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IHepiinyn

H vnd e&étaon mepoyn perémg eivoan n Bowwtia. H meproyn avty elvar onupovtikn omd
OEIGUOTEKTOVIKNG Gmoyng, Kabdg Ppioketor petald 600 evepydV TEKTOVIKOV TAPP®V: TOL
Kopwvuakod kdAmov ota votia kot tov EvBoikod koAmov ota Bopeta. H dvvapkn eoon avtov
10V TEPPAALOVTOC £xEL OOMNYNOEL OTNV EKONA®ON AEI00NUEIOTOV GEIGUMV TOGO KOVTE 0G0 Kot
evtoc ¢ Bowwtiog. Meta&d Tov mo yvmot®v GElop®mVy and TV 16topikh enoyn (ptv omd o 1900)
etvat 0 oelopog ™ Ataidving peyébovg 7.0, mov cuvéPn otic 27/04/1894, pe to emikevipo va
extipdton Ott PBprokotav Popela ¢ Bowwtiog. 'Eva GAlo onuovtikd GeGHKO  yEYOVOQ
exTipopevov peyébovg 6.0 éhafe yopa kovtd otn OnPa to 1914. Emurdéov, ot woyvpol celopol
g 24/02/1981, 25/02/1981 wor 04/03/1981 pe peyébn Mw = 6.7, 6.4 xor 6.4, avtictoryo,
gvromioTnkav Kovid ota votie covvopa g Bowwtiag. Ilpdceata, kotaypaenkav TE6GEPIS
evolopécov peyéboug oeiopol kovta otn OnPa: otic 02/12/2020 (Mw = 4.6), otic 11/07/2021 ko
20/07/2021 (ko1 to. dvo Mw = 4.2) ko otig 02/09/2021 (Mw = 4.1). Aappdvovtog veoyn
CEICUIKOTNTO TNG TEPLOYNG, EIVOL EMTAKTIKY AVAYKN VO TPAYUATOTOMOEL Lol EMKOLPOTOINLEVT
EKTIUNON TNG CEIGUIKNG EMKIVOLVOTNTOG Yo TNV TTePoyn tng Bowwtiag, pe otoéyo m peioon twv
emotuovikav ofefatotntov. H extipnon avt) emkevip®Onke otnv mocotikomoinon twv
LEYIOTOV OVOUEVOLEVOV E0UPIKAOV KIVICE®V, HECH TOV LTOAOYIGHOD TNG UEYIOTNG EQOPIKNG
emrdyovong (PGA), g péyomge edapikng tayvmrog (PGV) kot tov @aouoTiK®OV TIUGV
emtdyvvong (Sa). Ot Tipég Sa mpoodopioTnkay ATOKAEIGTIKA Y10 TIC VO O CTLOVTIKES TOAELS
™m¢ Bowwtiog, ™ APadetd ko ) OnPo. o v extipnon g GEIGMKNG ETKIVOLVOTNTOG
¥pNoomomOnkay dVo pebodoroyieg: 1 KAUGIKY] NUICTOTIOTIKN TOOVOLOYIKT TPOGEYYIOT] KOt 1|
OTOYOOTIKY] TPOGOUOIMGT E00PIKNG KIvnoNg € pYLOTO TEXEPACUEVOV SLUCTACEWDV. ZTNV TPAOTN
TPOGEYYLON, YPNOYLOTOONKAV TPIo GEIGUOTEKTOVIKG LLOVTEAQ. LLE TT) LOPON ETLPOVELLKDOV (OVDOV,
KaBmG Kol £VOG EMKALPOTOMUEVOS KATAAOYOG EVOpYOVNG oeloikdTNToS. EQapuootnkay moAlég
oyéoelg andoPeong (GMPES), ot omoieg avaKaTooKELAGTNKOV OOTE Vo, AapuPdvouy vadyn Tt
KOplo. €10 TOV UNYOVICUOV Yéveons pe Paomn to oxeTikd mocootd tovg avd Covn. Ta
OTOTEAEGLLOTO TTPOEKLY AV HECH AOYIKOD OEVTPOL KO OTEIKOVIGTNKAY LE TN LOPON XOPTDV Y10, TIG
nmopapétpovg PGA kot PGV, yuo mepidoove emavainyng 475 kot 950 e€tov, KOUTLAGDV
emkvovvomrag PGA, kabmdg Kot opotdpopemv pacpudtov enkivovvotntag (UHS) Sa tomov yia
™m Apaded ko ™ ONPa. Ocov agopd 1N 0ebtepn mpocEyylon, oesnydn oladikacio
Babpovoumong mpwv amd TS GTOYOOTIKEG TPOCOUOIMCELS Ylo. Vo €£00QOMOTEL 1 OKPPNG
EVOOUATOON TOV TOPAUETPOV TNG TNYNS, TNS OWOPOUNG KOl TOL €04(OVS. XTn GLVEYELD,
KOTAGKEVAGTNKOV TEGGEPA GEVAPLO GEIGUMV Y10 TNV ASI0AGYNON TOV LOVIEAOTOMUEVOV TYLDV
PGA, PGV «a1 Sa. Ta cevépia avtd teptlapupovoy toug oelopnots e Ataidving pe péyedog 7.0,
TV Alkvovidwv pe péyebog 6.4 kot e ONPag pe péyebog 6.0, KabMOG Kot To akpaio cevaplo
TOVTOYPOVNG €vepyomoinong towv pnypdtov KoiiBéog - MavpoBouvviov. Avaivovioag ta
OTOTEAEGLOTO TTOV TPOEKLYOV UECH TNG TOAVOAOYIKNG TPOGEYYIoNS, Tapotnpnonke 01l 10
KEVIPIKO Kot 10 Popeto tunqua g Bowwtiag kaidmtovtal and v tiun PGA mov mpoteivel o
wyvov EAMvikdg Avticeiopkog Kavoviopog, eved ot TyéG mov vIoAoyioTnkay yio 10 vOTIo
Tunpo vepPaivovv tov Kavoviopd avtdv. H OnPa mapovcioce vynidtepo eninedo GEIGUIKNG
emkvouvotrtag omd 1 APadeld oe OAeg TIG TEPLOOOVG EMAVAANYNG Kol emiong emédeite
VYNAOTEPEC TIHEG Sa 6e OAES TIG CLYVOTNTEC. ZYETIKA [LE TN OEVTEPT TPOGEYYION, LOVO TO GEVAPLO
TOV GEIGUOV TOV AAKVOVIO®V TPOCOUOIMGE EGUPIKES KIVIIGELS TOV GUUPOVOVV LLE TOV KOVOVIGUO.
O oceopdg ™G AToAdving amotehel peyaAlutepn omedy yio ™ APadeidl, EVO 1 TPOGOUOIMUET
dppnén g evepyov Lovng pe péyebog 6.3 (KariBéa — Mavpofodvi) amotelel onpovtikng
ameAn yio ) OnPa.




Abstract

The study area under investigation is Boeotia, located in Central Greece. This region is of
considerable seismotectonic significance, as it lies between two active tectonic rifts: the Gulf of
Corinth to the south and the Euboekos Gulf to the north. This setting has resulted in notable seismic
events, both close and within Boeotia. Among the most well-known earthquakes from the
historical era (pre-1900) is the Atalanti event of magnitude 7.0, which occurred on 27/04/1894,
with its epicenter estimated to be north of Boeotia. Another significant seismic event of estimated
magnitude 6.0 took place in the main town of Boeotia, Thiva, in 1914. Furthermore, the events of
24/02/1981, 25/02/1981 and 04/03/1981 with magnitudes Mw = 6.7, 6.4 and 6.4, respectively, are
located close to the southern borders of Boeotia. Recently, four moderate events with magnitudes
greater than 4.0 occurred close to Thiva: on 02/12/2020 (Mw = 4.6), 11/07/2021, 20/07/2021 (both
Mw = 4.2) and 02/09/2021 (Mw = 4.1). It is imperative to conduct an up-to-date seismic hazard
assessment for the Boeotia area, with the aim of reducing epistemic uncertainties. The assessment
focused on quantifying the maximum anticipated ground motions through the computation of Peak
Ground Acceleration (PGA), Peak Ground Velocity (PGV), and Spectral acceleration values (Sa).
The Sa values were determined exclusively for the two major towns in Boeotia, Livadia and Thiva.
Two methodologies were employed for the seismic hazard assessment: the classical semi-
probabilistic approach and the scenario-based finite fault stochastic ground motion simulation. In
the first approach, three seismotectonic models in the form of area sources were utilized, along
with an updated earthquake catalogue. Multiple Ground Motion Prediction Equations (GMPES)
were applied to account for the main types of fault plane solutions based on their relative
percentages. The results were derived through a logic tree approach and were visualized in the
form of maps for PGA and PGV, considering return periods of 475 and 950 years, PGA-hazard
curves for Livadia and Thiva, and Uniform Hazard Spectra (in terms of Sa) for Livadia and Thiva.
Regarding the second approach, a calibration procedure was conducted prior to the stochastic
simulations to ensure accurate incorporation of the source, path, and site parameters. Four
earthquake scenarios were constructed to evaluate the modeled PGA, PGV, and Sa values. These
scenarios included the 1894 Atalanti event with magnitude 7.0, the 1981 Alkyonides earthquake
with magnitude 6.4, a simulation of an active zone rupture yielding an earthquake with magnitude
6.3, and the 1914 Thiva event with magnitude 6.0. Analyzing the results obtained via the
probabilistic approach, it was observed that the central and northern portions of Boeotia generally
comply with the PGA value proposed by the Greek Building Code, whereas the southern portion
exceeds this value. Thiva exhibited higher levels of seismic hazard than Livadia across all return
periods and demonstrated higher Sa values across all frequencies. Shifting focus to the second
approach, only the scenario involving the Alkyonides earthquake generated ground motions that
conform to the regulations outlined in the Greek Building Code. The Atalanti event posed a greater
threat to Livadia, while the simulated rupture of the active zone of Kallithea — Mavrovouni with
magnitude 6.3 poses a significant threat to Thiva.




1 Introduction

The study area of the present MSc thesis is Boeotia, a region located in Central Greece (Figure 1),
with a total population of 106,107 (ELSTAT, 2021). The capital town, Livadia, hosts 27,379
residents (ELSTAT, 2021). Boeotia holds significant importance in the seismotectonic field due
to its proximity to two active gulfs: the Gulf of Corinth (GoC), situated along its southern border,
and the Euboeokos Gulf, located to the north (Figure 1). The region's active tectonic background
is responsible for significant earthquake events. One of the notable earthquake sequences that
occurred in the vicinity of the study area is the destructive 1981 Alkionides earthquake sequence,
with the mainshock (24/02/1981) having a magnitude of Mw = 6.7. Two major events, both with
Mw = 6.4 occurred on 25/02/1981 and on 04/03/1981. Another noteworthy seismic event in the
region is the historical Atalanti earthquake of 27/03/1894, with an estimated magnitude of M =
7.0. Another important earthquake is the one that occurred in 1914 in Thiva, a main town within
Boeotia with a population of 32,410 residents, which had significant implications to the area.
Recently, a sequence was initiated during the end of November 2020, with small magnitude
earthquakes located near Kallithea village. On 02/12/2020 a Mw = 4.6 earthquake was located
near Kallithea and the aftershocks lasted until January 2021. An event of Mw = 4.2 struck a few
km to the west of Kallithea, close to Thiva on 11/07/2021, followed by an occurrence of similar
magnitude earthquake on 20/07/2021 in the same area. Another earthquake of magnitude Mw >
4.0 was recorded in the same epicentral area on 02/09/2021. These instances serve as compelling
evidence of the area's susceptibility to significant earthquake occurrences, underscoring the
seismic potential within Boeotia.

Figure I: The broader study area. Boeotia’s borderline is marked as thick black line.

Angelos Zymvragakis, Athens 2023



The primary objective of this thesis is to present an up-to-date seismic hazard model for Boeotia,
with reduced epistemic uncertainties focusing on estimating key parameters, such as Peak Ground
Acceleration (PGA), Peak Ground Velocity (PGV), and Spectral acceleration (Sa) values. Seismic
hazard was conducted utilizing two methodologies: Probabilistic Seismic Hazard Assessment
(PSHA) and scenario-based finite-fault stochastic ground motion simulation. In the context of
PSHA, three seismotectonic models in the form of area sources were incorporated into the
computational process to account for inherent variability. This crucial step aimed to mitigate
epistemic uncertainties associated with the analysis. Additionally, numerous Ground Motion
Prediction Equations (GMPEs) derived from Greek seismological data were employed within the
computational framework. Overall, two software packages were utilized for PSHA, and their
differences are also highlighted. The second approach entailed the inclusion of specific fault
ruptures that could potentially pose a threat to Boeotia. These candidate faults underwent a
selection process, considering factors, such as well-documented tectonic characteristics and past
strong earthquakes. Furthermore, site effects were incorporated by considering the site
classification for each grid point within the Boeotia region.

The spatial distribution of PGA and PGV values in Boeotia was obtained for return periods of 475
and 950 years. Furthermore, hazard curves were generated to illustrate PGA values among multiple
return periods specifically for the locations of Livadia and Thiva. Lastly, elastic response spectra
were constructed to depict Sa values for Livadia and Thiva. Focusing on PGA values for a return
period of 475 years, it was observed that northern Boeotia adheres to the regulations specified in
the Greek Building Code. Regarding the outcomes derived from the finite-fault stochastic ground
motion simulation, it was determined that among the past earthquake scenarios, the seismic event
that occurred near Thiva in 1914 generated the highest PGA values in Boeotia. The findings serve
as a foundation for future research endeavors, enabling the evaluation of seismic risk in the region.

1.1 Ground deformation in Boeotia

Ground deformation can be caused by tectonic plate motions, volcanic eruptions or by earthquake
occurrences. This type of deformation can be measured through the utilization of Global
Navigation Satellite System (GNSS) stations or/and Synthetic Aperture Radar Interferometry
(INSAR). GNSS can provide information about the three — dimensional ground deformation at a
single point, which is the installed station. On the other hand, INSAR provides spatiotemporal
information concerning the ground deformation by studying SAR acquisitions (satellite images)
during two satellite paths (ascending and descending) in the same area but in different time.

The prefecture of Boeotia has a proximity to two active tectonic rifts, the GoC to the south and the
Euboekos Gulf to the north (Figure I). The Gulf of Corinth is considered as one of the most active
tectonic rifts worldwide (Rigo et al., 1996; Papadimitriou et al., 1999; Kaviris et al., 2017, 2021).
A plethora of studies concerning the ground deformation of the GoC have been published, as the
work of Avallone et al., 2004; Bernard et al., 2006 and Elias and Briole, 2018. Such studies have
been conducted in the Euboekos Gulf as well (Ganas et al., 2016; Valkanou et al., 2021). Given
that there is no published work concerning only the ground deformation in Boeotia, the latter will
be examined through the use of Greek kinematic models. Various velocity fields have been
proposed for Greece and the neighboring regions (Kreemer and Chamot-Rooke, 2004; Nyst and
Thatcher, 2004; Hollenstein et al., 2006; Chousianitis et al., 2013, 2015; Briole et al., 2021). In
this thesis, the 10 crustal kinematic blocks proposed by Briole et al. (2021) will be adopted, as the
authors exploited data only on permanent stations.
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Briole et al. (2021) analyzed velocity data from 282 Greek and 47 in other countries GNSS stations
for the period 2000 — 2020. However, there was a significant increase in data during the period
2010 — 2020 due to more GPS station installations. Briole et al. (2021) removed the effect of
earthquake occurrence in the data. Specifically, all events with Mw > 5.3 and focal depth <40 km
were removed. The earthquake catalogue that was utilized in that study was the European
Mediterranean Seismological Centre (EMSC, https://www.emsc-csem.org) catalogue. The
uncertainties were evaluated by taking into account the velocity scattering in neighboring GNSS
stations (distance smaller than 15 km). The results of the 329 GNSS (Greek and abroad) stations
were adopted by Briole et al. (2021) and visualized through mean annual velocity vectors. The
direction of the vectors is derived with respect to a stable European tectonic plate (Figure 1.1). The
velocity within Boeotia is estimated 30 mm/yr in a SW direction. The velocity vectors inside the
broader study area are among those with the highest magnitude (Figure 1.1), meaning that Boeotia
is an area with intense ground deformation. The latter is reasonable concerning the continuous
internal processes that exist in the broader region, i.e., the slab pull of Tethys oceanic plate
(McKenzie, 1978; Doutsos et al., 1988; Jolivet et al., 1994) and the push concerning the North
Anatolian Fault (Armijo et al., 1996, 1999).
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Figure 1.1: The annual mean velocity vectors that are derived from 329 GNSS stations are depicted with reference to the stable
European plate. The blue dotted line represents the trace of the North Anatolian Fault. The red dot depicts the pole of rotation of
Anatolia — Eurasia (modified by Briole et al., 2021).

In a next step, Briole et al. (2021) defined 10 crustal kinematic blocks where the velocity values,
obtained from permanent GNSS stations within each block, have small variations. The boundaries
of the blocks represent known ground deformation zones in most cases (letters in Figure 1.2). In
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this thesis the coordinates of the barycenter of each block, the mean horizontal velocity value for
both the N-S and E-W directions and the rates of rotation in respect to the Eurasian tectonic plate
will be utilized (Table 1.1).

Boeotia is located within the Central Greece kinematic block, which is bordered to the south by
the Central Aegean block, to the northwest by the Pindos block and to the northeast by the Northern
Aegean block. All mentioned block’s parameters are depicted in Table 1.1. Among the three blocks
the most stable is the Central Aegean block. All blocks have a SW direction of rotation with respect
to the Eurasian plate and the corresponding velocity values are depicted in Table 1.1. The relative
movement between the barycenters’ of Central Greece and Central Aegean kinematic blocks is
equal to 10 mm/yr.

Figure 1.2: The crustal kinematic blocks of the broader study area, proposed by Briole et al. (2021) with hollow red polygons. The
name of each polygon is written as a text. The black pin corresponds to the barycenter of the Central Greece block. The border
depicted via a black line corresponds to the prefecture of Boeotia. The letters u, m and d represent known deformation zones (Briole
et al., 2021). Specifically, u: the entrance of the Northern Euboekos Gulf to the NW and S of the Pindos block, d: Eastern Gulf of
Corinth and m: through the Southern Euboekos Gulf with termination at the Eastern Gulf of Corinth close to the Kaparelli active
fault (black dotted line within Boeotia).

Crustal kinematic block LON (°) LAT (°) Ve (mml/yr) Vn(mm/yr) Q (°/Ma)

Central Greece 22.628 38477 117 -2.4 4.0
Central Aegean 23.994 37414 8.1 -11.5 0.2
Pindos 21.874  39.602 20.1 7.1 2.6
Northern Aegean 25.718 38.943 117 -2.4 4.0

Table 1.1: The parameters that characterize each crustal kinematic block. LON and LAT stand for longitude and latitude,
respectively, of the barycenter of each block. Ve and Vn is the mean horizontal velocity in the N-S and the E-W component. The Q
parameter is the rate of rotation in respect to the Eurasian tectonic plate (values by Briole et al., 2021).
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1.2 Active tectonics of broader Boeotia area

The first step to initiate a seismic hazard study is to comprehend the active tectonics in the area
under investigation. The Greek territory is world-widely known about its active tectonics that
characterize the country as a “geological museum” for geoscientists to visit across the globe. In
order to evaluate seismic hazard for the prefecture of Boeotia, it is required to know the seismicity
and the active tectonic structures that have an impact on the study area. Even though the area of
research is the prefecture of Boeotia, the active faults that will be examined will not be limited
within Boeotia. The latter is justified as ground motions in terms of ground acceleration and
velocity can be substantial even if the hypocenter of the earthquake is located outside, but not far
from, Boeotia.

In general, Boeotia is not characterized by as many active faults as its adjacent areas, which are
the Gulf of Corinth and the Euboekos Gulf. On the other hand, the Gulf of Corinth, as can be
clearly seen in Figure 1.3, hosts a plethora of active tectonic structures. The faults in the study area
have a general E-W direction. Obviously, there are deviations from this general strike, as faults
with a NE-SW direction have been mapped on the southwestern coast of Boeotia (Figure 1.3),
such as Antikira, EAN 2, Velanidia 1, Aspra Spitia and Kirfis faults (Ganas, 2022). The
predominant type of faulting in the study area is normal, which is reasonable due to the active rifts
of the Gulf of Corinth and of the Euboekos Gulf that surround Boeotia.

The goal is to select faults that were related with the occurrence of significant earthquakes in the
broader Boeotia region. These faults will most likely be selected for the development of seismic
scenarios regarding the scenario-based seismic hazard assessment. The selection criteria of the
faults that are analyzed were: a) to be associated with at least one M > 4.5 event and b) to
azimuthally cover the study area in order to compute strong ground motions within entire Boeotia.

At this point it is important to state that there are two available digital fault databases that have
been proposed for the Greek region. The one that was released first is the Greek Database of
Seismogenic Sources (GreDaSS), proposed by Caputo and Pavlides (2013). This database contains
individual and composite seismogenic sources, as well as areas of relevance, both online
(http://gredass.unife.it) and offline, via a kml file to be inserted in Google Earth and other mapping
software. The main goal of the database was to provide useful data for each source, for instance
strike, dip, rake, maximum expected magnitude, slip rate and minimum-maximum depth. It must
be mentioned that the latest update of the database was in July 2013 (version 2.0). The second
digital database is the National Observatory of Athens Faults (NOAFaults), initially proposed by
Ganas et al. (2013). Since then, the database has been constantly updated, with the latest version
being the NOAFaults v4.0 (Ganas, 2022). The database can be viewed online via the ArcGIS
online web application (https://arcg.is/0O4Haer) or can be downloaded via a kml file, similar to the
GreDaSS database. The main difference between the two datasets is that the NOAFaults database
includes more faults and provides more information about them. For example, there is available
information on whether there was a strong earthquake that ruptured the fault, as well as field photos
etc.

Angelos Zymvragakis, Athens 2023



Figure 1.3: The faults in the broader Boeotia area (by NOAFaults v4.0, Ganas, 2022). The selected faults for further analysis are
marked in red and their names are depicted via yellow labels. The border depicted via a black line corresponds to the prefecture
of Boeotia. YL: Yliki Lake.

1.2.1 The Atalanti fault zone

The fault of Atalanti (Figure 1.4) initiates 500 m SSE of Atalanti town and ends approximately 3.5
km SE of Larymna town. It is part of the Sperchios—Chalkis Fault System and contributes to the
crustal extension accommodated in the Euboekos Gulf since 3.6 million years in the Late Pliocene—
Quaternary (Kranis and Papanikolaou, 2001; Papanikolaou and Royden, 2007). It is a normal fault
with a general direction of 120° and dipping 60° to the NE, according to the NOAFaults database
(Ganas, 2022). However, it is noted that Karastathis et al. (2007) have estimated a dip in the range
of [45°, 49°], whereas Savvaidis et al. (2012) proposed a change in the fault’s dip, from 60° (SW)
to 80° (NE). The mean slip rate has been computed by Ganas et al. (1998) equal to 0.4 mm/yr. The
total length of the fault is approximately 32 km meaning that if the entire tectonic structure
ruptured, an Mw = 6.9 earthquake would be produced according to the database proposed by Ganas
(2022). The latter is in accordance with the well-known 1894 earthquake sequence that occurred
due to the rupture of Atalantis fault. The sequence hosted two M6+ events with one week
separation. The first event of the sequence was the 20 April 1894 M = 6.7 event that was related
to a 15 km rupture. It had an important contribution to the genesis of the second earthquake on 27
April in the same year due to stress Coulomb transfer (Ganas et al., 2006). However, the maximum
expected magnitude was re—estimated using the empirical relations proposed by Papazachos
(1989); Wells and Coppersmith (1994) and Thingbaijam et al. (2017) (Table 1.2).
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Figure 1.4: The trace of Atalanti fault along the mountain front, depicted by white arrows. The field photography is facing the SW
(modified by Ganas et al., 2006).

Empirical equation Mw
Papazachos (1989) 6.6
Wells and Coppersmith (1994) 6.9
Thingbaijam et al. (2017) 6.7

Table 1.2: Maximum expected magnitude if the whole 32 km length of the Atalanti fault ruptures.

1.2.2 The Pisia fault zone

The Pisia fault (Figure 1.5) initiates 1.5 km SSW of Perachora town and ends 9 km east of Pisia
town, close to Mavrolimni. It has a total length of approximately 14 km. The maximum expected
magnitudes according to different empirical relations are depicted in the Table 1.3. It was first
mapped by Jackson et al. (1982) after the Alkyonides earthquake sequence, the major shock of
which occurred on 24/02/1981 with Mw = 6.7. The Pisia fault is a normal north—dipping tectonic
structure with a direction and dip equal to 70° and 45°, respectively (Ganas, 2022). In addition, it
has a co—seismic slip and slip rate equal to 1.2 mm and 2.3 mm/yr, respectively.

According to the work of Papazachos et al. (1984) and Hubert et al. (1996), the Pisia Fault was
activated during the occurrence of the second major aftershock of the 1981 sequence (the
25/02/1981 Mw = 6.4 event). Initially, Jackson et al. (1982) associated the 25/02/1981 event with
a longer structure, which did not fit well in the modeling done by Papazachos et al. (1984); Vita-
Finzi et al. (1985) and Hubert et al. (1996). Jackson et al. (1982) suggested that an offshore fault
produced the first major shock of the 1981 sequence (the 24/02/1981 Mw = 6.7 event). However,
it seems that the causative tectonic structure extended onshore as proposed by Abercrombie et al.
(1995), whose conclusions agree with the ones of Papazachos et al. (1984); Vita-Finzi et al. (1985)
and Hubert et al. (1996). The fault database of Caputo and Pavlides (2013) was not taken into
consideration because the Pisia fault does not exist with its exact location. Instead, the database
depicts a large seismogenic source crossing the land and sea south of the border of Boeotia (Figure
1.6). Also, the causative fault of the 24/02/1981 Mw = 6.7 event will not be analyzed in this work
due to the high uncertainties that surround the location of the tectonic structure.
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Figure 1.6: The Pisia seismogenic source (Caputo and Pavlides, 2013).

Empirical equation Mw
Papazachos (1989) 5.9
Wells and Coppersmith (1994) 6.4
Thingbaijam et al. (2017) 6.1

Table 1.3: Maximum expected magnitude if the whole 14 km length of Pisia fault ruptures.
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1.2.3 The Kaparelli fault zone

The westernmost part of the Kaparelli fault is located 2.7 km SW of Kaparelli village and
terminates 3.2 km SE of it with a total length of 5.5 km (Figure 1.7). According to Ganas, 2022,
the location reliability of the fault is precise. Concerning the kinematics of the structure, it is a
normal fault with a south dip direction (Jackson et al., 1982; Papazachos et al., 1984; Hubert et al.,
1996; Caputo and Pavlides, 2013; Ganas, 2022) striking almost E-W and dipping 50° (Ganas,
2022). The fault is associated with the second major aftershock of the 1981 Alkyonides sequence
that occurred on 04/03/1981 with Mw = 6.3 (Papazachos et al., 1984; Papazachos and Papazachou,
2003). According to Kokkalas et al. (2007), the co—seismic slip is 0.7-1.0 mm and the slip rate is
0.3 mm/yr (Ganas, 2022). Caputo and Pavlides (2013) have proposed significantly different fault
characteristics, such as length, strike and co—seismic slip, compared to the NOA faults database.
However, these data have not been updated since 2011 and some fields within the attribute table
have a “to be filled” statement in the “reference” column. Concerning the maximum expected
magnitude, both databases propose a result within the range of Mw = 6.2-6.3, however, in the
Table 1.4 the results estimated in this thesis using the empirical relations are depicted. These values
cannot be taken into account, because they are considerably smaller than the magnitude of the
earthquake that ruptured the fault.

Figure 1.7: Part of the Kaparelli fault’s trace in a closeup view (A) and a larger—scale field photography depicting the fault’s trace
with white arrows (B) (modified by Ganas, 2022).

Empirical equation M
Papazachos (1989) 51
Wells and Coppersmith (1994) 5.5

Thingbaijam et al. (2017) 5.4
Table 1.4: Maximum expected magnitude if the whole 5.5 km length of the Kaparelli fault ruptures.
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1.2.4 The Kallithea fault zone

The fault of Kallithea has a proximity to Thiva, a major town in Boeotia region in terms of
population (32,410 residents, ELSTAT, 2021), agriculture and economics. The fault has a total
length of 6 km (Elias et al., 2021; Ganas, 2022; Kaviris et al., 2022a). This tectonic structure is
considered a segment of the Kallithea and Mavrovouni fault zone that could produce an event in
the range of [6.2, 6.4] (Sboras et al., 2010; Elias et al., 2021). The Mavrouvouni fault is located
SE of the Kallithea fault. Kallithea fault is a normal neotectonic structure with a minor seismic
activity (Figure 1.8). However, it turned out to be the causative fault of the 02/12/2020 Mw = 4.6
earthquake (Elias et al., 2021; Kaviris et al., 2022a).

Elias et al. (2021) supported that the Kallithea fault was activated during the Mw = 4.6 event
occurrence through InNSAR and seismological methods. The INSAR results supported the activation
of a structure close to the Kallithea village with a strike approximately of N120°E (Figure 1.9).
The focal mechanism computed through moment tensor inversion had strike/dip/rake equal to
106°/31°/-81° (Elias et al., 2021).

In the NOA Faults database (Ganas, 2022), the location of the fault is considered precise. However,
kinematic properties were not adopted, since the corresponding fields have not been updated with
the results of Elias et al. (2021). Concerning the GreDaSS database (Caputo and Pavlides, 2013)
there is no specific location of the aforementioned fault. Lastly, the maximum expected magnitude
computed using the empirical relations is presented in Table 1.5. The largest value (Mw = 5.9) is
obtained by applying the relationship of Wells and Coppersmith (1994). However, historical data
report earthquakes of magnitude Mw > 6.0 in Thiva (Kaviris et al., 2022a). This implies that the
full seismic potential of the faults in the vicinity of Thiva has not yet been revealed.
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Figure 1.8: The Kallithea and the Mavrovouni faults. The bold black line denotes the borders of Boeotia.
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Figure 1.9: InSAR results for the 2 December Mw = 4.6 mainshock, adopted by Elias et al. (2021). The black line depicts the trace
of the Kallithea fault and the black rectangle the rupture plane. In addition, the mainshock is depicted as a star along with the
aftershocks shown as circles. The yellow polygon marks the seismological centroid (Elias et al., 2021).

Empirical equation Mw

Papazachos (1989) 5.2
Wells and Coppersmith (1994) 5.9
Thingbaijam et al. (2017) 5.5

Table 1.5: Maximum expected magnitude if the whole 6 km length of the Kallithea fault ruptures.

1.2.5 The Yliki fault zone

The Yliki fault is a structure that is located ~15 km west of the Kallithea fault. In the NOAfaults
database there are 4 different faults under the name of Yiliki (Yliki 2, 3, 4 and 5), all located south
of the Yliki lake as depicted in Figure 1.10 (Ganas, 2022). Regarding the seismicity related to the
Yliki fault zone, there was a seismic swarm that lasted from July to October 2021.

Three events with Mw > 4.0 occurred during the July—October 2021 sequence. The first was the
11/07/2021 Mw = 4.2 earthquake, the second event that occurred on 20/07/2021 had the same
magnitude and the last important earthquake was the 02/09/2021 Mw = 4.1 event. Kaviris et al.
(2022) relocated all events and interpreted the activated structures in the study area using seismic
cross—sections. However, the July—October sequence had significantly larger focal depths
compared to the December 2020 Kallithea sequence, which resulted in the absence of surface
deformation. The latter raises the level of the uncertainty when pinpointing the causative fault.
Kaviris et al. (2022) mentioned that the Yliki fault could be the activated structure that produced
the Mw > 4.0 events if it was extended to the east, as was also proposed by Sboras et al. (2010).

In this thesis, the fault proposed by Kaviris et al. (2022) will be adopted as it was updated utilizing
focal mechanisms and a relocated catalogue. The initial location of the fault was proposed by

Angelos Zymvragakis, Athens 2023



Tsodoulos et al. (2008) and the inferred burial eastern extension was added by Kaviris et al. (2022).
It has a total length of 6 km and a strike equal to 80° at the western part and 115° at the eastern
one. In addition, the fault is dipping 60° to the south. Neither Ganas (2022) nor Caputo and
Pavlides (2013) have sufficient information concerning the Yliki fault, strengthening the option to
adopt the model proposed by Kaviris et al. (2022). Given the length of the fault, the maximum
expected magnitude is estimated utilizing the aforementioned empirical relations. The results that
are depicted in Table 1.6 are identical to the ones in Table 1.5, given that both the Yliki and
Kallithea faults have the same length. However, as in the case of the Kallithea fault, the results
obtained by the implementation of the empirical relations will not be adopted because they are
lower than the maximum expected magnitude that is reported by historical records for the Thiva
town (Mw > 6.0, Kaviris et al., 2022).

23.1° 23.15° 3.2

Figure 1.10: The Yliki fault, proposed by Kaviris et al. (2022), in red and all the Yliki faults, according to NOAFaults (Ganas,
2022).

Empirical equation M
Papazachos (1989) 5.2
Wells and Coppersmith (1994) 5.9
Thingbaijam et al. (2017) 5.5

Table 1.6: Maximum expected magnitude if the whole 6 km length of the Yliki fault ruptures.

1.3 Seismicity of Boeotia

In a seismic hazard study, it is important to identify the seismicity of the investigated area because
the results in terms of ground motion can be qualitatively expected. Earthquake catalogues should
be examined in order to initiate a seismicity study. These catalogues include the spatial and
temporal parameters of earthquakes, such as the origin time, the epicentral coordinates, the focal
depth, the magnitude and, in some cases, the focal mechanism for each earthquake. The
characteristics of an earthquake catalogue depend on the goal it is intended to serve. For example,
a catalogue that also includes small magnitudes is exploited in seismotectonic studies to map active
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tectonic structures, whereas a catalogue used for seismic hazard studies will consist of earthquakes
upon a certain threshold magnitude. Finally, catalogues are classified as “historical” or
“instrumental” depending on their time span coverage. Herein, the term historical seismicity is
used for earthquakes that occurred prior to the installation of seismological stations, i.e., before
1900, while the term instrumental seismicity will refer to earthquakes taking place after 1900.

1.3.1 Historical seismicity of Boeotia

The historical seismicity data of the study area (22.297°E-24.070°E and 37.827°N-39.052°N)
were adopted from the Seismic Hazard Harmonization in Europe Earthquake Catalogue (SHEEC),
which is compiled by Stucchi et al. (2013). All magnitudes are converted in the Mw scale. The
European Prelnstrumental Earthquake CAtalogue (EPICA), proposed by Rovida et al. (2022), was
also investigated, but includes the same events and identical earthquake parameters. SHEEC
exploited macroseismic data, available in the European Archive of the Historical Earthquake Data
(AHEAD) database. These data are derived from historical records, studies and macroseismic
databases. Furthermore, the records are reliable and have been verified by the Seismology and
Earthquake Engineering Research Infrastructure Alliance for Europe (SERA). However, it is worth
noting that several earthquakes were imported from the Greek historical catalogue of Papazachos
and Papazachou (2003). Specifically, all pre-11™ century events were added from Papazachos and
Papazachou (2003) because SHEEC includes earthquakes after 1000 CE. Thus, the final catalogue
contains 53 earthquakes for the broader Boeotia (Figure 1.11) with magnitudes ranging from 5.9
to 7.0. Regarding the origin time, the oldest event occurred in 480 CE and the youngest in 1894.
Finally, in accordance with the spatial distribution of the epicentres, it is observed that the majority
of them are located in the Eastern Gulf of Corinth, mainly on its southern mainland (Figure 1.11).
On the contrary, 7 earthquakes are being hosted within Boeotia, while 2/7 events are located close
to Thiva (Figure 1.11).

Papazachos and Papazachou (2003) historical earthquake catalogues (Papazachos and Papazachou, 2003; Stucchi et al., 2013).
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1.3.1.1 The 1894 earthquake sequence

Regarding the Atalanti area, only a few earthquakes have occurred north of the city according to
the historical seismicity catalogue (Figure 1.11) and the research of Makropoulos and Kouskouna
(1994). However, a M = 7.0 earthquake took place on 27/04/1894 at 19:21 local time (Papazachos
and Papazachou, 2003). The aforementioned event was preceded by a devastating M = 6.6
foreshock that occurred on 20/04/1894 (Figure 1.12), with a temporal gap of one week between
the two earthquakes. No other significant earthquake has been recorded after the reported ones
near Atalanti, reinforcing the argument that strong earthquakes in the area have a large return
period. In the work of Papazachos and Papazachou (2003) it is stated that all magnitudes are
estimated in the Mw scale after applying macroseismic magnitude conversion according to
empirical relations. Other epicentral solutions of the two earthquakes have been proposed by
estimating different macroseismic intensities (Karnik, 1971; Shebalin et al., 1974; Ambraseys and
Jackson, 1990; Makropoulos and Kouskouna, 1994; Papazachos and Papazachou, 1997).
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Figure 1.12: The foreshock (small star) and the mainshock (big star) of April 1894. The epicenters of 5 studies for these events are
plotted (each pair indicated with different color). Every epicenter’s magnitude is labelled on the map.

Although different solutions have been proposed, the significant damage caused by the two
earthquakes is undeniable. The area of maximum macroseismic intensity includes the area between
Larymna and Atalanti (Papazachos and Papazachou, 2003). The villages of Proskinas, Malesina
and Martino suffered the greatest damage from the earthquakes, where the inhabitants felt the
ground sinking beneath their feet. In Malesina the Monastery of St. George was destroyed and in
Larymna the church of St. Nicholas collapsed. The overall consequences of the two earthquakes
were 255 casualties and the destruction of 3,783 houses in 69 settlements. Sketches have been
created after these events, representing the damage at a church and the survivors at Atalanti (Figure
1.13 A and B, respectively). The earthquake was felt in Athens according to Ambraseys and
Jackson (1990), Makropoulos and Kouskouna (1994) and Papazachos and Papazachou (2003). In
fact, Makropoulos and Kouskouna (1994) report that two earthquake tremors were felt in Athens,
the first lasting 3—4 s and the second 5-7 s. They also report that cracks were observed in some
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houses. Finally, Kouskouna et al. (2020) provide a diagram illustrating the state of preparedness
of society for the occurrence of the two earthquakes and the secondary phenomena they caused
(Figure 1.14).

Figure 1.13: The damage in the main church (A) and the survivors (B) in Atalanti (Albini and Pantosti, 2004).
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Figure 1.14: Risk communication and the secondary phenomena of the events (Kouskouna et al., 2020).

Valuable material for the earthquake sequence was provided by Skouphos (1894) and Mitsopoulos
(1895). A major drawback that has been reported is that the effects of the two earthquakes are
cumulative. In theory, Albini and Pantosti (2004) tried to resolve this issue, but the magnitudes of
the two earthquakes they estimate are considerably smaller than those of the other studies. More
specifically, they estimate magnitudes of 6.4 and 6.5 for the foreshock and the mainshock,
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respectively. The spatial distribution of the Intensity Data Points (IDPs) proposed for each event
by Albini and Pantosti (2004) are depicted in Figure 1.15.
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Figure 1.15: IDPs maps for the foreshock (A) and mainshock (B). Source: Albini and Pantosti (2004).

1.3.1.2 Historical seismicity of Thiva

The broader Thiva area is characterized by moderate seismicity. According to the reports of
Jordanus, as mentioned by Kaviris et al. (2022), there were house collapses during 1321-1323.
Considering the historical catalogue that is used in this thesis, a Mw = 6.0 earthquake took place
in 1321 (Figure 1.16), but without aftershocks. On 18/08/1853 an earthquake occurred, whose
magnitude varies according to different studies (Mw = 6.5 from Papazachos and Papazachou,
2003; Mw = 6.0 by Stucchi et al., 2013 and Mw = 6.2 by Kaviris et al., 2022) (Figure 1.16). Thiva
with a population of was destroyed by this earthquake, having at that time 4400 inhabitants. The
water supply system was interrupted for 24 hours, and the springs dried up for a few days
(Papazachos and Papazachou, 2003). The earthquake caused 11 fatalities and 6 injuries (Kaviris
et al., 2022a). Intense secondary effects were also caused, for example flooding on the beaches of
the South Euboekos Gulf, rockfalls on a mountain 18 km north of Thiva and liquefaction near
Atalanti town (Kaviris et al., 2022a). This event was followed by a strong aftershock (Mw = 6.3),
according to Papazachos and Papazachou (2003), on 02/09/1853 (Figure 1.16), due to which the
already damaged buildings collapsed. There was only 1 casualty because the already frightened
residents stayed in the open (Papazachos and Papazachou, 2003; Ambraseys, 2009; Kaviris et al.,
2022a). Thiva was rebuilt in 1860 and the houses had more space between them (Kaviris et al.,
2022a). However, the 23/05/1893 Mw = 6.2 event (Figure 1.16) destroyed 100 houses and 800
were deemed uninhabitable. Consequently, 900 out of 1200 houses ceased to be functional
(Papazachos and Papazachou, 2003; Kaviris et al., 2022a).
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Figure 1.16: Epicenters of historical earthquakes in the Thiva area, as reported by Papazachos and Papazachou (2003) (in purple),
Stucchi et al. (2013) (in green) and Kaviris et al. (2022) (in red).

1.3.2 Instrumental seismicity of Boeotia

The term “instrumental” corresponds to the installation commencement of seismological stations
in order to record earthquakes. Every information that was stated in the previous chapter was
strictly based on macroseismic data and historical reports (such as the Jordanus’ reports on the
1321 Thiva event, Kaviris et al., 2022). Instrumental earthquake catalogues initiate in 1900. In this
thesis, the catalogue proposed by Makropoulos et al. (2012) for Greece and adjacent areas is
utilized to describe the seismicity of the study area. The threshold magnitude of the Makropoulos
et al. (2012) catalogue was set to Mw = 4.1 (Ms = 4.0) in order to be exploited in seismic hazard
studies. However, there is one drawback in the original catalogue, which is the time coverage, as
it covers the period until 2009. This has an impact in both the characterization of the area’s
seismicity and the evaluation of seismic hazard. This obstacle was overcame due to the temporal
expansion of the Makropoulos et al. (2012) catalogue to account for events for the period 2010-
2019 (for details, see chapter 2).

In total 395 earthquakes are included in the catalogue for the broader Boeotia area (Figure 1.17).
Similar to the historical seismicity map (Figure 1.11), the vast majority of the events are located
at the eastern Gulf of Corinth, highlighting the seismotectonic importance of the area. More
specifically, the eastern GoC hosts ~110 out of the 395 events (~30% of the total catalogue). On
the contrary, Euboekos Gulf hosts only ~30 earthquakes (~8%). Boeotia is characterized by
intermediate seismicity, when compared to the Gulf of Corinth and the Euboekos Gulf as ~70
among the 395 events recorded within Boeotia’s borderline (Figure 1.17), covering the ~18% of
the catalogue. It must be noted that there is a lack of earthquake occurrences close to Livadia and
almost all the western part of Boeotia. The latter is crucial as ground motions in the aforementioned
parts of Boeotia tend to be lower than the remaining study area.

Angelos Zymvragakis, Athens 2023



Number of events

38.8°7

38.6°

38.2°4

38°

Magnitude (Mw)
° 40-45
O 46-50
O 51-55

O 56-60

“ﬁ(m-sﬁ

Focal Depth (km)
| BB

I 15<h=30
[ 30<h=60
B =60

Networks
I University of Athens (HA)
I National Observatory of Athens (HL)
[ University of Thessaloniki (HT)
[ University of Patras (HP)
Instrument

/\ Seismometer

| Accelerometer

Figure 1.17: Instrumental seismicity of the study area. In addition, the seismological stations that are active in 2022 are presented
with symbols according to their network and the type of instrument. Epicentres are from Makropoulos et al. (2012) extended up to

2019.

The number of earthquakes per focal depth bin is depicted in Figure 1.18a, whereas the respective
graph for the earthquake magnitude is presented in Figure 1.18b. Concerning Figure 1.18a, most
seismic events have a focal depth of about 10 km. The latter is possibly due to standard focal depth
solutions that exist because of depth uncertainties, especially during the first decades covered by
the catalogue. Continuing to Figure 1.18b, almost 1/3 of the catalogue consists of earthquakes of
magnitude 4.1. The second higher peak is observed for Mw = 4.4, whereas less than 15% of the
earthquakes of the catalogue have magnitudes Mw > 5.0.
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1.3.2.1 The 1914, 1917 Thiva earthquakes

A destructive earthquake struck Thiva on 17/10/1914 causing significant damage at the town and
the neighboring villages (Kaviris et al., 2022a). No foreshocks were reported, however, aftershocks
inflicted more damage in the already stricken area and the seismicity was migrating to the west
(Kaviris et al., 2022a). The epicenter is located SE of Thiva, at a close distance (Figure 1.19),
which is in agreement with the solution proposed by Eginitis (1916) and Goulandris (1916). It
must be noted that the mainshock did not cause any surface ground deformation, such as ground
ruptures and cracks (Eginitis, 1916; Kaviris et al., 2022a). After three years, on 23/09/1917 an
earthquake took place close to Thiva (Shebalin et al., 1974; Kaviris et al., 2022a). However, this
event is not included in the earthquake catalogue of Makropoulos et al. (2012), as it is also stated
in the work of Kaviris et al. (2022). At least 37 aftershocks occurred until the end of 1917. The
epicenter of the event is illustrated in Figure 1.20. Information regarding the earthquake’s
parameters is presented in Table 1.7.
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Figure 1.19: Spatial distribution of macroseismic intensities of the 1914 mainshock. Source: Kaviris et al. (2022a).
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Figure 1.20:The epicenter of the 1917 Thiva earthquake, according to Shebalin et al. (1974) - SHEB1974 and Kaviris et al. (2022a)
- KAV2022.

Lat Lon  Uepi D
Source Date | o o Mw IDPs
° (N) (°E) (km) (km)
Kaviris et al. (2022a) 8-9 38.306 23.388 6.7 6.0+0.1 8+1 62
1914-10-17
Makropoulos et al. (2012) — 38200 23500 - 5.9 8 -
Kaviris et al. (2022a) 1917-09-23 7-8 38.319 23317 O 4.5 2 3
Shebalin et al. (1974) 7 38.200 23500 33 4.5 4 1

Table 1.7:Macroseismic parameters for the 1914 and 1917 earthquakes adopted by Kaviris et al. (2022) and comparison with
other studies. lo: epicentral intensity, Uepi: epicentral uncertainty, D: focal depth and IDPs: number of intensity data points.

1.3.2.2 The 1981 sequence

On 24/02/1981 a strong offshore Mw = 6.7 earthquake (Jackson et al., 1982; Papazachos et al.,
1984; Papazachos and Papazachou, 2003) occurred in the eastern Gulf of Corinth at 20:53 UTC.
No foreshocks preceded the 24/02/1981 mainshock (Jackson et al., 1982; Papazachos et al., 1984).
After ~5.5 hours, on 25/02/1981 at 02:35 a strong aftershock was located offshore at the eastern
Gulf of Corinth (Jackson et al., 1982; Papazachos et al., 1984; Papazachos and Papazachou, 2003).
The second aftershock (or the mainshock of a newer sequence according to Papazachos et al.,
1984) took place on 04/03/1981 with a magnitude of Mw = 6.4 (Jackson et al., 1982) or Mw = 6.3
(Papazachos et al., 1984, Vita-Finzi et al., 1985; Hubert et al., 1996; Papazachos and Papazachou,
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2003). These three events caused 20 fatalities, 500 injuries and severe damage. The total economic
damage was estimated at 65 million dollars (Papazachos et al., 1984; Papazachos and Papazachou,
2003). Perachora, Pisia and Skinos were damaged by the ground motions produced by the 24/02
and 25/02 events (Jackson et al., 1982). In addition, residents of Skinos reported the occurrence of
a tsunami after the 24/02 event, strengthening the consideration of an offshore causative fault. It
is also reported that the last sequence before the occurrence of the 24/02 event was the one of
February—April 1980. It was a minor sequence, with the largest event having M = 4.7. However,
it caused damage to Kaparelli town (Papazachos et al., 1984).

Jackson et al. (1982) first studied the properties of the sequence. They mapped the ground ruptures
and determined the epicenters using the joint epicenter location method, proposed by Jackson and
Fitch (1979), in order to generate epicentral pattern for the estimation of the three aforementioned
earthquakes. An earthquake that occurred on 07/03/1981 with my = 5.5 was set as a reference event
by Jackson et al. (1982). That event was accurately located by temporary seismological stations
that were installed in the epicentral area after the 04/03/1981 event, therefore the results of Jackson
et al. (1982) were accurate. They also exploited teleseismic records to obtain the focal mechanism
of the three major events.

However, Papazachos et al. (1984) managed to locate the three events through the “absolute”
method. They utilized recorded waveforms from Greek and neighboring countries stations.
Papazachos et al. (1984) also located aftershocks of the two sequences (1%: 24/02/1981-
04/03/1981, 2"": 04/03/1981-12/06/1981) and estimated the a and b values of the Gutenberg-
Richter Frequency—Magnitude Distribution (FMD) (Gutenberg and Richter, 1944). The FMD
diagrams are depicted in Figure 1.21. The a and b values for the first sequence are 6.24 and 1.09,
respectively, whereas for the second sequence is 6.64 and 1.19, respectively. The seismicity map
is illustrated in Figure 1.22.
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Figure 1.21: The FMD of the two sequences (Papazachos et al., 1984).
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1.3.2.3 The 2020-2021 Thiva earthquake sequence

Thiva is an area that is characterized by moderate seismicity. However, on 02/12/2020 an Mw =
4.6 mainshock occurred ~10 km east of Thiva at 10:54:56 UTC (Elias et al., 2021; Kaviris et al.,
2022a). The aftershocks lasted until 03/01/2021 and the strongest aftershock had a magnitude of
M. = 3.3 and took place 2 hours after the mainshock. This sequence was initially investigated by
Elias et al. (2021) in terms of seismology and geodesy. Concerning the first aspect, a routine
catalogue analysis was conducted to produce a detailed earthquake catalogue by picking phase
arrivals de novo. To achieve this, Elias et al. (2021) derived waveforms from the European
Integrated Data Archive (EIDA) node at GI-NOA (Evangelidis et al., 2021). The selection of the
stations from which data were derived was based on the visibility of the arrival of P/S phases (Elias
et al., 2021). The Hypoinverse location code (Klein, 2002) was applied, and the velocity model
proposed by Kaviris et al. (2007) was adopted. However, there were restrictions regarding the
reliable computation of the focal depth due to the lack of seismological stations close to the
epicentral area (<15 km). Moreover, the stations were not distributed in a homogeneous manner
as they were concentrated in the SE part of the epicentral area (Elias et al., 2021). Regardless of
the focal depth uncertainties, both the seismological and geodetic methods proposed a shallow
seismic sequence, with the mainshock being located at ~2 km depth (Elias et al., 2021; Kaviris et
al., 2022a).

An earthquake sequence was initiated seven months after the occurrence of the 02/12/2020
mainshock west of the epicentral area, closer to Thiva. Three events with Mw > 4.0 were recorded
during the second sequence, between July—October 2021. Specifically, the first was the 01/07/2021
Mw = 4.2 earthquake, the second the 20/07/2021 Mw = 4.2 and the last one the 02/09/2021 Mw =
4.1 event. The epicenters of the events belonging to the sequence are located closer to Thiva,
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compared to the ones of the December—January sequence. This caused concern among the
residents of Thiva and the seismological community. The objective of Kaviris et al. (2022a) was
to study this sequence and to understand its triggering mechanisms. A double—difference relocation
procedure was applied to constrain a catalogue with high accuracy regarding the spatiotemporal
parameters of the events from late November 2020 to October 2021. Before conducting the
relocation procedure, location of the earthquakes of the sequence was performed using the
Hypoinverse code in order to identify subsets that would be input separately in the procedure.
Kaviris et al. (2022a) identified 12 spatiotemporal clusters. The seismicity of the second sequence
started at the western part and migrated to the east. The relocated events of both sequences are
plotted in Figure 1.23. The focal depths of the events belonging to the second sequence were
significantly deeper than those of the first. Moreover, the second sequence was not triggered by
the occurrence of the 02/12/2021 mainshock, because the combination of the event’s small
magnitude and focal depth was not sufficient to cause a stress transfer value capable of activating
the Yliki fault. (Kaviris et al., 2022a). The possible triggering mechanism is fluid pore pressure
(Kaviris et al., 2022a).
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Figure 1.23: Relocated events of the 2020-2022 Thiva earthquake sequence and local stations that were installed. Information is
gathered from the supplementary material of Kaviris et al. (2022a).
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2 Fundamental concepts of Seismic Hazard Assessment

Seismic hazard describes the natural phenomena generated by an earthquake, such as ground
movement and fault rupture. The catalyst of possible secondary phenomena (e.g., rockfalls,
liquefaction, tsunamis, fires) is ground motion (Baker, 2015). Seismic Hazard Assessment (SHA)
is an effort to quantify seismic hazard and its associated epistemic uncertainties (Wang, 2011).
This quantification process is executed by the computation of the maximum expected Intensity
Measure Level (IML) on a specific Intensity Measure Type (IMT) on a site (or sites) due to one
or all possible earthquake occurrences (Tselentis and Danciu, 2010; Pavlou et al., 2021; Kaviris et
al., 2022h, 2022c). An IMT could be Peak Ground Acceleration, Velocity (PGA, PGV) or Spectral
acceleration (Sa). If the IMT is defined as a ground motion parameter (PGA, PGV, Sa etc.), then
the IML will be computed by implementing in the calculation process one or more Ground Motion
Prediction Equations—-GMPEs. These equations, also known as Ground Motion Models (GMMs),
are empirical relations that estimate the ground motion that will occur on a site due to an
earthquake occurrence. GMPEs are created by statistical regression of multiple strong motion data
for a plethora of earthquakes (Danciu and Tselentis, 2007; Graizer and Kalkan, 2016; Mori et al.,
2020).

Seismic Hazard Assessment is often misleadingly associated with Seismic Risk Assessment
(SRA). Seismic risk was initially defined as the probability of damage on the built environment
given its exposure to a specific seismic hazard level (Cornell, 1968, 1988; Wang, 2005, 2006,
2011). The definition of seismic risk has been altered during the last years by also incorporating
economic losses and potential human casualties. In order to evaluate seismic risk in a specific
region, seismic hazard must be initially assessed, meaning that SHA is an input to SRA. Moreover,
seismic hazard cannot be altered as it depends only on the seismotectonics of each case study,
contradicted to seismic risk, which can be mitigated by reducing structural vulnerability (Tolis,
2014).

There are two general methodologies to perform SHA, i.e., the first is Probabilistic Seismic Hazard
Assessment (PSHA) and the second is Scenario—Based Seismic Hazard Assessment (Kameda,
1994; Abd el-aal et al., 2015; Kauviris et al., 2022b). PSHA was introduced by Cornell (1968) and
modified by McGuire (1976). In this technique, a seismotectonic model is applied to describe all
possible seismic sources. Such models are available in many types depending on the knowledge
of the active faults in an area. If the characteristics of all active faults are well known, then the
seismotectonic model is represented by the active faults themselves. However, this is a rare case
and most often the area sources are utilized. Area sources are polygons that define areas with
similar seismotectonic characteristics. IML is computed by considering all possible earthquake
scenarios (all possible combinations of magnitudes and distances) for a specific Return Period
(RP), i.e., Probability of Exceedance (PoE)-P for T years. RP is computed via the equation (2.1):

T

RP = @ = Pob) (2.1)

If POE is 10% and T is 50 yr then the equation (2.1) is rewritten as:

50 50

RP = =00~ "9

~475 yr (2.2)
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A return period of 475 yr is utilized in the vast majority of National Building Codes in Europe
(Kaviris et al., 2022D). If PoE is 10% and T is 100 yr then the RP is approximately 950 yr, doubling
the previous RP. The latter is applicable for the construction of buildings of high importance, such
as medical centers, because the IML is significantly increased.

In the second methodology, individual earthquake scenarios are created, and synthetic waveforms
are simulated for one or many sites. The selection of the candidate earthquake scenario is a
sophisticated task. The candidate earthquake can be referred to as the “maximum credible”
earthquake scenario, which is not the worst—case but the worst realistic earthquake scenario. The
maximum credible earthquake is considered as the most severe earthquake at a point of interest,
taking into account both tectonic and seismological evidence. This methodology computes IML
for a given site without the time framework that PSHA has.

2.1 Probabilistic Seismic Hazard Assessment

This technique allows the computation of ground motions for all possible earthquake occurrences.
Therefore, the uncertainty behind the selection of the “maximum credible” earthquake scenario is
diminished. All possible ground motions are computed alongside their probability of occurrence.
The final IML is the one that corresponds to the desired annual exceedance rate (Baker, 2015;
Baker et al., 2021). PSHA is composed of five steps (McGuire, 1976; Tselentis and Danciu, 2010;
Baker, 2015; Baker et al., 2021):
1. the creation or input of a seismotectonic model to identify all seismic sources that produce
ground motions,
2. the characterization of the earthquake magnitude distribution for all sources,
3. the characterization of the source-to site distance distribution for all sources,
4. the characterization of the resulting ground motion distribution for all sources and for all
possible combinations of magnitudes and distances and
5. addressing epistemic uncertainties for a more realistic IML distribution with their
associated exceedance rates.

Following the completion of these steps, the desired IML will be the one that matches the desired
annual exceedance rate. Concerning the first step, the type of the seismotectonic model varies
depending on the knowledge of the characteristics of the active faults. In most cases, area sources
are adopted (or created) to characterize the seismotectonics of the study area by defining regions
of similar seismotectonic characteristics (Figure 2.1).

Following the selection of the seismotectonic model, the distribution of the earthquake magnitude
needs to be assessed. Gutenberg and Richter (1944) proposed the following equation to describe
this distribution:

logN(M) = a, — bM (2.3)

where N(M) is the number of earthquakes that have a magnitude larger than or equal to M, while
a: and b are constants that are typically computed through statistical analysis. The first constant
(ar) describes the overall rate of earthquakes in a region, subsequently its seismicity, whereas the
second constant (b) indicates the relative ratio between small and high magnitudes, which is
approximately 1 for most cases of background seismicity. Equation (2.3) depends on the time span
of the earthquake catalogue, meaning that the equation can be converted to be temporally
independent, referring to one year (equation, 2.4):

logAyy = a — bM (2.4)
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Figure 2.1: The Euro—Mediterranean Seismic Hazard Model 2013 (ESHM13) proposed by Woessner et al. (2015).

where Am is the annual rate of magnitudes greater than or equal to magnitude M and a = a—logt,
where t is the catalogue’s duration (in years). Equation (2.4) is exploited to compute the
Cumulative Distribution Function (CDF), as described in equation (2.5), of magnitudes higher than
a threshold value—mmin which is commonly associated with the magnitude of completeness, Mc.

—_ }‘m 103—bmmin _ 10a—bm

Am. .
FM(m) = P(M < mlM > mmin) = —min 10a—-bmmin (25)

}\mmin
=1-— 10—b(m_mmin)’ m > Mypin

where Fm(m) is the CDF of a random magnitude M and P(M < m|M > my,;,,) is the probability
that this random magnitude has a value lower than m and higher than the threshold—mmin. The
Probability Density Function (PDF) is computed by the first—order derivative function of the CDF:

d d
fy(m) = —Fy(m) = —[1 — 107°M~Mmin)] = bIn(10)10~ LM ~Mmin)
dm dm 2.6)
= Blo_b(m_mmin)' m > My,

where B = bIn(10). The distribution of the distances is also characterized by the CDF of a random
distance R via equation (2.7) by considering the following circular area source model (Figure 2.2):
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Figure 2.2: A single circular area source model that is utilized to address the CDF of a random distance R. The maximum radius
of the area source is Rmax = 100 km. Figure is obtained by Baker (2015).
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where P(R < r) is the probability that this random distance has a value lower than or equal to r
and = is the mathematical constant. Similar to the preceding test, the PDF is computed by the first—
order derivative of the CDF, which is:

Fr(r) =P(R<r) = (2.7)

0<r<100

d _r
fr(r) = EFR(r) = {5000 (2.8)

0 otherwise
For the fourth step, it is essential to be provided with information regarding the selected GMPE,
which is the standard deviation (o) of the GMPE and its mean value (u). The probability that an
IML of the IMT, that is caused by an earthquake of magnitude m in distance r, is higher than a
specific value x is computed via the equation (2.9):

x — IML
P(IML > x|m,r) =1 — CD( S ) (2.9)
where IML is the mean IML computed by a selected GMPE and ®(u), where u = X_:\A—L, is the
typical normal distribution. The CDF of the latter distribution is obtained by:
©_1 (= (2.10)
PIML>xm,r=f e o du ‘
( |m, r) .~

In the final step, the probability that an IML of the IMT is higher than a specific value of x, when
taking into consideration all the possible combinations of m and r and for more than one area
source, is computed via equation (2.10):

Nsources Mmax Rmax
PAML> )= j PAML > x|m, r)fy (m)fe (r) drdm (2.11)
i=1 Mpin ~0
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However, in the above equation there is no information regarding the earthquake occurrence rates.
To incorporate this, the annual rate of exceeding the threshold magnitude for a specific area source
(Mmmin) is added in the following equation:

Nsources

Mmax [ Rmax

A(IML > x) = z A(mmin)f f P(IML > x|m, r)fy(m)fg(r) drdm  (2.12)
i=1 Mpin 0

where A(IML > x) is the annual rate of IM > x (the annual rate of exceedance). Equation (2.11) is

not in a form to be inserted in a software environment because of the two integrals. To overcome

this obstacle, the discretization of the integrals is overtaken in equation (2.13):

Nsources ny nR
A(IML > x) = Z A(Mpin) Z Z P(IML > x|mj, r )P(M; = mj)P(R; = 1)) (2.13)
i=1 j=1 k=1

It must be noted that there is no information regarding the return period in equation (2.13), which
is thought—provoking, given that most of the studies provide PGA maps for a return period of 475
yr. The question that arises is how the IML is computed for a given return period. In the above
equation, the specific values of x could be infinite, meaning that the annual exceedance rates are
also infinite. Let us consider that the IMT is PGA and that the values are in cm/s?. If one plotted
all possible pairs of A(PGA > x) and X, then the PGA seismic hazard curve would be constructed
(Figure 2.3). In order to estimate the PGA value that corresponds to a desired return period (for
example 475 or 950 yr), the annual exceedance rate that matches that return period must be
identified. After that, the final PGA value would be the x-axis value that corresponds to that annual
exceedance rate (Figure 2.3).
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Figure 2.3: A seismic hazard curve for a random site. The refence axes correspond to return periods of 475 and 950 yr (red and
blue axis, respectively).
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2.2 Scenario—Based Seismic Hazard Assessment

A Scenario—Based Seismic Hazard Assessment is usually performed either by deterministic or
stochastic modelling (or both). The output of a deterministic model is fully determined by the
parameters and the initial conditions that are defined by the user. Stochastic models possess some
inherent randomness, and the initial conditions will lead to an ensemble of different outputs
(Byrne, 2013). In terms of SHA, the results of the IML will never be identical per run in stochastic
modeling contradicted to deterministic modeling (Byrne, 2013). In the context of Scenario—Based
Seismic Hazard Assessment, stochastic modeling is critical in the computation of the IML. To
justify the preceding, the description of an earthquake rupture is essential. When the slip on a fault
plane accelerates on a specific patch, then an earthquake is nucleated, and seismic waves of a wide
frequency band are generated as the rupture propagates. There is a likelihood that these waves are
refracted or reflected (or both) when travelling towards the surface, resulting in the scattering of
seismic waves (Gibowicz and Kijko, 1994). Stress variations, seismic wave geometrical spreading
and the heterogeneity of the upper crust are strengthening the selection of the stochastic modelling
to import the uncertainty and randomness, especially when dealing with high frequency ground
motions (Boore, 2003; Bonatis, 2020; Sabetta et al., 2021).

2.2.1 Finite fault stochastic ground motion modeling

Strong ground motions are initiated when seismic waves reach the surface. These ground motions—
u(t)—are recorded by a sensor (seismometer or accelerometer) and can be expressed as the
convolution of the seismic source—s(t)—, the wave propagation path—p(t)-, the local site effect—
g(t)—and the instrument response—i(t)— (equation 2.14). However, multiplication is the equivalent
of convolution when transforming the time domain to the frequency one, using the Fourier
transform function. Therefore, the equation (2.14) can be rewritten as equation (2.15).

u(t) = s(t) *p(e) * g(0) * i(t) (2.14)

u(f) = s(f) xp(f) x i(f) (2.15)

All parameters, except for the instrument response, need to be addressed. Briefly, seismic source
is parametrized by providing the fault dimensions, the seismic moment, the nucleation point and
the slip distribution. Concerning the propagation path characteristics, the geometrical spreading
needs to be addressed. Last, the local site effects are parametrized by providing parameters
regarding the shallow sedimentary layers that affect the amplitude of the seismic wave.

Stochastic simulations of ground motions emerge from the idea that ground movement, especially
during the arrival of S—waves and in proximity to the ruptured plane, is random in nature (Hanks,
1979; Hanks and McGuire, 1981). Since this randomness exist, then strong ground motions can be
simulated by Gaussian white noise signal, in a band between the corner frequency and the
frequency at which the logarithm of the Fourier amplitude spectra starts to decay for increasing
frequencies (fe—fmax). In this way, the acceleration transient time series can be obtained by fixing
the spectral amplitude and then generating an array of phases, which are random numbers that are
uniformly distributed between 0 and 2z. This was initially modelled by Boore (1983), who later
introduced the Stochastic-Method SIMulation (SMSIM) computer code (Boore, 2003). According
to Boore (2003), the aforementioned procedure could be described in 6 steps (Figure 2.4). In the
first step, the Gaussian white noise signal is generated, whose mean value is equal to zero. Before
explaining the second step, the window function must be defined. A window function in signal
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processing is a mathematical function that is used to analyze or process a finite length section of a
signal by modifying its shape in the time domain (Prabhu, 2014). The second step is to multiply
the noise signal by a window function of specified duration, such as the Saragoni—Hart window
(Saragoni and Hart, 1973) to obtain a shape that is representative of a damped oscillation.
Regarding the third step, this signal is transformed to the frequency domain and is normalized for
the Root Mean Square (RMS) spectrum to be equivalent to unity (fourth step). In the fifth step a
theoretical point—source deterministic ground motion signal is multiplied by the RMS spectrum to
obtain a ground motion that has the randomness of the white noise signal. In the final step the
signal is transformed to the time domain to obtain the stochastic acceleration time series (Boore,
2003). The theoretical point—source deterministic acceleration spectrum, A(f), is computed by:

R
CM, (2mtf)? e QB

ACH = o( 2 Jnr (2.16)
1+ (f) R

FV
where C = K% prETN
(usually is equal to 2 if the site is not within a borehole), V is the partition of total S—wave energy
into the two horizontal components (which is equal to 0.71 for small site—source distances), R is
the hypocentral distance, k describes the local site characteristics, Q is connected to the anelastic
attenuation, Mo is the moment magnitude in dyn cm and j is the S—wave propagation velocity. The
corner frequency is computed by:

in which K% is the radiation pattern, F is the free surface amplification

1
f. = 4.9 X 106 x B (%)3 (2.17)
0

where Ac is the stress drop (in bars). Boore (2009) upgraded the algorithm to take into
consideration fault ruptures. He developed the EXSIM code, which was successfully validated by
Atkinson and Assatourians (2014). It is often mentioned as the Finite—Fault Modelling algorithm.
Boore (2009) considered the dynamic corner frequency approach, proposed by Motazedian and
Atkinson (2005). Let us consider a ruptured fault segment which is gridded in such way that each
node represents a point source. The ground motion from the entire segment is obtained by the sum
of all ground motions due to each subsource with an assigned time delay (At;). Each subsource is
treated as a point source and, therefore, the acceleration spectrum, Ajj(f), is computed by the
equation (2.16). The corner frequency (fc) of the first subfault, which is the nearest to the initiation
of the rupture, is the same as in equation (2.17). The corner frequency of the ij®" patch (where i and
j is the position of the subfault along the fault’s length and width, respectively) is computed by
equation (2.18):

1
3

N XA
R 0

where N represents the total number of subsources, while Nr is the quantity of subsources that
have fractured when the rupture front reaches the ij®" subsource. In this way, the corner frequency
is reduced as the rupture propagates. The algorithm inserts a scaling factor (Hjj) in the computations
to overcome this obstacle and preserve the high frequency spectral content of the nodes (equation
2.19):
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Fourier amplitude (cm/s)

NiNj

A(t) = z HU X Aij(t - Atij - Tl) (219)
i,j=1

where A(t) is the acceleration time series on the site due to the whole ruptured area, Ajj(t — Atij —
Ti) is the acceleration time series for ij"" subfault, where Atj is the corresponding time—delay and
Ti is the rise time expressed as a fraction of the total duration of the signal. The scale factor in the
distributed version of the program is determined by comparing the integral of the squared subfault
velocity spectrum to the integral of the squared target (simulated event) spectrum, aiming to equate
the former with the 1/N of the latter (Boore, 2009).
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Figure 2.4: The six steps of the stochastic ground motion simulation. Figure 2.4 a represents the first step and 2.4 f the sixth step
(Boore, 2003).
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3 Probabilistic Seismic Hazard Assessment for Boeotia

To conduct a Probabilistic Seismic Hazard Assessment (or Analysis) utilizing the approach
proposed by Cornell (1968) and McGuire (1976), a plethora of data is required. First and foremost,
the implementation of an earthquake catalogue is essential for the analysis. The remaining data
can be categorized as geometrical, seismicity and attenuation data. Following that, a software must
be chosen to compute the desired results, by applying equation (2.13).

Regarding the geometrical data, seismotectonic models must be implemented, which will be used
for the computation of the seismicity data. These data are a) the magnitude of completeness (Mc),
the annual rate of Mc exceedance [A(Mc)], the a and b constants of the Gutenberg—Richter
Frequency Magnitude Distribution (FMD) and the maximum expected magnitude (Mu). The
epicenters of each area source of each seismotectonic model are extracted and treated as separate
earthquake catalogues. Therefore, the seismicity data have to be computed nsources times.
Attenuation data are addressed by implementing one or more GMPEs.

Seismic hazard is assessed by computing several IMT utilizing mostly empirical relations, leading
to non negligeable epistemic uncertainties (McGuire and Shedlock, 1981; Abrahamson and
Bommer, 2005; Musson, 2012). In addition, the lack of knowledge regarding all active faults
within the study area is a factor that leads to dissimilar versions of seismotectonic models that have
different seismotectonic interpretations. A powerful tool to address epistemic uncertainties is
through the logic tree approach (Bommer and Scherbaum, 2008; Atkinson et al., 2014; Marzocchi
et al., 2015; Kaviris et al., 2022b, 2022c). A logic tree is used to represent the various choices and
uncertainties involved in the assessment of seismic hazard. Each branch of the tree corresponds to
a model selected by the analyst and a normalized weight is assigned to reflect the confidence of
the chosen model. The hazard calculation is then performed by executing all possible branches of
the tree. Major branches typically represent different seismotectonic models. The minor branches
represent the various choices that are made within each major branch, such as different GMPEs
(Figure 3.1).

PSHA
| f ]
SEISMO SEISMO SEISMO
model #1 model #2 model #3
— GMPE #1 |[H GMPE #1 | GMPE #1
— GMPE #2 | GMPE #2 | GMPE #2
— GMPE #3 |4 GMPE #3 || GMPE #3

Figure 3.1: A template of the logic tree approach.
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3.1 Geometrical data and earthquake catalogue

Three seismotectonic models in the form of area sources are implemented in the PSHA
computational scheme in this thesis. The first model is the Euro—Mediterrenean Seismic Hazard
Model 2013 (ESHM13) that was proposed by Woessner et al. (2015) under the Seismic Hazard
Harmonization in Europe (SHARE) project. The second model is the ESHMZ20, which is the
updated version of the latter (Danciu et al., 2021). Finally, the third one is the Greek Zonation
model suggested by Vamvakaris et al. (2016), VAM16 hereafter.

The area sources of the first two models cover the whole European continent, whereas VAM16
covers all the Greek region. In order to take into account only earthquakes that may have an impact
to the ground motions in Boeotia, a 100 km distance criterion was applied in the area sources
(Kaviris et al., 2022b, 2022c). Specifically, all the adopted zones are entirely or partially within a
100 km distance from the northernmost, southernmost easternmost, and westernmost point of the
Boeotia borderline (Figure 3.2). This criterion left ESHM13 with 14 zones, ESHMZ20 with 13 and
VAM16 with 22.

In terms of seismotectonics, VAM16 describes area sources with greater detail than ESHM13 and
ESHM20, as it can be clearly seen for the case of the Gulf of Corinth (Figure 3.2). VAM16 divides
the western, central, and eastern GoC (zones 7, 8 and 9, Figure 3.2 ¢), whereas ESHM13 merges
the whole gulf (zone 11, Figure 3.2 a) and ESHM20 merges the Gulf of Corinth with the Saronic
Gulf (zone 11, ESHM20 in Figure 3.2 b). The level of detail in area sources has both advantages
and disadvantages. The obvious advantage is that seismicity will be described with higher accuracy
as this level increases, meaning that area sources of high, intermediate and low seismicity will be
easily detected, as seismotectonic criteria are more accurate. However, the major disadvantage is
that as the nsources Variable increases, less earthquakes will be located in each area source, because
obviously the initial catalogue contains a stable number of earthquakes in total. The smaller
number of hypocenters per zone will affect the uncertainty of the seismicity data computation, e.g.,
of the b-value. On the contrary, having large area sources will bring more events per zone but
seismicity data will be less related to the seismotectonics, given that area sources of high seismicity
will be merged with zones of intermediate and perhaps even low seismicity. These issues are
favoring the option to select more than one seismotectonic model, adding more major branches to
the logic tree.

The selection of the earthquake catalogue is essential for the conduction of PSHA, as seismicity
data will be computed by performing statistical analysis of each area source’s catalogue. The
computational scheme incorporates the instrumental earthquake database for Greece and the
surrounding area for the years 1900-2009, which was compiled by Makropoulos et al. (2012). This
decision was made given that this earthquake catalogue is homogeneous and that all magnitudes
have been consistently calibrated to Mw. Historical data (pre—1900 events) were not used due to
the greater uncertainty, regarding both the inferred locations and the magnitudes. The catalogue
ends in 2009, meaning that earthquakes recorded after that year are not incorporated into, providing
less data for the computation of the seismicity data. To solve this problem, the catalogue was
temporarily updated to also include events after 2009 following the exact procedure described by
Makropoulos et al. (2012). Specifically, reviewed events were adopted from the International
Seismological Centre (ISC) hosted at (http://www.isc.ac.uk/iscbulletin/search/). These
earthquakes are in the body-wave magnitude (mp) scale, allowing the conversion from my to Ms
and from Ms to Mw, as proposed by Makropoulos et al. (2012) following the equations:
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Ms = 1.37m, — 1.74 +0.27 (3.1)

Mw = 0.8786Ms + 0.582 + 0.26 (3.2)

After the update, the catalogue was enriched with the Mw > 4.0 events of the Thiva 2020-2021
earthquake sequence.

20° 21 22° 23° 24" 25° 28" 27" 28"
" s L " L M L 1 .
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Figure 3.2: The area sources selected for Boeotia (red borderline) after applying the 100 km distance criterion. In the upper left
the area sources of ESHM13 are depicted, in the upper right the sources of ESHM20 and those of VAM16 in the lower left.

3.2 Addressing the seismicity and attenuation data for Boeotia

The seismicity data are Mc, A(Mc), the a and b constants of the Gutenberg—Richter FMD and Mu.
The triplet of Mc, a and b values were computed using the MAXimum Curvature method
(MAXC), proposed by Wiemer and Wyss (2000). The MAXC method is a quick and robust way
to compute these parameters and has less uncertainties in zones that host a small number of
earthquakes (Zhou et al., 2018). To understand the MAXC method, let us create an arbitrary
magnitude histogram and plot its distribution fit as a red dashed line (Figure 3.3). In this method,
Moc is defined as the point where the curvature of the non—cumulative distribution, the red dashed
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line, is at its maximum (black solid line), subsequently, Mc = 4.1. Considering all data with
magnitudes larger than or equal to the Mc value, the constants of the Gutenberg—Richter law are
computed using the classical maximum likelihood approach proposed by Aki (1965).

Figure 3.3: Arbitrary magnitude histogram. The black solid line denotes the value in which the curvature of the histogram (red
dashed line) is at its maximum.

The annual rate of Mc exceedance, A(Mc), was computed by dividing the total number of
earthquakes that have M > Mc within each zone for the whole time span of the earthquake
catalogue (Kijko and Sellevoll, 1989, 1992; Kijko and Smit, 2012). The last seismicity parameter,
Mu, was calculated using the Robson-Whitlock—Cooke (R-W-C) procedure proposed by Robson
and Whitlock (1964) and Cooke (1979):

M, = Mpyaxops + O-S(mmaxobs - mn—l) (3-3)

where Mmaxobs IS the maximum observed magnitude within the area source and my.1 is the second
maximum observed magnitude. If my.1 is equal to mmaxons, then the result in the parenthesis is zero.

In addition, the percentages of Normal Focal Mechanisms (NFM) and Non-Normal Focal
Mechanisms (NNFM) were computed for each area source by considering the catalogue proposed
by Kapetanidis and Kassaras (2019). To distinguish among the different types of focal
mechanisms, the rake value was considered (Table 3.1). The latter provides significant aid in the
logic tree approach (see section 3.5 “Creating the logic tree”). The final computed parameters are
summarized for all area sources of all seismotectonic models (Table 3.2).

Focal mechanism Rake (°)
Normal -160 < Rake < -20
Thrust 20 < Rake <160

-20 <Rake <20 or
Strike-slip -180 < Rake <-160 or
-160 < Rake < 180

Table 3.1: The main focal mechanism types depending on the rake value.
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ESHM13
ZONE | AMc) | B [ Mu [ Mc | b | NFM (%) | NNFM (%) | Events
1 239 | 230 | 66 | 41 | 1.00 | 0.5 0.75 289
2 124 | 1.84 | 66 | 44 | 080 | 0.72 0.28 211
3 040 | 2.30 | 6.4 | 44 | 1.00 | 0.93 0.07 61
4 049 | 2.30 | 66 | 41 | 1.00 | 058 0.42 59
5 112 | 230 | 6.8 | 41 | 1.00 | 0.2 0.88 135
6 049 | 230 | 7.0 | 44 | 100 | 0.9 0.81 88
7 098 | 230 | 7.2 | 41 | 1.00 | 0.20 0.80 118
8 008 | 212 [ 56 | 43 | 092 | 0.0 0.40 14
9 031 | 2.30 | 59 | 43 | 1.00 | 040 0.60 45
10 093 | 207 | 68 | 44 | 090 | 037 0.63 166
11 350 | 1.73 | 64 | 41 | 075 | 082 0.18 423
12 079 | 219 [ 57 | 44 | 095 | 0.76 0.24 151
13 047 | 1.84 | 6.4 | 4.4 | 0.80 1.00 0.00 96
14 021 | 2.30 | 6.0 | 43 | .00 | 088 0.12 28

ESHM20
1 164 | 1.96 [ 80 | 44 | 0.85 | 059 0.41 303
2 078 | 2.35 | 66 | 44 | 1.02 | o021 0.79 152
3 131 | 2.23 | 66 | 44 | 097 | 0.73 0.27 219
4 008 | 210 [ 61 | 51| 091 | 086 0.14 26
5 148 | 2.00 | 6.8 | 41 | 0.87 | o0.27 0.73 179
6 068 | 210 | 70 | 44 | 091 | 043 0.57 113
7 102 | 228 [ 72 | 41 [ 099 | o0.27 0.73 124
8 056 | 219 | 58 | 41 | 095 | 0.1 0.89 68
9 021 | 101 | 54 | 43 | 083 | 060 0.40 31
10 051 | 249 | 58 | 41 | 1.08 | 040 0.60 62
11 368 | 219 | 64 | 41 | 095 | 082 0.18 445
12 078 | 2.37 | 57 | 44 | 1.03 | 0.76 0.24 147
13 045 | 101 | 6.4 | 44 | 0.83 1.00 0.00 93
VAM16
1 033 | 221 [ 61 ] 44096 | 050 0.50 50
2 020 | 2.35 | 65 | 4.4 | 1.02 1.00 0.00 31
3 116 | 1.98 | 6.6 | 44 | 0.86 | 0.78 0.22 192
4 046 | 2.88 | 6.0 | 43 | 125 | 064 0.36 60
5 035 | 262 | 60 | 41 | 1.14 | 0.93 0.07 43
6 009 | 253 | 55 | 46 | 1.10 | 067 0.33 38
7 176 | 2.0 | 65 | 41 | 091 | 0.83 0.16 23
8 042 | 210 | 63 | 44 | 091 | 0.89 0.12 211
9 076 | 2.10 | 65 | 44 | 091 | 085 0.15 80
10 013 | 1.87 | 59 | 4.4 | 0.81 1.00 0.00 25
11 005 | 2.46 | 5.4 | 46 | 1.07 1.00 0.00 14
12 039 | 182 [ 63 | 41 | 079 | o031 0.69 156
13 076 | 2.37 | 66 | 44 | 1.03 | 017 0.83 47
14 123 | 214 [ 60 | 41 | 093 | 0.8 0.52 127
15 050 | 2.33 | 58 | 44 | 101 | 084 0.17 147
16 025 | 228 | 69 | 44 | 099 | 067 0.33 82
17 085 | 267 | 68 | 41 | 116 | 0.1 0.89 102
18 014 | 260 | 55 | 44 | 113 | 056 0.44 25
19 030 | 2.86 | 6.4 | 43 | 124 | 0.4 0.86 53
20 033 | 2.86 | 6.0 | 43 | 124 | 040 0.60 50
21 024 | 352 | 56 | 43 | 153 | 084 0.16 29

Table 3.2: All seismicity data for each area source (see Figure 3.2 for ID—area source correspondence).
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The data presented in the last column of Table 3.2 is an indicator of the uncertainties associated
with selecting a suitable seismotectonic model. The number of earthquakes per zone varies
depending on the model chosen. The area sources of Vamvakaris et al. (2016) exhibit the lowest
event numbers, compared to those of ESHM13, 20. For instance, the 14™ area source of the
VAM16 model includes only 14 earthquakes, rendering the computation of the b—value using the
maximum likelihood method impossible. Alternatively, the least-square method was considered
to estimate the b—value in this area source. In contrast, ESHM20 has a higher number of
earthquakes per area source, indicating that the seismicity parameters were calculated using more
data. However, as the surface area of the zones increases, they may cover areas with dissimilar
seismotectonic characteristics, thus affecting the seismic parameters calculated per zone.

In this thesis, seismic hazard is assessed by computing PGA and PGV for return periods of 475
and 950 years for the entire Boeotia and Sa for the first return period for the cities of Thiva and
Livadia. Thus, GMPEs must be implemented in the computational process. The goal was to select
GMPEs that have been proposed by considering strong motion data from the Greek territory.
However, it must be highlighted that some distance types were not chosen for the PSHA of
Boeotia, such as the Joyner and Boore type of distance that requires the usage of faults, as in the
case of Akkar et al. (2014), Bindi et al. (2014) and Boore et al. (2020) models. For PGA the GMPEs
of Margaris et al. (2002), Skarlatoudis et al. (2003), Danciu and Tselentis (2007), Sakkas (2016)
and Chousianitis et al. (2018) were selected. In addition, for PGV the adopted models are the ones
proposed by Margaris et al. (2002), Danciu and Tselentis (2007), Skarlatoudis et al. (2007) and
Chousianitis et al. (2018). For Sa only the model proposed by Danciu and Tselentis (2007) is
utilized. These models account for different focal mechanism (F) and soil types (S), apart from the
model proposed by Margaris et al. (2002) that does not consider focal mechanism types.
Specifically, for the beachball variable, a value of zero (0) and one (1) is assigned to a normal and
non—-normal fault plane solution, respectively. All aforementioned models are summarized in
Error! Reference source not found. and are compared in Figure 3.4 for an arbitrary Mw = 6.0
event with a normal focal mechanism and for rock site conditions.
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Figure 3.4: Comparison of all selected GMPEs in terms of PGA for an of magnitude Mw = 6.0 that ruptured a normal fault. All
PGA values were obtained considering rock conditions.
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GMPE Authors
InPGA = 4.16 + 0.69 M — 1.24In(Rgp; + 6) + 0.12S + 0.70

- | Margaris et al. (2002)
InPGV = —1.51 4+ 1.11 M — 1.20In(Rgp; + 5) + 0.29S + 0.80
logPGA = 1.07 + 0.45M — 1.35log(Rgp; + 6) + 0.09F + 0.06 S

+ 0.286

Skarlatoudis et al. (2003)

logPGA = 0.883 + 0.458 M — 1.278 log (JREP,Z + 11.5152>

Danciu and Tselentis (2007)
+0.038S+0.116 F+ 0.27

10gPGV = —1.436 + 0.625 M — 1.152log (JREP,Z + 10.5862>
+0.026 S + 0.086 F + 0.283

logSa=a+bM—clog< /REP,2+h2>+eS+fFiG

10gPGV = —1.46 + 0.64 M — 1.29log(Rgp; + 6) + 0.02 F + 0.14 S
+0.32

Danciu and Tselentis (2007)

Skarlatoudis et al. (2007)

logPGA = 0.814 + 0.472 M — 1.319log (JREP,Z + 11.0562>
+0.047 S+ 0.097 F + 0.298

Sakkas (2016)

10gPGA = 0.787 + 0.478M — 1.092 log ( \/ Rgp;? + 10.6882

- 0.0044JREP,2 + 10.6882% + 0.096 S+ 0.146 F
+ 0.285) Chousianitis et al. (2018)

logPGV = —1.082 + 0.692 M — 1.614 log <\/REP,2 + 12.6412>

+0.137S5S+0.31S+ 0.068F + 0.306
Table 3.3: The GMPEs that were selected in this thesis. REPI indicates the epicentral distance. S and F variables account for soil
and focal mechanism type, respectively. Regarding the model proposed by Danciu and Tselentis (2007), the coefficient ““a” is an
intercept coefficient, “b”” is a magnitude coefficient, ““c” is a distance coefficient, “h”” is a fictitious depth, “e” is a soil coefficient
and “f”” is a fault mechanism coefficient.

3.3 Creating the logic tree

In this thesis, PSHA was performed by computing PGA and PGV values for return periods of 475
and 950 years for Boeotia. In addition, PGA hazard curves and Uniform Hazard Spectra (UHS) in
terms of Sa were constructed for Livadia and Thiva. The results were obtained by implementing a
complex logic tree approach (Figure 3.5). The coefficient that describes the type of focal
mechanism in all GMPEs (except for the one of Margaris et al., 2002) takes a value of 0 or 1 for
normal and strike-slip/thrust ruptures, respectively. Given that most seismic zones include more
than one focal mechanism type, the participation rate of each type was calculated for each zone of
both adopted models, resulting in weight-specific GMPEs.
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[As1][as2|[as3|[ .. |[as14] [As1|[As2|[As3 ][ .. | [as13] [As1] [As2][As3] ]
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-I MARDOOZ |—| MAR2002 |—| MARZO0Z |

SAKK2016 SAKK2016 SAKK2016 SAKK2016 SAKK2016 SAKK2016
NFM: 0.25 NFM: 0.72 NFM: 093 NFM: 0.50 NFM: 1.00 NFM: 0.73
NNFM: 0.75 NNFM: 0.28 NNFM: 0.07 NNFM: 0.50 NNFM: 0.00 NNFM: 0.27
CHOU2018 CHOUZ018 CHOU2018 CHOUZ2018 CHOUZ018 CHOUZ018 CHOUZD18 CHOU2018 CHOUZ2018 CHOUZ018 CHOU2018
NFM: 0.25 NFM:0.72 NFM: 0.93 NFM: 0.88 NFM: 059 NFM: 0.21 NFM: 0.73 NFM: 1.00 NFM: 0.50 NFM: 1.00 NFM: 0.73
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Figure 3.5: The logic tree approach that was used to compute PGA, PGV and Sa values.
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3.4 Computational software

Two computational software were used to perform PSHA. The first one is the latest version of
CRISIS, called R—CRISIS V20 (Ordaz et al., 2021). One fundamental benefit of CRISIS is the
addition of a Graphical User Interface (GUI), written in the Visual Basic programming language.
Furthermore, the new object—oriented technology, which produced an even more user—friendly
GUI over the previous versions, was the aspect that was novel in R-CRISIS V20. The latter is
critical because the user can observe dynamically the seismotectonic model, the FMD graphs and
the random ruptures per area source.

The second applied software is the OpenQuake engine (OQ-engine) that was developed in the
framework of the Global Earthquake Model (GEM) foundation by Pagani et al. (2014). The core
of the OQ-engine was developed in Python. For an open-source scientific project, Python is
released with an open—source license and has a widespread set of scientific and numerical modules
that make it an appealing environment for interactive development between scientists and
Information Technology (IT) developers.

One of the main features that differentiates the two software (apart from the fact that R—CRISIS is
GUI—-driven, whereas the OQ—-engine is not) is the way they incorporate the logic tree approach
into the computational process. R—-CRISIS treats the constructed logic tree as a separate task,
meaning that it is executed as a second run. This can be time—consuming, especially in logic trees
such as the one of Figure 3.5 that has over 200 branches. In this regard, the novelty of the OQ-
engine is its capability to process the logic tree as an integral part of a PSHA calculation. In
addition, the OQ-engine adopts the Monte Carlo (MC) sampling modelling in its executions.

3.5 PSHA results using R-CRISIS V20
3.5.1 PGA maps (return periods of 475, 950 years)

PGA values that are computed using the R—CRISIS software via the logic tree approach, depicted
in Figure 3.5, are presented in Figure 3.6. Concerning the spatial distribution of the PGA values
for a return period of 475 years, the lowest values are observed to the northern part of Boeotia,
whereas the highest values are mapped to the south, close to the Gulf of Corinth (Figure 3.6a). The
highest PGA value for a return period of 475 years (Figure 3.6a) is ~300 cm/s?, in an approximate
distance of 20 km NW from Thiva and 40 km NE from Livadia. The lowest value was computed
~160 cm/s? at the northernmost edge of Boeotia at 23.10° and 38.58°.

Continuing for the larger return period of 950 years, the spatial PGA distribution remains similar,
but the values increase, as obviously expected. The lowest value is ~200 cm/s?, ~40 cm/s? larger
than the previous return period, meaning that the low PGA values are not significantly affected
(Figure 3.6b). However, the highest value is ~400 cm/s?, indicating an increase of the order of
~100 cm/s?.
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Figure 3.6: Distribution of PGA values in Boeotia for a return period of 475 (a) and 950 (b) years. The values are computed using
the R—CRISIS software.

3.5.2 PGV maps (return periods of 475, 950 years)

The next ground motion parameter that was computed is PGV. The spatial distribution of the PGV
values for the return periods of 475 and 950 years are depicted in Figure 3.7a and b, respectively.
Regarding Figure 3.7a, the highest values are again to the south and the lowest to the north. The
larger PGV value is ~17 cm/s, whereas the smaller one is ~8 cm/s. The highest PGV value for a
return period of 950 years (Figure 3.7 b) is ~22 cm/s and the bottommaost one is 10 cm/s. The PGV
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values of the two return periods are not significantly different overall. The values for Livadia and
Thiva are shown for both return periods and both parameters in Table 3.4.
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Figure 3.7: Distribution of PGV values in Boeotia for a return period of 475 (a) and 950 (b) years. The values are computed using

the R—CRISIS software.
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Return period (yr) 475 950
Site PGA (cm/s?) | PGV (cm/s) | PGA (cm/s?) | PGV (cm/s)
Livadia 236 13.0 288 16.6
Thiva 246 14.2 302 18.0

Table 3.4: PGA and PGV values for both return periods for Livadia and Thiva. The values are computed using the R—-CRISIS

software.
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3.5.3 PGA hazard curves for Livadia and Thiva

When concentrating on one site, the PGA values for a plethora of return periods can be computed.
Consequently, the PGA hazard curves for Livadia and Thiva were constructed for a stable
occurrence time of 50 years (Figure 3.8). The town of Thiva possesses higher PGA values than
Livadia for all probabilities of occurrence. In addition, PGA values do not exceed 1 g (~1000
cm/s?) even in the lowest probabilities of exceedance, indicating that such extreme ground motions
are not likely to occur at the major towns of Boeotia.
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Figure 3.8: PGA hazard curves for Livadia (black) and Thiva (blue). The values are computed using the R—-CRISIS software.

3.7.3 Uniform Hazard Spectra for Livadia and Thiva

UHS in terms of Sa were constructed for Livadia and Thiva (Figure 3.9) following the procedure
described by the applied logic tree. Sa values were computed for the period range [0.1, 2.0] s, as
proposed by Danciu and Tselentis (2007) in the description of their GMPE for a return period of
475 years. As also in the case of the hazard curves, the UHS of Thiva presents higher values than
the one of Livadia. The peak of both curves is at the period value of 0.25 s, with the corresponding
Sa value for Thiva being 410 cm/s?, whereas for Livadia 380 cm/s2. To summarize, the town of
Thiva has higher seismic hazard than Livadia.
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Figure 3.9: UHS for Livadia (black) and Thiva (blue). The values are computed using the R—-CRISIS software.

3.6 PSHA results using the OpenQuake engine
3.6.1 PGA

PGA values were also calculated using the OQ-engine Python 3 module. The results are depicted
in Figure 3.10. Regarding the spatial distribution of the PGA values for a return period of 475
years (Figure 3.10a), the lowest values are concentrated on the northern territory of Boeotia,
whereas the highest values to the southeastern part of the study area. The highest PGA value for a
return period of 475 years is ~400 cm/s? in an approximate distance of 10 km SE from Thiva. PGA
also increases at the western part of Boeotia at a distance of ~50 km from Livadia, reaching values
of ~350 cm/s?. In addition, the lowest value was calculated 220 cm/s? to the northernmost edge of
Boeotia.

For the second return period of 950 years, the spatial distribution of PGA remains similar (Figure
3.10b). The lowest value is ~260 cm/s?, which is approximately 40 cm/s? larger than the respective
one of the previous return period of 475 years. The highest value, which is identified at the
southeastern part of the study area, is ~480 cm/s?, indicating an important increase of the order of
~100 cm/s?.
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Figure 3.10: Distribution of PGA values in Boeotia for a return period of 475 (a) and 950 (b) years. The values are computed
using the OQ-engine software.

3.6.2 PGV

Regarding PGV, the distribution pattern remains similar to the one of PGA for both return periods.
For a return period of 475 years (Figure 3.11a), the greatest PGV value is ~24 cm/s, whereas the
lowest ~10 cm/s. The largest PGV value for a return period of 950 years (Figure 3.11b) is ~30
cm/s and the bottommost one is 14 cm/s. The PGV values for the two return periods are not
significantly different, as also in the R—CRISIS case. However, the OQ-engine produced higher
values. PGA and PGV values for Livadia and Thiva are presented for both return periods in Table
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3.5. When comparing them with the results obtained by R—CRISIS, the herein obtained values are
generally higher.

PGV (RP = 475 yr)
2 cm/s

24
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18

16

PGV (RP = 950 yr)
2 cm/s

Figure 3.11: Distribution of PGV values of Boeotia for a return period of 475 (a) and 950 years (b) years. The values are computed
using the OQ-engine software.

Return period 475 950
Site PGA (cm/s?) | PGV (cm/s) | PGA (cm/s?) | PGV (cm/s)
Livadia 310 17.8 366 21.9
Thiva 362 22.2 436 26.8

Table 3.5: PGA and PGV values for both return periods for Livadia and Thiva. The values are computed using the OQ-engine

software.
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3.6.3 PGA hazard curves for Livadia and Thiva

PGA hazard curves for Livadia and Thiva were constructed for the stable occurrence time of 50
years. The town of Thiva presents higher PGA values than Livadia for the entirety of probabilities
of occurrence, meaning that has higher levels of seismic hazard (Figure 3.12). In addition, PGA
values do not exceed 1 g (~1000 cm/s?) even in the lowest probabilities of exceedance, indicating
that such extreme ground motions are not likely to occur. The seismic hazard curves obtained using
the OQ-engine resulted in higher PGA values, compared to the ones constructed with R—-CRISIS,
for all probabilities of exceedance in a stable 50 year framework.
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Figure 3.12: PGA hazard curves for Livadia (black) and Thiva (blue). The values are computed using the OQ-engine software.
3.7.3 Uniform Hazard Spectra for Livadia and Thiva

UHS in terms of Sa were also constructed for Livadia and Thiva (Figure 3.13) with the OQ-engine,
taking into account only the GMPE of Danciu and Tselentis (2007) for the same period range.
Thiva has higher Sa values than Livadia for all periods. The peak of the two curves is at the period
value of 0.25 s, as with R-CRISIS. The greatest Sa value for Thiva is 550 cm/s?, whereas for
Livadia is 480 cm/s?. To summarize, the town of Thiva has higher seismic hazard than Livadia.
Moreover, the OQ-engine computed higher Sa values than R-CRISIS, of the order of 100 cm/s?.
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Figure 3.13: UHS for Livadia (black) and Thiva (blue). The values are computed using the OQ-engine software.
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4 Stochastic Seismic Hazard Assessment for Boeotia

In order to perform physics—based seismic hazard assessment via stochastic modeling of PGA and
PGV values, the user is required to input specific data that can be classified into three groups,
namely, source, path, and site (Figure 4.1). It is essential to ensure that these parameters adequately
characterize each case study, and the best way to achieve this is by comparing modeled PGA values
to observed values from seismological stations. These stations should be located within or close to
the case study area and should be distributed properly in azimuth. In cases where there is limited
observed data availability, up to date GMPEs should be additionally utilized to enable a second
comparison, which is less reliable. It is crucial to note that the most important aspect of comparing
observed and modeled PGA or PGV values is to avoid trying to minimize the misfit only for the
stations within or close to the study area. Such an approach can lead to the creation of
amplifications in the remaining area, resulting in unrealistically high PGA values near the modeled
ruptured plane. Therefore, the user must always compare observed and modeled IML for all the
distances.

Stochastic Seismic Hazard Assessment

Source parameters Path properties Site properties
oStrike, dip sGeometric spreading
*Rupture dimensions (length, width) *Quality factor *Kappa parameter
eFault’s upper edge location and eCrustal amplification factor, *Soil amplification factors
depth (incl. crustal density, rho, and

the shear wave velocity, beta)

sEpicenter location and slip model
(optional)

eStress parameter

Figure 4.1: The required user input data for performing stochastic seismic hazard assessment.

4.1 Source parameters

Regarding the source parameters, the user is expected to provide information on the strike, dip and
the dimensions of the causative fault. In addition, the location and the depth of the upper edge must
be inserted to the input data. Regarding the hypocenter, the user must provide its location on the
causative fault in terms of along-strike and along—dip, with reference to the upper edge, as
indicated at the Figure 4.2. The last source parameter that needs to be defined is the stress
parameter.

The notion of the stress parameter is often confused with stress drop, which was initially introduced
as a means of measuring final fault slip in relation to fault dimension. Stress drop gained
prominence in earthquake source parameters following Brune (1970), who demonstrated that the
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far—field spectrum of shear waves could be explained using two source parameters: the seismic
moment and the stress drop. This enabled the measurement of stress drop from seismic signals,
and it subsequently became a crucial factor in engineering seismology after the work of Hanks and
McGuire (1981) that showed that it could be utilized to model high—frequency ground motion.
However, it has been observed that actual static stress drop values were generally lower than the
100-bar parameter used by Hanks and McGuire (1981) to match observed ground motion values
in California. Moreover, highly variable stress drop values for the same earthquake have been
reported (Atkinson and Beresnev, 1997). As a result, the value of stress drop as a descriptive source
parameter for engineering seismology is questionable, especially as it may not accurately reflect
stresses in the real earth or on the fault surface for complex ruptures.

Therefore, in the present thesis, the term "stress drop™ will not be utilized to refer to the final source
parameter. Instead, it will be substituted with the term “stress parameter”. The process for
determining the stress parameter involves a standard procedure of matching modeled with
observed values of acceleration (Atkinson and Assatourians, 2014; Raghucharan and Surendra
Nadh Somala, 2018; Bonatis, 2020; Kaviris et al., 2022b). An alternative method is to employ the
average stress parameter values that have been reported for various countries, such as the ones in
the study by Margaris and Boore (1998), who found a mean stress parameter of 56 bars for Greece.

H (km)

*

Figure 4.2: The measurements of along-strike and along—dip distances that are determined from a reference point situated at the
upper edge, marked by a triangle symbol, of the fault. The fault is represented by a black line in the map projection which is
illustrated in the lower left figure. To estimate the termination of the along-strike distance, a red line starting from the epicenter,
perpendicular to the fault line, is drawn in the map. The along—dip distance is estimated by the fraction of the focal depth, H, and
the sinus of the dip angle, 0.
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4.2 Path properties

Geometrical spreading refers to the reduction in energy density that arises as an elastic wavefront
expands. In a homogenous Earth, characterized by uniform velocity and density, the geometrical
spreading of a seismic body wave is directly proportional to the inverse of the distance between
the source and receiver (Cormier, 1990). Atkinson (2004) proposed different geometrical
spreading values for three distance intervals (<70 km, 70-130 km, and >130 km) based on the
predominant type of wave in the seismic signal. The Fourier spectral amplitudes exhibit a decay
of R, where R denotes the hypocentral distance, in the region extending up to 70 km from the
source. In the range of 70-140 km, a transition zone exists, wherein the direct waves coexist with
the ones that are generated by total reflection. The attenuation in this zone can be characterized as
R%0. Further away from the source, i.e., beyond 140 km, the attenuation follows a well-defined
pattern of R®°, which is representative of two—dimensional geometric spreading.

It is important to state that the geometrical spreading and the anelastic attenuation are
fundamentally different. The elastic energy is inevitably converted into other forms of energy that
are irreversible. Had this not been the case, a body that has been excited elastically would oscillate
indefinitely. The phenomenon of anelastic attenuation is responsible for the dissipation of elastic
energy, and its investigation is crucial for multiple reasons. In particular, since attenuation
influences wave amplitudes and shapes, it is imperative to account for its variations during the
generation of synthetic waveforms (Pujol, 2003). Anelastic attenuation is parameterized by the
quality factor, Q (Lay and Wallace, 1995). The quality factor can be expressed as a function of
frequency via the equation (4.1).

Q(f) = Qof" (4.1)

where Q, reflects the degree of heterogeneity of the medium, and the exponent n is proportional
to the seismic activity of the area under consideration (Raghukanth and Nadh Somala, 2009).
Seismically active zones are typically characterized by low Q, values and high n values, whereas
more stable regions display higher Q values coupled with lower n values (Singh et al., 2004).

4.3 Site properties

The site properties (Figure 4.1) that will be discussed in detail solely depend on the prevailing soil
conditions. Diverse soil types may be recognized via the computation of the average seismic shear—
wave velocity from the surface to a depth of 30 meters (Vs3o). Various site classification schemes
have been introduced over the years, which delineate dissimilar soil types within specific Vszo
range values. The National Earthquake Hazards Reduction Program (NEHRP) and the Eurocode
8 (EC8) are among the most widely recognized international site classification systems. Their
respective site classification schemes have been summarized in Table 4.1.

To evaluate how the seismic motion is affected by the shallower sedimentary layers, the soil
amplification factors, and the kappa parameter are used. The kappa parameter (i), which acts as
a low—pass filter, is defined by Anderson and Hough (1984) as an exponential decay that represents
the diminution factor, D(f) (Ktenidou et al., 2014). The equation that expresses this factor used in
stochastic modeling in relation to the kappa parameter is as follows:

D(f) = e™™of (4.2)
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Average shear wave velocity Vszo (m/s)
Site Class NEHRP EC8

A Vs30 > 1500 Vs30 > 800

B 760 < Vs30 <1500 360 < Vs30 <800
C 360 < Vs30 < 760 180 < Vs30 <360
D 180 < Vs30 <360 Vs30< 180

E Vs30 < 180 (soil) -

E Vs30 < 180 (soil requiring specific evaluation such _

as liquefiable soils, peat and high plasticity clay)

Table 4.1: Site classification system according to NEHRP and Eurocode 8 (EC8).

The meaning behind the kappa factor remains unclear. While some studies, such as the work of
Hanks (1982) and Atkinson (2004), argue that it is a site—specific effect connected to the quality
of the materials in the proximity of the source, others like Papageorgiou and Aki (1983) suggest
that it is linked to source processes related to the size of a minimum cohesive zone. It is also
possible that kappa may have origins from both the source and the site, as indicated by Atkinson
(1996). The present thesis aims to treat the kappa parameter as a site—specific property to enhance
the categorization of input parameters.

Multiple studies have been conducted in order to determine the kappa values applicable for large
earthquakes in Greece (Hatzidimitriou, 1993; Margaris and Boore, 1998; Klimis et al., 1999;
Ktenidou et al., 2013, 2014). Hatzidimitriou (1993) used a dataset of accelerograms recorded at
sites varying from very soft to stiff soil conditions and estimated an average k, value of 0.06. The
same average value was obtained from Margaris and Boore (1998) Margaris and Boore (1998) and
Klimis et al. (1999) also estimated ko values for different site classes, based on the range of Vszo
values (Table 4.2).

Ref. Ko Vs30 (M/S)
0.035 >760
Margaris and Boore (1998) | 0.050 | 360 < Vs30< 760
0.060 | 180 < Vs30< 360
0.044 | 360 < Vs30 <760

Klimis et al. (1999
( ) 0.066 | 180 < Vs30 <360
Table 4.2: Kappa values proposed by Margaris and Boore (2008) and Klimis et al. (1999) for different ranges of Vsso values.

The final parameters of interest are the soil amplification factors, represented in a tabular format
with two columns, consisting of a frequency range value and its corresponding amplification
factor. It is evident that different soil classifications possess distinct amplification factors (Table
4.3). The classification according to NEHRP and ECS8 is determined based on the range of Vs3o
values (Table 4.1). Margaris and Boore (1998) proposed amplification factors for site classes A—
C, while Klimis et al. (1999) revised the amplification factors for site class C and added the
amplification factors for site class D (Table 4.3).
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Site Class A Site Class B Site Class C Site Class D
Freq. (Hz) | Ampli. | Freq. (Hz) | Ampli. | Freq. (Hz) | Ampli. | Freq. (Hz) | Ampli.
0.01 1.00 0.01 1.00 0.11 1.076 0.09 1.125
0.10 1.06 0.09 1.21 0.15 1.107 0.10 1.142
0.24 1.13 0.16 1.32 0.31 1.253 0.19 1.307
0.45 1.22 0.51 1.59 0.50 1.504 0.35 1.742
0.79 1.38 0.84 1.77 0.66 1.763 0.46 1.993
1.38 1.65 1.25 1.96 1.10 2.219 0.50 2.094
1.93 1.86 2.26 2.25 1.78 2.633 1.03 3.347
2.85 2.05 3.17 2.42 2.11 2.751 1.15 3.536
4.03 2.17 6.05 2.70 2.67 2.898 1.52 3.909
6.34 2.28 16.60 3.25 3.51 3.029 1.98 4113
12.54 2.38 61.20 4.15 5.40 3.243 3.09 4.376

21.23 2.42 8.01 3.446 5.34 4.722
33.39 2.44 12.24 3.659 7.07 4.918
82.00 2.46 24.16 3.990 9.39 5.051

34.04 4121 14.87 5.195
62.50 4.306 40.50 5.461

Table 4.3:Amplification factors for different site classes. Specifically, site classes A and B were assigned amplification factors
proposed by Margaris and Boore (1998), while site classes C and D were assigned amplification factors suggested by Klimis et al.
(1999). The classification system of NEHRP was used.

4.4 Earthquakes for calibration in broader Boeotia

To ensure accurate calibration of the parameters related to path and site properties, suitable events
must meet specific criteria. First, they must have been recorded by seismological stations located
both within and outside the study area. This allows for meaningful comparison between modeled
and observed ground motions. Recorded data from locations outside the study area is particularly
important in calibrating models to accurately describe broader path parameters. If models are
calibrated solely based on data recorded within the study area, there is a risk of inaccurately
inverting parameters, leading to the generation of unrealistic results for close source distances.
Secondly, it is important that the causative faults of the events are well-known and documented.
This information is crucial in parameterizing accurate source properties. Lastly, the stress
parameter must be calibrated, mostly via a trial-and—error method. By adhering to these criteria,
the calibration process can be more accurately carried out, leading to improved results.

To identify suitable earthquakes, two freely available databases were utilized, namely the
Engineering Strong Motion (ESM) (https://esm-db.eu/#/home) and the GIS Hellenic
Accelerograms Database (GHEAD) (http://ghead.itsak.gr/map/). The ESM database provides
users with a range of tools to search, select and download ground-motion data and associated
metadata since 1969 (Luzi et al., 2016). This database is continuously being updated, with recent
earthquakes being incorporated into the existing database. The database contains waveforms that
are associated with earthquakes having a magnitude greater than or equal to 4.0, primarily recorded
in the European—Mediterranean region and the Middle East. On the other hand, the GHEAD
database comprises 1097 three—component accelerometric waveforms associated with 401
earthquakes that occurred in the broader Aegean area, also with magnitudes equal to or greater
than 4.0, covering the time period from 1973 to 2010. For post-2010 earthquakes, the European
Integrated Data Archive (EIDA) provides an online platform for users to search and acquire
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unprocessed waveform data from the Hellenic Seismic Network, which is hosted at the National
Observatory of Athens (NOA). When an earthquake has been documented in both the EIDA and
ESM databases, the latter is preferred, given that it contains processed waveform data, and the
PGA values have been assigned to all stations, irrespective of whether it is a seismograph or
accelerograph.

In order to determine the path and site properties, the simulation of three earthquakes (instead of
one) was deemed necessary due to limitation in data availability. The number of stations with
records for both earthquakes within Boeotia or at distances not exceeding 10 km is limited, thus
the use of more than one earthquake is critical to cover as many data points as possible for the
broader Boeotia region. The three selected earthquakes were the 15/06/1995 Ms = 6.2 Aigion, the
07/09/1999 Mw = 6.0 Athens and the 19/07/2019 Mw = 5.1 earthquakes (Figures 4.3, Figure 4.5
and Figure 4.7). All events have been recorded in many seismological stations. However, the
Aigion earthquake was recorded at two stations within or close to Boeotia, namely LEVA and
AMIA (Figure 4.3), the Athens 1999 earthquake was recorded at three stations, namely THVC,
THV1, and ATLA (Figure 4.5) and the Athens 2019 earthquake was recorded at one station, THV1
(Figure 4.7). Despite the limited data availability, the use of this data is preferred over relying
solely on GMPEs for comparison between simulated ground motions.

4.4.1 The 15/6/1995 Ms = 6.2 Aigion earthquake

The 15/06/1995 Ms = 6.2 Aigion earthquake caused extensive damage in the Western Gulf of
Corinth (WGoC) (Figure 4.3). This earthquake inflicted severe damage to Aigion town, which is
located on the southern coastline of the WGoC, resulting in the damage of over 2,000 structures,
the collapse of two buildings and 26 casualties (Bernard et al., 1997). In the study of Bernard et
al. (1997), data from seismology (including local, regional and teleseismic records of the
mainshock and its aftershocks), geodesy (GPS and SAR interferometry), and tectonics were used
to relocate the hypocenter of this seismic event. According to their findings, the epicenter was
located 15 km NNE from the damaged city of Aigion. The mainshock ruptured a normal fault with
low dip angle (Figure 4.3). The parameters utilized for characterizing the properties of the source,
path, and site have been derived from the recent study conducted by Kaviris et al. (2022c), except
for the stress parameter, which was re—estimated. The principal aim of their research was to
simulate seismic events in the WGoC, and the authors calibrated the path and site related
parameters by means of simulating the Aigion earthquake (Table 4.4).

In order to calibrate the necessary parameters, two graphs were created. The first graph presents a
comparison among modeled PGA values, estimated PGA values using selected GMPEs and
observed PGA values at the stations illustrated in Figure 4.3 (Figure 4.4a). The graph offers a
comprehensive overview of the modelled PGA distribution for different Joyner and Boore
distances (Rjb). The second graph (Figure 4.4b) pertains solely to the comparison of modeled and
observed PGA values. This graph serves as a valuable tool for visually assessing the degree of
deviation between modeled and observed values, as significant deviations from zero suggest a lack
of comparability between the two sets of values.
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Figure 4.3: The epicenter and the causative fault of the Aigion 1995 earthquake, according to Bernard et al. (1997). The
seismological stations that recorded the earthquake are presented. The Site Classes have been based on the EC8 classification
system (Table 4.1).

Parameter Value Reference
Strike 277° Kaviris et al. (2022¢)
Dip 33° Kaviris et al. (2022¢)
Depth of the upper edge 5 km Kaviris et al. (2022c)
Fault dimensions (Length x Width) | 15 km x 9 km Kaviris et al. (2022c)
Mw 6.5 Kaviris et al. (2022c)
Stress parameter 65 bars This study
Kappa parameter (ko) 0.044 Klimis et al. (1999)
5 e
Quality factor 100f° Hatzidimitriou (1993)
n=-1.0,R<70 km
. . n n=0.0,70 km <R <130 km Atkinson (2004)
Geometrical spreading (R n=-0.5 R > 130 km
Site amplification Adopted from Klimis et al. (1999)

Table 4.4: The parameters utilized for the stochastic ground motion modeling of the Aigion 1995 earthquake executed with the
EXSIM code.

Regarding the first graph (Figure 4.4a), it can be observed that the modeled PGA values exhibit a
good resemblance to the estimated PGA values obtained through GMPEs. Nonetheless, it is
apparent that certain seismological stations with larger Joyner and Boore distances have recorded
PGA values greater than others with smaller distances. Turning to Figure 4.4b, it can be noted that
more than half of the data points exhibit natural logarithm ratios [In(Obs. PGA/Mod. PGA)] in the
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range of [-0.5, 0.5], indicating a strong correlation between the observed and modeled PGA values
(Dang et al., 2021). Consequently, the parameters presented in Table 4.4 adequately describe the
site and path characteristics of the WGoC and the western part of Boeotia (Figure 4.3).
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Figure 4.4: (a) the comparison of PGA values obtained from: i. recordings, represented by red triangles, ii. the GMPEs of Boore
et al. (2020) and Bindi et al. (2014), indicated by lines, and iii. stochastic modeling, shown as crosses, plotted against the Joyner
and Boore distance (Rjp). (b) Distribution of the residuals among observed and simulated PGA values against Joyner and Boore
distance.

4.4.2 The 7/9/1999 Mw = 6.0 Athens earthquake

On 07/09/1999, a highly destructive earthquake, with a moment magnitude of Mw = 6.0, occurred
20 km northwest of Athens, as reported by several studies (Ganas et al., 2001; Louvari and Kiratzi,
2001; Voulgaris et al., 2001; Papadimitriou et al., 2002; Papadopoulos, 2002). Prior to this event,
Western Attica was considered of low seismic hazard. The earthquake caused severe damage to
the Greek capital, with more than 100 buildings collapsing, 143 fatalities, and an estimated cost
exceeding three billion dollars (Kouskouna and Malakatas, 2000; Papadimitriou et al., 2002;
Papadopoulos, 2002). It is, therefore, considered one of the most catastrophic earthquakes that has
occurred in Greece over the last few centuries. Papadimitriou et al. (2002) relocated the epicenter
using data from the Cornet local permanent network (Kaviris, 2003) and teleseismic recordings,
determining that the earthquake ruptured a normal fault with an approximate E-W direction. Their
fault plane solution indicated strike and dip values of 105° and 55°, respectively. In addition, they
also provided information about the length and the width of the causative fault, which is essential
for the finite fault stochastic ground motion simulation.

In a recent study by Kapetanidis et al. (2020), the aftershocks of the 1999 Athens earthquake were
relocated utilizing a custom velocity model for Attica and the double—difference technique.
Notably, the mainshock’s spatial parameters were adopted from the work of Papadimitriou et al.
(2002). Kapetanidis et al. (2020) concluded that the seismogenic fault was "blind". Based on their
findings, the Thriassio and Fili faults (Figure 4.5) were identified as potential causative faults;
however, the researchers did not definitively identify which fault was responsible for the 1999
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Athens earthquake. Nevertheless, the authors proposed a least—squares fault plane by analyzing
the relocated clusters within the sequence. The strike and dip values of this plane were similar to
those proposed by Papadimitriou et al. (2002), with a difference of only 13° in strike (118° versus
105°) and 7° in dip (48° versus 55°). The negligible variation in the dip values suggests that the
along dip distance will not be significantly affected by selecting either dip value. The only
parameter that was not documented in either study was the depth of the fault’s upper edge. To
estimate this parameter, the seismic cross—sections of Kapetanidis et al. (2020) for the 1999
sequence were employed and the value of 5 km was selected. In conclusion, the source parameters
provided by Papadimitriou et al. (2002) were adopted, and the cross—sections from Kapetanidis et
al. (2020) were utilized to estimate the burial depth of the upper edge of the theoretical causative
fault. A summary of all parameters is presented in Table 4.5.

The stress parameter value of 80 bar was selected for the finite fault stochastic ground motion
simulation. As previously explained in the calibration chapter, this process entails a trial-and—
error method that involves multiple iterations to converge on the optimal stress parameter value.
The goal of this process is to obtain the most precise predictions of ground motion. During the
calibration procedure of two (out of three) earthquakes, the stress parameter value of 80 bar yielded
the most accurate predictions of ground motion.

23.4° 23,6° 23.8° 24°

O Accelerometers

2 Seismometers
I Site Class A
I site Class B
[ site Class C

iy

Figure 4.5: The epicenter and the causative fault of the Athens 1999 earthquake, as documented by Papadimitriou et al. (2002)
and Kapetanidis et al. (2020). Notation as in Figure 4.3.

The two calibration graphs were produced similar to the Aigion 1996 case. The first graph (Figure
4.6a) demonstrates a strong correspondence between the modeled and observed PGAs. The
theoretical regression line for the observed PGA values aligns closely with the modeled data,
indicating that the geometrical spreading and anelastic attenuation parameters were accurately
modeled for the Athens earthquake. Notably, if a theoretical power regression line with a Root
Mean Square error of only 30% were plotted alongside the observed PGA data, it would closely
resemble the distribution of the modeled PGA values. In Figure 4.6 b, it can be observed that over
80% of the data points demonstrate natural logarithm ratios [In(Obs. PGA/Mod. PGA)] within the
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range of [0.0, 0.4], indicating a stronger correlation between observed and modeled PGA values
than was observed in the calibration of the Aigion event. The PGA values estimated by the two
GMPEs exhibit a highly favorable correlation with the modeled PGA values. Therefore, the
parameters presented in Table 4.5 describe the site and path characteristics of the broader area
around the epicenter of the Athens 1999 event, which encompasses the eastern part of Boeotia
located within a distance of 100 km from the Thriassio fault (Figure 4.5). As the same parameters
were used in the calibration of the Aigion event, it is justifiable to apply them to the properties
within Boeotia without excessive extrapolation.

Parameter Value Reference
Strike 105° Papadimitriou et al. (2002)
Dip 55° Papadimitriou et al. (2002)
Depth of the upper edge 5km Kapetanidis et al. (2020)
Fault dimensions (Length x Width) | 15 km x 10 km Papadimitriou et al. (2002)
Mw 6.0 Papadimitriou et al. (2002)
Stress parameter 80 bars This study
Kappa parameter (ko) 0.044 Klimis et al. (1999)
08 e
Quality factor 100f Hatzidimitriou (1993)
n=-1.0,R<70km
. . n n=0.0,70 km <R <130 km Atkinson (2004)
Geometrical spreading (R n=-0.5 R > 130 km
Site amplification Adopted from Klimis et al. (1999)

Table 4.5: The modeling parameters utilized for the stochastic ground motion modeling of the Athens 1999 event with EXSIM.
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Figure 4.6: (a) the comparison of PGA values obtained from: i. recordings, represented by red triangles, ii. the GMPEs of Boore
et al. (2020) and Bindi et al. (2014), indicated by lines, and iii. stochastic modeling, shown as crosses, plotted against the Joyner
and Boore distance (Rjb). (b) Distribution of the residuals among observed and simulated PGA values against Joyner and Boore
distance.
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4.4.3 The 19/7/2019 Mw = 5.1 Athens earthquake

Approximately two decades after the Athens 1999 earthquake, an earthquake of magnitude Mw =
5.1 occurred in the same epicentral region on 19/07/2019, resulting in substantial damage to the
western suburbs of Athens (Kouskouna et al., 2021). Kapetanidis et al. (2020) conducted a
relocation analysis of this earthquake sequence. Additionally, Kouskouna et al. (2021) performed
a relocation analysis of the 2019 event and evaluated its macroseismic intensities. The main
difference between these studies in the relocation process lies in the velocity model utilized.
Kapetanidis et al. (2020) employed a custom velocity model for Athens, while Kouskouna et al.
(2021) assessed various proposed velocity models from the literature and adopted the one that
yielded the minimum location errors. The parameters necessary to conduct finite—fault ground-
motion simulation provided by both studies are comparable (Table 4.6). However, the parameters
chosen are those suggested by Kapetanidis et al. (2020) because of the utilization of the custom
Athens velocity model. These parameters stem from the least—square fault plane (Figure 4.7),
which is assumed as the causative fault for the Athens 2019 mainshock. With regards to the width
parameter, the value proposed by Kouskouna et al. (2021) was selected as Kapetanidis et al. (2020)
did not put forward a specific value for that parameter. However, using the empirical relation of
Wells and Coppersmith (1994), a width of 4 km is projected for an Mw = 5.1 magnitude. The
adopted parameters are summarized in the Table 4.7. The stress parameter value of 80 bar was
chosen for the purpose of finite fault stochastic ground motion simulation based on two principal
reasons. First, it was deemed necessary to adopt the same value for both Athens earthquakes, which
would enable its incorporation in subsequent simulations. Additionally, the selection of this
specific stress parameter value was guided by the minimal misfit between the observed and
modeled PGA values.

. Focal

Ref strike | dip Depth of upper | Length | Width Mw | depth

edge (km) (km) | (km) (km)
Kapetanidis et al. (2020) | 113° | 55° 7 8 - 5.1 8
Kouskouna et al. (2021) | 110° | 52° 7.2 5 44 |51 8

Table 4.6: The source parameters proposed by Kapetanidis et al. (2020) and Kouskouna et al. (2021) for the 2019 Athens
earthquake.

Regarding the first calibration graph (Figure 4.8a), the implemented GMPEs estimated
significantly different PGA values. Specifically, the GMPE of Bindi et al. (2014) estimated much
lower PGA values compared to the one of Boore et al. (2021) for all Rj» distances. This deviation
among the models is obviously attributed to the smaller earthquake magnitude, as in the previous
earthquakes, the magnitude was equal to or greater than 6.0. This could suggest that either the
GMPE of Boore et al. (2021) overestimates or the GMPE of Bindi et al. (2014) underestimates the
true ground motions. However, the reality lies somewhere in the middle, as the vast majority of
the observed ground motions fall between the curves of the GMPEs. Similarly, the modeled PGA
values fall within the range of the curves. Although some high recorded PGA values exist in the
lower Rjb distances, these can be attributed to the soil amplification phenomenon. Overall, the
modeled PGA values are comparable to the observed ones. Regarding the second graph (Figure
4.8b), it can be observed that almost half of the In[(Obs. PGA/Mod. PGA)] values fall within the
range of [-0.5, 0.5], indicating a worse correlation between the observed and modeled PGA values
compared to the Athens 1999 earthquake case. This is probably related to the significance of the
amplification phenomenon. Specifically, one station, MDFB, displays a ratio reaching 1.5,
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indicating a significantly larger observed PGA value. It is worth noting that MDFB is located at a
Holy Monastery with soil of a highly incoherent nature, as verified by satellite imaging.

[ | 2019 sequence

1999 sequence
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Figure 4.7: The least-square fault planes, which arise from the relocation procedure performed by Kapetanidis et al. (2020). The
spatial distribution of the seismological stations is depicted in the lower right map.

Parameter Value Reference

Strike 113° Kapetanidis et al. (2020)
Dip 55° Kapetanidis et al. (2020)
Depth of the upper edge 7 km Kouskouna et al. (2021)

Kapetanidis et al. (2020);
Kouskouna et al. (2021)
Kapetanidis et al. (2020);

Fault dimensions (Length x Width) | 8 km x 4 km

Mw 51 Kouskouna et al. (2021)
Stress parameter 80 bars This study
Kappa parameter (ko) 0.044 Klimis et al. (1999)
5 e
Quality factor 100f° Hatzidimitriou (1993)
n=-1.0,R<70 km
n=0.0, 70 km <R <130 km Atkinson (2004)

Geometrical spreading (R n=-05 R>130 km

Site amplification Adopted from Klimis et al. (1999)

Table 4.7: The modeling parameters utilized for the stochastic ground motion modeling of the Athens 2019 event executed with the
EXSIM code.
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The results indicate that the calibration process was successful for two out of the three earthquakes
that shared similar path and site properties. The reasons for the partial success of the calibration
process for the third earthquake can be attributed to two factors. Firstly, the magnitude of this event
was significantly lower, which implies that the accuracy of the EXSIM code may be limited to
strong—magnitude earthquakes. Alternatively, it is possible that the soil conditions at the stations
could not be adequately characterized by the soil amplification factors or the kappa value.
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Figure 4.8: (a) the comparison of PGA values obtained from: i. recordings, represented by red triangles, ii. the GMPEs of Boore
et al. (2020) and Bindi et al. (2014), indicated by lines, and iii. stochastic modeling, shown as crosses, plotted against the Joyner
and Boore distance (Rjb). (b) Distribution of the residuals among observed and simulated PGA values against Joyner and Boore
distance.

4.5 Earthquake scenarios in broader Boeotia

To adequately describe site effects, the Global Vs3o Mosaic database was exploited (Allen and
Wald, 2009; Heath et al., 2020). The subsequent step involved the selection of a grid with a
resolution of 2.5 km for Boeotia. This decision was made to ensure the inclusion of as many sites
as possible to avoid interpolation of the results for the region lacking data. Additionally, it aimed
to present a smoother image of the distribution of PGA. The Vs3o values were then extracted for
each grid point and categorized according to the NEHRP site classification system (Table 4.1).
The simulations were performed separately for each site class, employing unique site amplification
factors and kappa values. Thiva and Livadia, both having a Vszo value of approximately 400 m/s,
were classified as site class C.
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Figure 4.9: The grid that was created for Boeotia. Each grid point is classified according to the NEHRP site classification system
based on its Vs3o value that was obtained by the Global Vs Mosaic database was exploited (Allen and Wald, 2009; Heath et al.,
2020).

45.1 The 27/04/1894 M = 7.0 Atalanti earthquake

The earthquake occurred during the historical era, specifically pre-1900, before the installation of
seismological stations in Greece. Conducting a finite fault stochastic ground motion simulation of
this event is a valuable opportunity to investigate the PGA distribution in Boeotia and to estimate
the potential accelerograms that would be recorded in the two most populated localities, i.e., Thiva
and Livadia. Given that the calibration of the path and site properties has already been achieved
for Boeotia, the focus will be directed solely towards determining the source parameters. The
source parameters will be primarily based on macroseismic studies. Most studies concur that the
rupture length of the causative fault is ~30 km, with a width of ~10 km (Skouphos, 1894;
Ambraseys and Jackson, 1990; Ganas et al., 1998; Pantosti et al., 2001). The epicenter chosen for
this event is 38.66°N, 23.03°E, as reported by Makropoulos and Kouskouna (1994). The depth of
the upper edge has been selected to be 8 km, which is the upper limit of the average focal depths
in the broader Euboekos Gulf (Makropoulos et al., 2012; Ganas et al., 2016). Additionally, the
focal depth for this event has been estimated to be of the order of 10 km (Ganas et al., 2006). To
summarize, the parameters for conducting the simulation are presented in Table 4.8. The stress
parameter value of 80 bar remained constant for two out of three earthquakes in the calibration
process.

The spatial distribution of the modeled PGA values is illustrated in Figure 4.10a. It is observed, as
expected, that the highest ones are predominantly concentrated close to the causative fault.
Notably, a maximum PGA value of approximately 400 cm/s? has been obtained. On the other hand,
the lowest PGA value, equal to 50 cm/s?, is determined at the southwestern part of the study area.
It is noteworthy that comparable PGA values have been modeled for both Thiva and Livadia, with

Angelos Zymvragakis, Athens 2023



Thiva having a slightly higher PGA value of 144 cm/s? compared to 131 cm/s? for Livadia. In
addition to estimating PGA values, the PGV parameter was also modeled for the Boeotia region,
as illustrated in Figure 4.10b. Consistent with the PGA values, the spatial PGV distribution
indicates that the highest values are concentrated in proximity to the causative fault. Specifically,
a maximum PGV value of 40 cm/s has been estimated, while the minimum value is approximately
5 cm/s. Thiva and Livadia exhibit comparable PGV values, with Thiva showing a slightly higher
value of ~15 cm/s, compared to 13 cm/s for Livadia.

Parameter Value Reference
Strike 296° Ganas (2022)
Dip 60° Ganas (2022)

Makropoulos et al. (2012);

Depth of the upper edge 8 km Ganas et al. (2016)

Fault dimensions (Length x Width) | 32 km x 12 km Ganas et al. (1998); Pantosti et

al. (2001)
Ambraseys and Jackson (1990);
Mw 7.0 Makropoulos and Kouskouna
(1994); Ganas et al. (1998)
Stress parameter 80 bars This study
Kappa parameter (ko) 0.035, 0.044, 0.066 Klimis et al. (1999)
08 S
Quality factor 100f Hatzidimitriou (1993)
n=-1.0,R<70km
n=0.0,70 km <R <130 km Atkinson (2004)

Geometrical spreading (R") N=-05 R> 130 km

Site amplification Adopted from Klimis et al. (1999)

Table 4.8: The modeling parameters utilized for the stochastic ground motion modeling of the Atalanti 1894 event executed with
the EXSIM code.

In line with the PSHA framework, hazard elastic response spectra for the M = 7.0 Atalanti
earthquake were created for the localities of Thiva and Livadia, with a 5% damping (Figure 4.11).
The response spectra of ground motions that were modeled stochastically demonstrated a peak at
short periods ranging from 0.1 to 0.3 s, followed by a steep decline. As depicted in Figure 4.11,
the Atalanti fault's rupture poses a threat to the town of Thiva, whereas Livadia is exposed to a
comparatively lower level of seismic hazard in the event of this earthquake. For a hypothetical
rupture of the Atalanti fault, the maximum Sa values exceeded 300 cm/s?. Additionally, the
maximum anticipated Sa values approaching almost 380 cm/s? for Thiva. The most significant Sa
value obtained in Livadia was approximately 330 cm/s?.
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Figure 4.10: (a) Spatial distribution of PGA values alongside with the synthetic accelerograms for Thiva and Livadia and (b)
spatial distribution of PGV values. The black rectangle indicates the modeled fault plane and the yellow star the selected epicenter
of the 1894 M = 7.0 Atalanti earthquake.
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Figure 4.11: Response spectra of the 27 April 1894 M = 7.0 Atalanti earthquake scenario for Thiva and Livadia with 5% damping.

45.2 The 25/02/1981 Ms = 6.4 Alkyonides earthquake

On 25/02/1981, the second major aftershock of the Alkyonides earthquake sequence occurred with
a magnitude of Ms = 6.4. The mainshock of this sequence (24/02/1981) was of magnitude M =
6.7, making this particular event a suitable candidate for finite fault stochastic modeling. However,
the causative fault of this event has not been identified. On the other hand, the Pisia Fault was
identified as the seismogenic fault of the 25/02/1981 Mw = 6.4 event, according to the work of
Papazachos et al. (1984) and Hubert et al. (1996).

The seismotectonic study of the Alkionides earthquake sequence was initially conducted by
Jackson et al. (1982). Subsequent work by Papazachos et al. (1984) utilized a different relocation
method (absolute versus relative). Nevertheless, the fault plane solutions, proposed by both
studies, for the 25/02/1981 event share similar strike and dip values. The depth of the upper edge
was estimated from information regarding the hypocentral distribution in the Eastern Gulf of
Corinth (Mesimeri et al., 2018; Michas et al., 2022). The length of the causative fault (Table 4.9)
was adopted by the NOAFaults database, whereas for the width the empirical relations of Wells
and Coppersmith (1994) and Thingbaijam et al. (2017) were taken into account and the mean value
was used.

The spatial distribution of PGA and PGV values resulting from the seismic event under
investigation is presented in Figure 4.12a and b, respectively. Similar with the Atalanti event
scenario, the highest values of both PGA and PGV are observed in close proximity to the fault
plane, while the lowest ones are situated in northern Boeotia. The maximum PGA value 220 cm/s?
(Figure 4.12a) is located in southern Boeotia, whereas the lowest PGA value (~20 cm/s?) is situated
in the northern portion of the study area.
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The PGV map (Figure 4.12b) displays the highest value of 18 cm/s and the lowest one of 2 cm/s,
both at the same locations as the PGA values. However, it should be noted that the PGA and PGV
values are considered intermediate to low. This can be attributed to the fact that the seismogenic
layer is deeper than that of the Western Gulf of Corinth (Kaviris, 2003; Kaviris et al., 2021; Michas
et al., 2022). This results in a stronger decay of the seismic wave’s amplitude, given that it is
inversely proportional to the distance, reducing the ground movement in Boeotia.

Parameter Value Reference
Strike 248° Jackson et al. (1982)
Dip 42° Jackson et al. (1982)
Depth of the upper edge 4 km Michas et al. (2022)
Wells and Coppersmith (1994);
Fault dimensions (Length x Width) | 18 km x 15 km Thingbaijam et al. (2017);
Ganas (2022)

Jackson et al. (1982);

Mw 6.4 Papazachos et al. (1984)
Stress parameter 80 bars This study
Kappa parameter (ko) 0.035, 0.044, 0.066 Klimis et al. (1999)
08 S
Quality factor 100f Hatzidimitriou (1993)
n=-1.0,R<70km
n=0.0,70 km <R <130 km Atkinson (2004)

Geometrical spreading (R") N=-05 R>130 km

Site amplification Adopted from Klimis et al. (1999)

Table 4.9: The modeling parameters utilized for the stochastic ground motion modeling of the Alkyonides 1981 event executed with
the EXSIM code.

Hazard elastic response spectra for the 25/02/1981 M= 6.4 event were created for Thiva and
Livadia, with a 5% damping (Figure 4.13). The response spectra demonstrated a peak at low
periods ranging from 0.1 to 0.3 s, followed by a steep decline (after 0.35 s), similar to the case of
the Atalanti simulation. The Pisia fault's rupture poses the same threat to the towns of Thiva and
Livadia, because the shape and the values from the two spectra are similar, with the exception that
Livadia has higher spectral acceleration values for the range of periods [0.1, 0.2] s. For a
hypothetical rupture of the Pisia fault, according to the applied scenario. The maximum Sa values
are ~160 cm/s? for Livadia and ~150 cm/s? for Thiva.
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Figure 4.12: (a) Spatial distribution of PGA values alongside with the synthetic accelerograms for Thiva and Livadia and (b)
spatial distribution of PGV values. The black rectangle indicates the modeled fault plane and the yellow star the selected epicenter

of the 1981 M = 6.4 Alkyonides earthquake.

Angelos Zymvragakis, Athens 2023



180 180

160 + T 160

140 t T 140
120 + + 120
100 + | 1+ 100

80 + T 80

Average Sa (cm/s’)

60 T 60

a0t 1 40

20 t Thiva T 20

—— Livadia

0 0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Period (s)

Figure 4.13: Response spectra of the 25 February 1981 M = 6.4 Alkyonides earthquake scenario for Thiva and Livadia with 5%
damping.

4.5.3 The Kallithea—Mavrovouni earthquake simulation—-(Mw = 6.3)

The commencement of the initial stage of the 2020-2021 Thiva sequence was attributed to the Mw
= 4.2 mainshock, which occurred on 02/12/2020. As described in the works of Elias et al. (2021)
and Kauviris et al. (2022a), the Kallithea fault was the causative fault that ruptured during the
occurrence of this event. The Kallithea fault, as stated in these works, is one of the two segments
of a zone, the other being the Mavrovouni fault (Figure 1.8). It is also documented that if both
segments rupture as one, a strong earthquake with a magnitude of 6.2 <M < 6.4 could occur. The
1914 M = 6.0 Thiva earthquake may have ruptured both faults as the epicenter's location is
considered to be in close proximity to these two segments (Kaviris et al., 2022a).

In this thesis, the applied earthquake scenario considers an event of magnitude Mw = 6.3, rupturing
the entire length of both the Kallithea and Mavrovouni faults. In this way, the PGA and PGV
distributions and the theoretical elastic response spectra for Thiva and Livadia of this strong in
terms of magnitude earthquake scenario are investigated. Most source parameters were obtained
from the studies of Elias et al. (2021) and Kaviris et al. (2022a), with the exception of the length
and width of the zone, which were estimated for an Mw = 6.3 scenario earthquake, using the mean
values of the ones resulting from the empirical relations proposed by Wells and Coppersmith
(1994) and Thingbaijam et al. (2017). The burial depth of the upper edge was estimated based on
the seismic cross—sections provided by Kaviris et al. (2022a). All the parameters are presented in
the Table 4.10.
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Parameter Value Reference
. o Elias et al. (2021); Kaviris et al.
Strike 106 (2022a)
. o Elias et al. (2021); Kaviris et al.
Dip 31 (20222)
Depth of the upper edge 1km Kaviris et al. (2022a)
. . . Wells and Coppersmith (1994);
Fault dimensions (Length x Width) | 18 km x 14 km Thingbaijam et al. (2017):
Mw 6.3 Kaviris et al. (2022a)
Stress parameter 80 bars This study
Kappa parameter (ko) 0.035, 0.044, 0.066 Klimis et al. (1999)
08 e
Quality factor 100f Hatzidimitriou (1993)
n=-1.0,R<70km
. . n n=0.0,70 km <R <130 km Atkinson (2004)
Geometrical spreading (R") n=-05.R> 130 km
Site amplification Adopted from Klimis et al. (1999)

Table 4.10: The modeling parameters utilized for the stochastic ground motion modeling of a Mw=6.3 earthquake scenario,
rupturing the Kallithea and Mavrovouni faults, executed with the EXSIM code.

The spatial distribution of PGA and PGV is illustrated in Figure 4.14a and b. The highest PGA
and PGV values are observed in close proximity to the ruptured events, whereas the lowest values
are concentrated in the western part of Boeotia. Regarding the modeled PGA values, as depicted
in Figure 4.14a, there is a considerable variation in values within approximately 20 km of the
rupture plane, ranging from 300 cm/s? to 1000 cm/s?. The observed attenuation is strong, with the
PGA approaching values close to zero in the westernmost part of Boeotia.An accelerograph station
in Thiva and Livadia would record PGA values of 549 cm/s? and 45 cm/s?, respectively, indicating
the aforementioned strong attenuation. In terms of PGV, as depicted in Figure 4.14b, the highest
value is 70 cm/s and the lowest value is nearly zero. Similarly, there is significant variation in PGV
values near the rupture plane.

Hazard elastic response spectra for the M = 6.3 Kallithea—Mavrovouni scenario earthquake were
created for Thiva and Livadia, with a 5% damping (Figure 4.15). The response spectra
demonstrated a peak at short periods ranging from 0.1 to 0.3 s. As depicted in Figure 4.11, the
rupture of the whole zone of Kallithea and Mavrovouni faults poses a significant threat to the town
of Thiva, whereas Livadia is exposed to a significant lower level of seismic hazard. The maximum
Sa value exceeded 1000 cm/s? for Thiva, whereas for Livadia is ~100 cm/s?.
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Figure 4.14: (a) Spatial distribution of PGA values alongside with the synthetic accelerographs for Thiva and Livadia and (b)
spatial distribution of PGV values. The black rectangle indicates the modeled fault plane of the Kallithea—Mavrovouni scenario
earthquake. The earthquake magnitude is Mw = 6.3.
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Figure 4.15: Response spectra of the Kallithea—Mavrovouni scenario for Thiva and Livadia with 5% damping. The earthquake
magnitude is Mw = 6.3.

4.5.4 The Kallithea—Mavrovouni earthquake simulation—-(Mw = 6.0)

As previously stated, the earthquake that occurred in Thiva in 1914 with a magnitude of M = 6.0
may have ruptured both Kallithea and Mavrovouni as a zone, as reported by Kaviris et al. (2022a).
An earthquake scenario of higher magnitude was previously simulated which did not replicate the
Thiva 1914 event. In order to estimate ground motions for an earthquake scenario that is similar
to the Thiva 1914 event, the dimensions of the fault plane were adjusted for an earthquake of
magnitude Mw = 6.0 (Table 4.10). Therefore, the herein considered fault length is 11 km and the
width 10 km. The other parameters were adopted from Table 4.10. The spatial distribution of both
PGA and PGV values is similar to the previous earthquake simulation, but the values are smaller
(Figure 4.16a and b). The highest PGA value in the current simulation is approximately 900 cm/s?
instead of 1000 cm/s?, and the PGA value for Thiva is 234 cm/s? instead of the of 549 cm/s? for
the previous scenario (Figure 4.16a). The PGA value for Livadia is 31 cm/s?, compared to 45 cm/s?
(Figure 4.16a). The highest PGV value is ~70 cm/s and the one in Thiva is ~20 cm/s, whereas for
Livadia is only ~3 cm/s (Figure 4.16b). Regarding the hazard elastic response spectra for Thiva
and Livadia (Figure 4.17), the difference between the two locations is significant, as the greatest
Sa value computed for Thiva is approximately 580 cm/s?, while for Livadia, it is 80 cm/s?,
indicating significant attenuation for all frequencies.
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Figure 4.16: (a) Spatial distribution of PGA values alongside with the synthetic accelerographs for Thiva and Livadia and (b)
spatial distribution of PGV values. The black rectangle indicates the modeled fault plane of the Kallithea-Mavrovouni. This
earthquake simulation has the same parameters as those represented in the Table 4.10 except from the fault dimensions (11 km x
10 km) and the earthquake magnitude, which is Mw = 6.0.
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Figure 4.17: Response spectra of the Kallithea-Mavrovouni scenario for Thiva and Livadia with 5% damping. This earthquake
simulation has the same parameters as those represented in the Table 4.10 except from the fault dimensions (11 km x 10 km) and
the earthquake magnitude, which is Mw = 6.0.
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5 Discussion

Boeotia is a region characterized by moderate seismic activity. However, in the past, several
significant earthquakes have occurred within or close to the area. These include the Atalanti event
of April 27", 1894, which had a magnitude of M = 7.0, the Thiva event of 1914 with a magnitude
of M = 6.0, and the Alkyonides earthquakes of February 24™ and 25" and March 4™, with
magnitudes of 6.7, 6.4, and 6.4, respectively. Recently, during 2020-2022 an intense earthquake
sequence occurred close to Thiva, with the largest (however, moderate) event occurring near the
village of Kallithea, with a magnitude of Mw = 4.6. Although this event did not cause any damage,
it resulted in ground deformation due to its very shallow focal depth. This study assesses the
seismic hazard of Boeotia by incorporating new data, aiming to achieve a reliable model with
reduced epistemic uncertainties. Probabilistic and scenario—based finite fault stochastic modeling
is used to quantify the maximum expected ground motions in the Boeotia region.

In order to address the research question at hand, seismic hazard must be evaluated using different
approaches in order to account for the epistemic uncertainties that are inherent to such studies. To
this end, maximum expected ground motions were quantified by estimating the Peak Ground
Acceleration (PGA), Peak Ground Velocity (PGV), and Spectral acceleration (Sa), the latter for a
range of periods and only for the two most populated localities, i.e., Thiva and Livadia. The first
approach involved Probabilistic Seismic Hazard Assessment (PSHA), which was conducted using
two software packages in order to compare and evaluate their performance. The software packages
utilized were the latest version of CRISIS, now known as R—CRISIS, and the OpenQuake engine
(OQ-engine). The PGA values computed using R-CRISIS (Figure 5.1a and c) are smaller
throughout the region of Boeotia, in comparison to the ones obtained from the OQ-engine (Figure
5.1b and d). Specifically, for a return period of 475 years, the highest PGA value computed via R—
CRISIS reaches approximately 300 cm/s2, whereas in the OQ-engine, it approaches 400 cm/s2.
Furthermore, a difference is observed in the PGA spatial distribution. In the case of R-CRISIS,
the highest PGA values are concentrated in the southern region, while the lowest values are
predominantly found in the northern part of Boeotia. On the other hand, the OQ-engine yields the
highest PGA values in the southeastern part of the map. For a return period of 950 years, the spatial
distribution of the PGA values is the same as for the previous RP. With respect to the results
obtained by R—CRISIS, the maximum PGA value is approximately 380 cm/s?, while the lowest is
around 200 cm/s2. However, in the case of the OQ-engine software, the highest PGA value is
approximately 480 cm/s?, while the lowest is 260 cm/s?.

The PGV results obtained by the OQ-engine (Figure 5.2b and d) are also higher in comparison to
R-CRISIS (Figure 5.2a and c). The deviation between the highest PGV values is approximately 4
cm/s for a return period of 475 years and 8 cm/s for 950 years (Figure 5.2c and d). The spatial
distribution of the PGV values for both software packages is almost identical with the one of PGA,
yet different for R—CRISIS and the OQ-engine.
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Figure 5.1: A comparison of the PGA results for a return period of 475 years (a, b) and 950 years (c, d) obtained from the software
package of R—CRISIS (a, ¢) and OpenQuake—engine (b, d).
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Figure 5.2: A comparison of the PGV results for a return period of 475 years (a, b) and 950 years (c, d) obtained from the
software package of R—CRISIS (a, ¢) and OpenQuake—engine (b, d).
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Apart from the differences in spatial distribution, significant differences were also observed in the
PGA-hazard curves (Figure 5.3a) and the Uniform Hazard Spectra (UHS) (Figure 5.3b). The OQ-
engine again computed higher PGA values for both Thiva and Livadia compared to R—-CRISIS, as
shown in the PGA-hazard curves. In addition, the Livadia curve, constructed using PGA values
computed via the OQ-engine, was higher than the Thiva curve, which was constructed using PGA
values computed via R—CRISIS. This suggests that the OQ—engine computes significantly higher
PGA values for all sites, even for those with lower levels of seismic hazard, and likely all surpass
the values obtained using R—CRISIS. However, based on the PSHA, it is evident that the
occurrence of extreme ground motions of the order of 1 g is unlikely. Similar observations were
made for the UHS (Figure 5.4b), where differences were also observed between the two software
packages. Both software indicate a fundamental period of 0.25 s, as the same GMPE was utilized.
The highest Sa value was 550 cm/s? for the site of Thiva, computed using the OQ-engine.
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Figure 5.3: A comparison of the (a) PGA-hazard curves and (b) the Uniform Hazard Spectra constructed for the localities of
Thiva and Livadia using the software package of R-CRISIS and OpenQuake-engine.

Although the mathematical background of both software packages is the same, i.e., both estimate
the annual probability of exceedance for a given PGA value via the "hazard integral”, the OQ-
engine offers the addition of Monte Carlo (MC) sampling to the computational process. The
“hazard integral” is a double integral of a function of two independent variables, i.e., distance and
magnitude (equation 2.12). Given that the magnitude and distance bins are infinite, some samples
of these two variables are randomly selected in order to compute the IMT annual probability of
exceedance. Multiple samples are collected and used to approximate the desired quantity and, as
the number of random trials performed increases, the approximated quantity becomes more
accurate (Goodfellow et al., 2016). To investigate how different sampling rates affect the
distribution of PGA, PGV, and Sa values, an arbitrary illustration was created for four different
sample sizes, as shown in Figure 5.4. In the OQ-engine, it is feasible to specify the number of
samples for the MC sampling. However, in the R—-CRISIS software, there is no provision for
adjusting the computation resolution, rendering the software akin to a black box, which makes the
results obtained by OQ-engine preferable. Thus, the herein obtained results, regarding both the

Angelos Zymvragakis, Athens 2023



PGA and PGV values and their spatial distribution, are considered more accurate in the OQ-
engine.

2 samples 20 samples 200 samples 2000 samples

Figure 5.4: The example of Monte Carlo sampling. An arbitrary distribution of data and how it is affected by the different number
of random samples.

In Greece, the National Building Code divides the country into three zones, each with a reference
value of PGA for a return period of 475 years (referring to rock conditions). The low, medium,
and high seismic hazard zones correspond to PGA values of 0.16 g (~160 cm/s?), 0.24 g (~240
cm/s?), and 0.36 g (~360 cm/s?), respectively. Boeotia falls entirely within the moderate zone. The
0Q results (RP = 475 years) indicate that almost the entire Boeotia, except for its northernmost
part, exceeds the reference value of 240 cm/s? (red contour in Figures 5.1 a and b). However, it
must be noted that the reference values provided by EAK (2003) are the so-called “effective” peak
accelerations, which are the maximum ground accelerations to which a building responds, and are
bound to be lower from the PGA values in most case studies (Algermissen and Perkins, 1976).

The second approach employed for evaluating seismic hazard in Boeotia involved a scenario—
based finite fault stochastic ground motion modeling technique. This approach utilized earthquake
scenarios to generate PGA, PGV, and Sa values for various sites, which were considered as
phantom stations. To prevent the need for value computation through an interpolation process, the
grid of stations was expanded to include Thiva and Livadia. The choice of this approach was
motivated by the desire to investigate individual fault ruptures and the associated ground motion
resulting. In contrast to the PSHA method that considers the entire earthquake catalog, the finite
fault stochastic ground motion modeling technique enables the study of a single earthquake
occurrence. Furthermore, the PSHA that was conducted in this thesis relies on area source zones
that are constrained to describe similar spatial seismotectonic characteristics and do not
incorporate faults, unlike the aforementioned method.

In this thesis, three fault ruptures were simulated to estimate the ground motions that would occur
in Boeotia. The first fault rupture simulated was that of the Atalanti fault, which was responsible
for the historical earthquake of the 27/04/1894, with a magnitude of M = 7.0. The second fault
rupture considered was that of the Pisia fault, which was responsible for the event of the
25/02/1981, in the Alkyonides gulf, with a magnitude of M = 6.4. The third and final fault rupture
simulated was that of the Kallithea and Mavrovouni zone, which consists of two segments that
were possibly activated during the 1914 Thiva event, with a magnitude of M = 6.0. However, two
different earthquake scenarios were considered for this rupture. The first scenario involved an
earthquake with a magnitude of Mw = 6.3, which is the worst credible scenario, while the second
one considered an earthquake with a magnitude of Mw = 6.0, which simulated the 1914 earthquake
event.

Regarding the 1894 M = 7.0 Atalanti earthquake scenario, PGA values greater than 240 cm/s? were
identified in the northern part of Boeotia, at a distance of approximately 20 km from the Atalanti
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fault. In contrast, the 1981 Mw = 6.4 event that ruptured the Pisia fault did not exhibit any modeled
PGA values exceeding 240 cm/s?, the design value proposed by EAK (2003). This result is
attributed to the significantly lower magnitude of this scenario, compared to Atalanti. For the third
scenario earthquake considered, which is supposed to rupture the two segments of Kallithea and
Mavrovouni faults and had a magnitude of Mw = 6.3, very high PGA values were simulated,
reaching up to 1000 cm/s? near the fault plane and approximately 550 cm/s? in Thiva. However,
the PGA values were significantly reduced at greater distances from the fault plane, with a value
of 45 cm/s? in Livadia. For these localities, there was a significant reduction in PGA values when
the same simulation was performed with a lower earthquake magnitude of Mw = 6.0,
corresponding to the 1914 Thiva earthquake. In addition to the PGA values, elastic response
spectra were constructed for Thiva and Livadia (Figure 5.5) for all scenarios. These spectra clearly
indicate the fault ruptures that pose the greatest hazard in terms of producing ground motions for
each locality. Specifically, Thiva is highly exposed to the scenario which involves the rupture of
the entire Kallithea and Mavrovouni fault zone. Conversely, Livadia is primarily exposed to the
rupture of the Atalanti fault, however with much smaller Sa values compared to Thiva.
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Figure 5.5: Response elastic spectra of the selected earthquake scenarios for (a) Thiva and (b) Livadia corresponding to 5%
damping.

There has been a lack of seismic hazard assessments for the Boeotia region. However, previous
seismic hazard studies conducted for the broader Greek region or Europe have obviously included
Boeotia. Danciu et al. (2021) conducted a recent study with the aim of updating the seismic hazard
map for Europe, which was previously established by Woessner et al. (2015). Utilizing the
probabilistic method, Danciu et al. (2021) computed PGA values for Boeotia for a return period
of 475 years, ranging from 250 cm/s? to 450 cm/s?, in agreement with the results obtained herein
from the OQ-engine software package, which fall within this range. Prior to Danciu et al. (2021),
Woessner et al. (2015) conducted a seismic hazard study proposing PGA values for a return period
of 475 years, with the PGA values for Boeotia ranging from 300 to 400 cm/s?. These values are
similar to those obtained using the OQ-engine software. Another PSHA study that focused on the
Greek region was conducted by Tselentis and Danciu (2010), who computed PGA values for
Boeotia ranging from 300 to 500 cm/s?, providing higher values than the ones computed in this
thesis (maximum ~400 cm/s?). Differences in PGA values are expected due to variations in the
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parameters adopted by each study, ranging from the earthquake catalogue to the seismotectonic
model. In terms of the stochastic finite fault earthquake scenario approach utilized in this thesis to
estimate PGA, PGV, and Sa values, no studies have simulated the exact same earthquake ruptures.

The computational scheme utilized in this thesis was subject to certain limitations and potential
sources of bias. With respect to the PSHA method, no new area sources were developed for the
broader Boeotia region. By creating area sources within a distance of 100 km from Boeotia, it
would have been possible to more accurately characterize the seismotectonic features, as the
scaling of observations would have been significantly smaller compared to that of an entire country
or whole continent. Furthermore, in addition to the area source seismotectonic model, all active
faults in the PSHA framework should have been incorporated. However, this requires knowledge
of specific kinematic and tectonic characteristics for each active fault, which is a challenging task
for areas like Boeotia, because the region lies north of the Eastern Gulf of Corinth, where there are
multiple offshore faults, whose characteristics remain unknown. The GMPEs were derived from
seismological data from throughout Greece, as there are no adequate data to focus on the local area
of Boeotia. Concerning the finite fault stochastic ground motion technique, all physical properties
were obtained from established publications, such as the anelastic attenuation parameters, the
geometrical spreading, and the kappa values. This implies that ground motions were estimated
based on generic properties, which could have impacted the attenuation of seismic waves.

The Boeotia region has not undergone any seismic hazard studies in the past. The maximum
expected ground motions have, until the completion of this thesis, been deduced only through
interpolations from studies that have focused on the entire country of Greece, rather than solely on
Boeotia. The scope of this local study justifies the use of a large sample size in the MC sampling.
Additionally, this thesis employs a sophisticated logic tree approach that significantly reduces
epistemic uncertainties. Logic tree approaches are considered to minimize epistemic uncertainties
by adopting multiple outcomes in the computational scheme (Bommer and Scherbaum, 2008;
Atkinson et al., 2014; Marzocchi et al., 2015). More branches result in a greater number of possible
outcomes that are simultaneously accounted for in the logic tree approach. In this study, the PSHA
section considers three seismotectonic models, and for each area source of each model, GMPEs
with the variable of focal mechanism were reconstructed to account for the varying faulting types
as percentages, instead of extrapolating the predominant type of focal mechanism for a single area
source. This created sub—logic trees for each area source for a single seismotectonic model. The
final output of the PSHA method took into account all three seismotectonic models. To reduce the
bias of one method, the scenario—based finite fault stochastic ground motion method was also
employed to eliminate the effect of the return periods and to investigate hazardous fault rupture
scenarios for Boeotia. The results of this thesis contribute to a current seismic hazard background
for Boeotia that may serve to update the regulations proposed by the EAK (2003).

Possible future research endeavors may involve the development of local area source zones that
delineate the seismotectonic characteristics of the Boeotia region. Additionally, a GMPE ranking
system could be performed to assess and rank the current GMPEs. Moreover, the epicentral
distance could be converted to Joyner and Boore distance to incorporate newer GMPEs, such as
the one by Boore et al. (2020). Furthermore, fieldwork focused on seismic microzonation could be
conducted to provide a more comprehensive understanding of the actual site amplifications and
introduce site effects to seismic hazard calculations. Regarding the scenario—based finite fault
stochastic ground motion method, the parameters could be calculated using seismological data
rather than adopting international properties.
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6 Conclusions

The present master's thesis endeavors to evaluate the seismic hazard in Boeotia, situated in Central
Greece, with reduced epistemic uncertainties. The underlying impetus for this study stems from
the Thiva 2020-2021 earthquake sequence, the mainshock of which is the 02/12/2020 Mw = 4.6
event that was located close to Kallithea village and the aftershocks lasted for approximately one
month. Several months later, an intermediate, in terms of magnitude, event occurred a few km
west of Kallithea village, close to Thiva, which increased the seismic activity of the area. Thiva is
known for hosting strong earthquake occurrences, such as the M = 6.0 in 1914. Therefore, the
evaluation of seismic hazard for Boeotia holds significant importance owing to the likelihood of
high ground motions, which may occur, possibly close to densely populated localities, due to
earthquakes with higher magnitudes, despite it being an area of moderate seismicity.

The assessment of seismic hazard is carried out using two methods: probabilistic and scenario-
based finite fault stochastic ground motion simulation. For the first method, the PGA, PGV, and
Sa results are obtained for return periods of 475 and 950 years through a logic tree procedure to
include multiple outcome variations in order to represent accurate mean values of PGA, PGV, and
Sa. The UHS are also constructed for Thiva and Livadia based on the Sa results. The second
method assumes that a fault will rupture due to the occurrence of an event of a specific magnitude.
Three earthquakes are used to calibrate the parameters to ensure data availability. After the
calibration of the site and path parameters, simulation—scenarios are created, and the modeled
ground motions are obtained in terms of PGA, PGV, and Sa. Candidate faults are selected based
on their likelihood to produce high ground motions and their proven previous seismic activity.

Regarding the PSHA PGA and PGV maps, two areas of high seismic hazard level are identified,
i.e., one at the western part of the study area and the other at southeastern Boeotia, close to Thiva.
Regarding the two most populated localities, Thiva and Livadia, the first has larger PGA values
for all the range of return periods, as depicted in the PGA-hazard curves. Moreover, Thiva has
greater Sa values for all periods in the range of 0.1 s to 2.0 s. The PGA results for a return period
of 475 years are compared to the reference value proposed by the Greek Building Code. Only the
northern part of Boeotia is covered by the regulations of EAK (2003). Nevertheless, it is imperative
to acknowledge that the acceleration values provided by the building code are generally expected
to be lower than each PSHA, given that they are considered as normalizing factors aiding the
construction of smoothed elastic response spectra (Algermissen and Perkins, 1976). Regardless,
there is no single definitive PSHA model of seismic hazard due to the significant uncertainties
involved in this scientific field. According to the results of the finite fault stochastic ground
simulation method, Thiva is highly susceptible to the occurrence of a Mw = 6.3 scenario
earthquake that ruptures the fault zone of Kallithea and Mavrovouni. Both the elastic spectra and
the UHS indicated that the higher spectral amplitudes were identified for the periods of range
[0.15, 0.30] s.

Overall, this thesis aims to reduce epistemic uncertainties by employing two distinct methods for
seismic hazard assessment and implementing a sophisticated logic tree approach in the framework
of PSHA. However, the update of the seismic hazard of Boeotia with new data and methods is
vital to maintain an up—to—date knowledge of the maximum expected ground motions. In future
work, the automation of all file preparation tasks required for software package execution will be
pursued to improve the computational efficiency of the analysis by introducing batch file runs
between PSHA and finite fault stochastic ground motion simulation.
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