Fira without updating of the urban plan or
respect of the structural heritage, the modern urban and safety guidelines. According to
Briistle et al. (2014) after the devastating 1956 earthquake, with an aftermath of 53 deaths,
100 injuries, severe damage to more than 3000 buildings, complete collapse of more than
500 houses and thousands of homeless civilians, construction throughout the island was
expanded rapidly so as to satisfy urgent needs for accommodation. Repair and retrofitting
works took place at a later time when land values raised.

In this context, new structures were erected at the central and eastern part of the town of
Fira. On the other hand, expansion of the town to the north and south has taken place
mainly during the last 30 years obeying the huge demands for touristic accommodation.
Side effect of the latter was a large amount of arbitrary constructions, leading to distortion
of the urban and natural landscape inducing additional vulnerabilities (Beriatos 2008).

The current building stock of the town appears quite complex, consisting of a mixture of
vernacular architecture and modern structures, whereas important structural interventions
are frequently involved. The herein building exposure model was constructed by an in situ
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survey of the urban tissue of the central part of Fira conducted in December 2015. A total
of 435 buildings corresponding to 51 building blocks were externally inspected. We notice
that buildings of public use, i.e., schools, churches, museums, administration offices, are
excluded from this study due to their particular structural design. Five building categories
were registered as described in the following subsections.

3.1 Reinforced concrete (RC) buildings with infilled frame lateral resisting
system (Fig. 6a)

This typology represents the major population of the town’s building stock (82%)
(EL.STAT. 2011). After the disastrous earthquake of 1956, reinforced concrete has become
the prevailing construction material used for reparation works and new constructions.
Moreover, by the mid-1970s, when the touristic exploitation of the island was launched,
the main material in use was reinforced concrete, generally preserving the architectural
aesthetics.

The main vertical and lateral load bearing system of these buildings is the beam-column
frame, occasionally with RC shear walls around the stair case. The frames are infilled with
hollow clay or cement brick panels. The floors are full cast, in situ RC slabs of ~ 20 cm
thickness, and the roof is either similarly constructed in vaulted configuration, or in bricks.
The commercial buildings of the town center typically include a tall soft ground story.
According to local engineers’ testimony, salty water and sulfurous earth frequently used
together with large sea pebbles in the concrete mixture led to non-homogeneous concrete
behavior and corrosion of the embedded reinforcement. In addition, improper and often
non-engineered practices applied ended up with poor construction detailing.

Fig. 6 a RC buildings; b simple stone buildings; ¢ ground floor in stone and additional floors in RC frame;
d post-seismic cement brick vaulted structures; e mixed buildings with brick-cement vaults at the ground
floor and overlying RC frame; f excavated dwellings
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3.2 Stone buildings, survived from the 1956 earthquake (Fig. 6b)

This type of structure is mainly found at the old town, the “caldera sector.” The bearing
walls consist mainly of uncoursed random rubble stone masonry of ultramafic volcanic
rocks of high compressive strength. These are disorderly placed in two loosely interlocked
wyths in combination with light pumice stone. Pozzolanic mortar with rich hydraulic
properties is used in large quantity. Since structural timber was rare and expensive on the
dry island, the thick sidewalls were bridged with remarkably thin masonry vaults. Only
bourgeoisie houses have flat roofs, often transformed with the addition of parapets. The
colors still embedded in the plasters of these older structures are a remembrance of the era
prior to the whitewashed facades, imposed as a disinfecting and sun protection measure by
the dictatorial regime in the beginning of the twentieth century (Stasinopoulos 2002).

These buildings, in place prior to the disastrous earthquake of 1956, suffered partial or
total collapse during the catastrophic event. Some of the surviving ones have been sub-
jected to repair and renovation works and are currently in use. Characteristic is the case of
the commercial buildings in the old town where often the stone walls were preserved, even
partially, and RC elements have been added in plan, especially in the stores facade.
According to local testimonies, proper engineering studies and strengthening works pre-
ceding the interventions were rare. Therefore, having no further information regarding the
quality and typology of intervention, the stone walls have been considered as the prevailing
lateral bearing system in our analysis.

A variation of this typology concerns the buildings of the old town, of which the ground
floor, or the partially embedded basement, is stone walls remnants from the 1956 earth-
quake. On top of the latter, one or more stories of RC frame have been erected, however
without clear evidence whether the vertical elements reach the ground to support the
new construction, or the original stone walls have been properly confined to accommodate
the additional load (Fig. 6c¢).

3.3 Post-seismic cement brick vaulted buildings (Fig. 6d)

In the aftermath of the disastrous earthquake of 1956, there was an imperative demand of
housing of hundreds of people (~ 2000 permanent residents according to Dekavallas
2013). For this purpose, 750 buildings of this type were constructed in newly established
settlements across the island and 300 in existing ones, during the so-called aseismic
reconstruction of Santorini (Dekavallas 2013). The buildings were provided to the
inhabitants whose properties were situated in hazardous zones and the access was
restricted, i.e., along the tip of the caldera cliff; in a parenthesis, we mention that these
areas are currently structured and populated.

The buildings of this category are one-storey structures (Fig. 7a), able to accommodate
one or two families, constructed in the principles of the traditional excavated vaults that are
described below. In the absence of transportation facilities after the earthquake, due to the
destruction of the main port of the island, local materials were used for the new con-
structions. Hence, cellular cement—pumice bricks of typical dimensions 20 x 20 x 40 cm
(Fig. 7b) were used for the bearing walls and as voussoir stones of the vaults (Fig. 7¢). Due
to the limited availability of timber to be used as formwork, the “vault” technique,
compatible to the traditional one, was adopted. The bricks were put in place with rein-
forcement bars crossing their section. The vaulted roof and the limited openings, as well as
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Fig. 7 a Cross section and plan view of a type of aseismic vault; b cement-pumice cellular bricks;
¢ construction of bricked vaults (Dekavallas 2013)

the western orientation of the new structures, constitute one of the first samples of sus-
tainable construction in Greece (Dekavallas 2013).

3.4 Mixed buildings: post-seismic cement brick vaulted structure
at the ground floor, RC frame building erected above (Fig. 6e)

This typology is the result of the touristic over-construction of Santorini; one or two stories
of infilled RC frame were erected above the existing post-seismic cement brick vaulted
buildings described above. The columns of the overlying floors are detached from the
ground floor vaulted structure, being directly found on the ground. In the framework of this
study, only the newer upper story has been considered in the vulnerability analysis,
assuming that the masonry structure of the ground floor contributes as a rigid infill panel;
therefore, a high degree of vertical irregularity was attributed to this typology.

3.5 Excavated dwellings (Fig. 6f)

They are cavernous structures, dug into the Thira pumice slope, occasionally with an
additional part lying above the ground. The origin of this vernacular structure dates back to
the piracy era, offering the locals a shelter, as well as protection from the wind and the
solar heat. These structures are mainly found in the old “caldera sector”; they consist of
interconnected stepwise excavated dwellings following the natural inclination of the slope
of the caldera (Fig. 8a).

The surface structures of these stepwise terraced caverns are typically made of
undressed stone walls (Bozineki-Didoni 1999). These structures are horizontally arranged
with their ceiling being the veranda of the overstructures (Fig. 8a), and it is generally
difficult to distinguish their limits. Each cavern of these constructions is typically divided
into 2-3 rooms, and vertical ducts run through the ground to allow lightning and
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Fig. 8 a Cross section of stepwise excavated dwellings; b typical interior of excavated houses. From
Stasinopoulos (2002)

ventilation (Fig. 8b). A minimum thickness of the perimeter walls guarantees the stability
of the overlying cavern(s). Besides the ease of construction of these dwellings and their
green architecture, their earthquake performance is outstanding. Following the principles
of tunnel constructions (e.g., Wang 1993), the excavated dwellings perform better than
surface structures, as they display significantly greater degrees of redundancy thanks to the
support from the ground. Indeed, the excavated parts of the Santorini dwellings remained
intact after the 1956 event while only their external extensions occasionally collapsed
(Dekavallas 2013).

Renovation and construction works, currently pursued in an attempt to preserve the
stair-like urban tissue, include inner strengthening of the excavations with steel mesh and
shotcrete. However, taking into account that the thickness of the successive tunnel roofs
was not conceived to bear multi-story structures, successive excavations along the “cal-
dera” likely reduce the slope stability. For the herein vulnerability analysis, the influence
of strengthening has been omitted due to lack of data, while the excavated stories were
considered autonomous within the terraced constructions.

Figure 9 summarizes the Fira buildings’ inventory on a building block scale. Figure 9a
presents the distribution of buildings as per period of erection and construction material,
while Fig. 9b illustrates the buildings type of use. Regarding the construction period, the
characterization was decided with respect to the evolution of the Earthquake Resistant
Design (ERD) codes in Greece (Table 1). However, in situ identification of the age of
buildings was not always a straightforward task; thus, locals’ testimonies, engineering
expertise, photographic and other material from the literature were considered in addition.

In summary, the majority of the older structures, as well as the masonry and mixed ones,
are concentrated in the “caldera” western sector of the town. Regarding the type of use of
the surveyed building stock, 24% are hotels and entertainment buildings, 35% residential,
30% commercial and 6% of mixed use (residential/commercial); these are arranged at
distinct sectors of the town (Fig. 9b).
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Fig. 9 Distribution of buildings according to a the construction period and material and b the occupancy

type
4 Structural vulnerability assessment

In this section, we describe the vulnerability model of the target site, employing the
obtained exposure model. Given the limited data availability regarding the structural
characteristics of the exposure model and also the limited resources for an analytical study,
the method implemented for the seismic vulnerability is the empirical-macroseismic one,
documented as RiskUE-LM1 (Milutinovic and Trendafilloski 2003). The method applies
the vulnerability model of EMS-98 (Griinthal 1998) for the typological characterization of
the building stock using vulnerability indices within a probability range, adopted by
behavior modifiers accounting for the structures’ particularities.

The method was applied by assigning to each building of the derived exposure model
one of the existing structural typologies per EMS-98 and a corresponding typological
vulnerability index (Vi") per Giovinazzi and Lagomarsino (2004) using engineering
judgment. The typological Vi~ corresponds to the most probable value, while its uncer-
tainty range is assumed according to Giovinazzi and Lagomarsino (2004) who analyzed a
large amount of damage data using the fuzzy sets theory. Thereafter, critical structural
characteristics for the buildings’ seismic performance were taken into account by applying

@ Springer



Nat Hazards

Table 1 Descriptive elements and vulnerability indices and behavior modifiers for existing structural

typologies

Descriptive
elements

Attributes and vulnerability classes per EMS-98

Vulnerability index (V;*) and
modifiers per G&L (") and this
study A

Number of stories

Lateral load-
resisting material
and system

Earthquake
Resistant Design
(ERD)

Aggregate building
(elevation)

Vertical
irregularity

Aggregate
buildings
(position)

Slope inclination
@)

Foundation type

State of
preservation

Low (n < 2)
Medium (n < 5)
High (n > 5)

Reinforced concrete (RC) cast-in place infilled
frame

Post-seismic cement brick vaults: reinforced or
confined masonry (M7-vuln. C or D)

Masonry simple stone (M3-vuln. B)

Mixed buildings: Post-seismic cement brick
vaulted structure with RC frame

Mixed buildings: existing stone walls at the
ground floor and RC frame at the first floor or
coexistence of stone walls and RC elements

Excavated dwellings

Period 1 (< 1959): without ERD code (RC1—
vulnerability C)

Period 2 (1959-1995): moderate ERD code
(RC2—vulnerability. D)

Period 3 (> 1995): modern ERD code (RC3—
vulnerability E)

Adjacent buildings with different height
With/without staggered floors
“Soft storey”

Change in vertical structure (mixed)
One side: header

Two sides: middle

Three sides or two sides in perpendicular
directions: corner (insufficient aseismic joints)

Detached: isolated

Flat (i < 15°)

Slope (i > 15°)

Shallow

Shallow—different level footings
BAD

Retrofitted

Intervention

—0.04 3

0

+0.04

According to ERD Code

Vi = 0451
Vi =074
RC?

Vi = 0484
M3?@

Vi =0.74

External part—M3(2)

Vi =074

Vi =0.644
Vi =0.484
Vi =0.324
+0.02
+0.04 3

+ 0.04 (masonry/RC1)®
+ 0.02 (RC2/RC3)®

+0.04 3

+ 0.06 (stone) (3
+ 0.04 (for all RC types)®

— 0.04 (stone)/0.00 (RC)®
+ 0.04 (for all RC types)®

0
Q!
+0.04 (Y
0
+0.04 (H
+0.04 A
- 0.08
+0.08(»

G&L: Giovinazzi and Lagomarsino (2004)

@ Springer



Nat Hazards

behavior modifiers after Giovinazzi and Lagomarsino (2004) and engineering judgement in
order to obtain a total vulnerability index per building (VI = Vi" + modifier).

The herein RiskUE (or EMS-98) taxonomy scheme was based on the material, the
structural bearing system and the erection period, as described in Sect. 3. Hence, the stone
buildings (Fig. 6b), irrespective of the mechanical characteristics of the construction
materials, correspond to the “simple stone” M3 typology, to which the masonry walls,
linked with flexible diaphragm, are the bearing elements of both vertical and lateral
loading. When stone walls and RC elements were found to coexist in plan, the wall system
is assumed to be the prevalent one, with a result to attribute the M3 typology to these
mixed buildings. Regarding the post-seismic cement brick vaulted buildings (Fig. 6d),
although the steel bars crossing the bricks do not seem to have an active reinforcement role
to the lateral response of the walls, expert’s judgment recognizes lower vulnerability to the
cement—pumice bricks; thus, M7 “reinforced masonry” typology was assigned. Contrary
to the performance of the mixed stone—RC buildings (Fig. 6¢c), in the case of a double
vertical system (vaulted structure with RC frame—Fig. 6e), it was assumed that the wall
structure of the ground floor acts as rigid infilling of the frame of the two-story RC
structure, with increased vulnerability due to irregularities and intervention.

The distinction of the RC buildings (Fig. 6a) in three categories has been made with
respect to the seismic code in force during their erection:

e RCIl—Prior to 1959: No Seismic Code.

e RC2—1959-1984: The first official Earthquake Resistant Design (ERD) code with a
constant seismic coefficient amplified according to the soil class. According to locals’
experience, the implementation of seismic provisions was limited in Santorini, and it
was not earlier than in the 1970s that they were put in force. In 1984, the seismic code
was slightly improved by additional articles.

e RC3—1995-today: Dynamic and performance-based design, (NEAK 1994). Introduc-
tion of the probabilistic seismic acceleration design spectrum, which replaced the use
of the constant seismic coefficient. NEAK (1994) was accompanied by new seismic
hazard provisions dividing the country into four zones with significantly increased
ground motion coefficients with Santorini belonging in seismic zone II with design
PGA = 0.16 g, with 10% probability of exceedance in 50 years. In 2004, the hazard
map was updated by the division of the country in three zones, predicting
PGA = 0.24 g for Santorini (EAK 2004).

Table 1 summarizes the descriptive information and the typological classifications
together with the modifier scores contributed to the final VI estimates. It is noted that, due
to the particularity of the topography and the buildings architecture, additional behavior
modifiers were considered, accounting for the regional vulnerability factor suggested by
Giovinazzi and Lagomarsino (2004).

The results of the vulnerability analysis are illustrated in Fig. 10. As it can be seen in the
pie chart of Fig. 10, the reinforced concrete typologies compose more than half of the
building stock of the town, with the 35% corresponding to mid-ERD structures of moderate
vulnerability (RC2). The significant multitude of vulnerable masonry old structures (30%)
dominates the overall vulnerability scheme of the target site. The spatial distribution of the
VI per building block indicates high vulnerability indices in the old “caldera” sector,
which includes most of the masonry and mixed buildings.
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Fig. 10 Left: Pie chart showing the distribution of vulnerability typologies; Right: mean vulnerability index
per building block

5 Seismic risk and monetary loss
5.1 Seismic risk

The seismic risk in terms of physical damage of the structures has been evaluated
according to the RiskUE-LM1 methodology (Milutinovic and Trendafilloski 2003), which
implements the distribution of the mean damage grade (up) per building through the
vulnerability index (VI) and the Seismic Intensity (SI), by means of the semiempirical
function of the form:

ftp = 2.5 - [1 + tanh (ST + 6.25 - VI-13.1)/2.3)] (4)

The probability of reaching or exceeding a certain damage grade (DG) was obtained by
the cumulative beta distribution. DG is a discrete value expressed by six variables: DO-No
damage, D1-Slight damage, D2-Moderate damage, D3-Substantial to heavy damage, D4-
Very heavy damage, D5-Destruction. Herein, only damage due to the ground shaking was
taken into account by implementing the derived SIs, neglecting earthquake secondary
effects. The most probable vulnerability index (Giovinazzi and Lagomarsino 2004) has
been adopted, leading to a deterministic mean DG estimate and its probability per building.

The M5.6 seismic risk scenario was determined in terms of the distribution of the most
probable DG per building. Figure 11 presents the most probable DG according to the beta
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distribution of the average pp per building and building block. The inset pie summarizes
the scenario damage distribution in percentage of the total building stock; the largest
amount of the structures is expected to experience no or slight damage (55 and 29%,
respectively), while 12 and 4% are expected to experience moderate and substantial-to-
heavy damage, respectively.

This qualitative representation of risk is addressed to the civil protection authorities for
contingency planning and may also be of use for increasing the public risk perception,
motivating prevention and preparedness. Higher damage is expected in the “caldera”
sector, while for better apprehension of the estimated risk, the damage grade distribution
per building within each block is illustrated (Fig. 11). When focusing on the “caldera”
sector, 40 buildings would most likely exhibit moderate and substantial-to-heavy damage.
This may be proven particularly adverse for human safety, given the concentration of
touristic population in this spot, in combination with the narrow urban tissue.

5.2 Monetary loss

The most comprehensive outcome of the present analysis is expressed in quantitative
monetary terms. The expected economic loss is formulated as the accumulated contribution
of all DGs into monetary loss, together with their corresponding probability of occurrence,
provided the selected seismic hazard model. Although several aspects of the regional—and
not only—economy may be affected by such a scenario, only the cost of a new con-
struction, with structural and non-structural elements, has been considered. Content and
land cost as well as income-related and indirect loss are out of scope of the present study.

Consequence models or damage ratios are the basic parameters required for loss
modeling, connecting damage grades with loss terms. In the current study, given the
absence of resources on relevant exposure models, consequence models available in the
literature were adopted with targeted modifications after expert’s judgment (Table 2).
More specifically, the damage ratios for the most common typologies of reinforced con-
crete and stone masonry walls were applied as proposed by Kappos et al. (2006) for the
Greek built environment. Reference is made also to the work of Goretti and Di Pasquale
(2004), which was used for assuming the cement brick damage ratios based on damage
ratios of enhanced quality stone walls.

The replacement cost per unit floor area is assumed equal to 900€/m?, of which only
30% is supposed to correspond to structural works of the bearing system, according to local
engineers estimates. This value is a rough estimate for the cost of structural and non-

Table 2 Damage (loss) ratios per damage grade for RC and masonry structures

Damage Stone (A) Cement brick (C) Reinforced

grades concrete

Literature Kappos et al. (2006) Modified after Goretti and Di Pasquale Kappos et al.
(2004) (2008)

DG1 2% 2% 0.50%

DG2 12% 10% 5%

DG3 30% 27% 20%

DG4 55% 50% 45%

DG5 85% 80% 80%
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Fig. 12 Estimated economic loss for the M5.6 seismic scenario
structural elements of a medium quality construction in Santorini, taking into account the

specificities of the island and the area’s conditions for human labor, material transportation
facilities or foundation works. Figure 12 presents the distribution of the estimated loss for
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Fig. 13 a Total economic loss per structural typology for the seismic scenario studied in MEuros and b loss
ratio per structural typology

the M5.6 seismic scenario on a building block level. The total economic loss for the given
earthquake scenario in the area of study is estimated of the order of 4 million euros.

For better understanding of which building typologies contribute more to the overall
economic loss, losses have been aggregated per building typology, as presented in
Fig. 13a. It is evident that the majority of the total economic loss is attributed to the stone
masonry buildings (M3). This estimate is due to the combination of three factors: the large
multitude of this typology (30% of the studied building portfolio), their inherent vulner-
ability further increased by registered structural irregularities, potential interventions and
state of preservation, as well as their spatial correlation with the highest PGA values across
the “caldera” sector (Fig. 5).

For a better evaluation of the vulnerability and respective loss (independently of the
exposure), the disaggregated losses for each building typology have been normalized by
the respective total economic value, as illustrated in Fig. 13b. It is evident that the loss
ratios of the most vulnerable typologies, i.e., simple stone structures and pre-code RC
buildings, present the highest total loss ratios. Interestingly, the masonry brick vaulted
structures (M7) have a relatively low contribution to loss, thanks to their moderate typo-
logical vulnerability, no irregularities and their location at the eastern part of the town that
presents lower soil amplification.

6 Discussion and Conclusion

Seismic risk is investigated for Fira town, capital of Santorini Island, by combining
(a) simulated earthquake ground motions due to a close M5.6 scenario earthquake,
(b) macroseismic structural vulnerability concluded via a detailed in situ investigation and
(c) site conditions by implementing ambient noise HVSR.

The most vulnerable part of Fira is found to be the old “caldera” sector of the town due
to numerous structural interventions of older masonry building preexisting to the disastrous
earthquake of 1956. This part of the town exhibits the highest amplification and conse-
quently PGA values, lying though within the limits of the modern seismic design pre-
scriptions of nominal acceleration of 0.24 g for Santorini (Zone II of the seismic code;
EAK 2004).

The outcome risk assessment model, constrained on a building block scale, is sum-
marized as: 55% of the surveyed building stock is expected to exhibit no damage, 29%
slight damage and 16% is predicted to present moderate-to-heavy damage. For the more
vulnerable western “caldera sector,” the damage distribution is as follows: 18% no
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damage, 47% slight damage and 35% moderate-to-heavy damage. Taking into account the
topography, the urban planning and the high rate of tourism of the area, the latter damage
ratios are considered significant.

The monetary loss impact of the studied seismic scenario is estimated about 4 million
euros. Although the direct loss estimates may be relatively low with respect to Santorini’s
wealth, one should account also for eventual indirect losses related to business interruption
and/or long-term impact to the tourism, thus vertically increasing the cost of the
earthquake.

Two types of uncertainties are recognized to be involved in the process, epistemic and
aleatory. Epistemic uncertainties are related to limitations of the HVSR approach, which
has proven to underestimate site amplifications (e.g., Rodriguez and Midorikawa 2003).
For their treatment, real local earthquake recordings at the same positions with the
microtremor measurements are required, which is unfeasible in the frame of the current
campaign. Aleatory uncertainties can be due to the quality of the ambient noise mea-
surements and are intrinsically related to transients from human activities.

As far as the uncertainties of the exposure and vulnerability model are concerned, they
are mainly described as epistemic, related to (a) the classification of the building stock to a
building typology and (b) the assignment of typological seismic performance to each class:

a. Uncertainties related to the assignment of the building stock to building typologies and
to its accurate geometry may be attributed to the difficult accessibility of the urban
tissue and/or to inaccurate building footprints captured from satellite images of a
highly inclined area. Engineering judgment is believed to have contributed to reducing
this type of uncertainties.

b. Regarding the seismic performance of each typology, the assumed vulnerability
indices, derived from statistical and empirical implementation of seismic responses of
European buildings, may not necessarily be optimal for the target building stock. The
fuzzy set theory and the discrete beta distribution of the mean damage grade though
tackle the vagueness problem of the qualitative definitions of the Damage Probability
Matrices implemented in EMS-98. Thus, bounds of both the vulnerability index and
the assessed DG are provided within the possibility and plausibility range, which
manages to limit the uncertainties (Barbat et al. 2008). Uncertainties of this type are
considered to be within the range of the ones established by the applied LM1 method.

Since a scope of this study is to be also exploitable by the civil protection authorities,
deterministic results are represented only by the most probable values. Sensitivity and
parametric analysis by implementation of a logic tree scheme (e.g., Michel et al. 2017) is a
future task to allow for the combination of different nodes with variable weights within the
risk model.

Thereafter, considering the complex hazardous sources threatening the integrity of the
island, it is suggested that secondary seismic effects such as slope instability, rock falling,
tsunamis or tephra fallout should be taken into consideration into a future multi-hazard
analysis regarding a possible extreme scenario, leading to a holistic risk assessment.
Moreover, given the uniqueness of the traditional architecture of Santorini, which is not
standardized in macroseismic scales (e.g., EMS-98), further study is needed regarding the
seismic response of the local typologies, as well as update of the consequence models. To
this direction, building-to-soil spectral ratios are recommended at a future stage to account
for soil-structure interaction effects. Furthermore, probabilistic analysis accounting for the
latest findings on the Aegean’s faults (Papadimitriou et al. 2018) and their recurrence
period can lead to scientifically based annual loss estimates.
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Quantification of indirect losses, such as declines on revenue due to disruption of the
society’s activity, is essential for Santorini, given the potential impact of earthquakes on
tourism business, and, thus, a risk assessment in refined economic terms is recommended.
Other parameters, such as the seasonal variation of the population that jeopardizes the
socioeconomic vulnerability, would contribute immensely to the establishment of con-
tingency plans toward the community’s preparedness and resilience.
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