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Abstract

The Greek National Annex for current Eurocode 8 has adopted the seismic hazard zonation
map published in 2003 as part of the modifications to the Greek Seismic Code EAK 2000
(EAK 2003). This map, which followed the catastrophic earthquakes that hit the country
between 1978 and 2001, includes three seismic hazard zones with peak ground accelera-
tion (PGA) ranging between 0.16 and 0.36 g. In this paper, following the significant pro-
gress that has been made worldwide in the last two decades towards the improvement of
the definition of seismic actions and the seismic hazard maps using fully probabilistic mod-
els, we make a complete proposal for the Greek National Annex of the ongoing revision
of Eurocode 8, which includes a new seismic hazard zonation map for Greece, as well as a
novel site categorization scheme and related site amplification factors. To this end, we use
the results of the European Seismic Hazard Model, ESHM20, as reported by Danciu et al.
(The 2020 update of the European Seismic Hazard Model: Model Overview, 2021) which
will be adopted as informative reference for the seismic hazard at European level in the
forthcoming revision of Eurocode 8 (CEN/ECS). The herein proposed ground shaking
zonation for rock conditions includes five zones with PGA values ranging between 0.13
and 0.37 g. For each zone, two newly proposed ground motion parameters, i.€., Sy 475 and
Sp 475, are provided, which are the two parameters used for anchoring the elastic response
spectrum as defined in CEN/ECS, along with all the other necessary parameters for the def-
inition of the elastic response spectrum, including site amplification. The proposal for the
new seismic zonation is supported by a preliminary investigation of the impact of its adop-
tion on the seismic design of new structures and on the seismic risk of the current building
stock in Greece, to help gain a better insight on how important the differences imposed by
the new zonation might be for the end-users and the administration.
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1 Introduction

Greece is the most seismically active region in Europe, and therefore the European country
with the highest seismic hazard. The current seismic hazard zonation map for Greece, in
force since 2003, is essentially an update of the zonation of the 1992 seismic code NEAK
and came as a consequence of the many catastrophic earthquakes that hit Greece between
1978 and 2001 (e.g. M 6.4 Thessaloniki event in 1978, M 6.2 Kalamata in 1986, M 6.6
Kozani-Grevena and M 6.4 Aigio events in 1995, M 5.9 Athens event in 1999). This map
was prepared jointly by the main seismological research centres of Greece (University of
Athens, Aristotle University of Thessaloniki, Geodynamic Institute of the National Obser-
vatory of Athens, Institute of Engineering Seismology and Earthquake Engineering and
University of Patras) and includes three seismic hazard zones with peak ground accelera-
tion values, PGA, of 0.16, 0.24 and 0.36 g (Fig. 1). No site-specific amplification factors
were proposed in that version of the code.

In the last two decades, a lot of efforts have been made to improve the seismic hazard
maps worldwide, adopting the results of probabilistic seismic hazard analyses. In Italy,
a new probabilistic seismic hazard model, MPS19, was developed in 2019 by the Seis-
mic Hazard Center of the Istituto Nazionale di Geofisica e Vulcanologia (INGV), taking
into account a large amount of recent data and methods (Meletti et al. 2021). In Turkey,
updated probabilistic seismic hazard maps were developed with the support of the Dis-
aster and Emergency Management Authority of Turkey (AFAD) (Akkar et al., 2007), in
line with the development of the new seismic design code. In USA, the national seismic
hazard model was updated in 2017-2018 with the incorporation of an updated seismic-
ity catalogue, new ground motion models, and basin terms for long periods (Petersen
et al. 2020). In New Zealand, a revision of the probabilistic National Seismic Hazard
Model was released in 2022, including revised seismic hazard maps, hazard curves
and Uniform Hazard Spectra, disaggregation results as well as a web tool to make the
results of the model openly available. Regarding similar efforts at European level, the
European Seismic Hazard Model ESHM20 (Danciu et al. 2021) was publicly released
in April 2022. ESHM20 was developed within the framework of the EU-funded project
“Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe"

Fig. 1 Current seismic hazard
zonation map for Greece (EAK,
2003)
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(SERA, http://www.sera-eu.org). This regional hazard model, which is fully probabil-
istic, is essentially an update of the previous ESHM13 (Woessner et al., 2015), pro-
posed in the framework of SHARE project (Giardini et al. 2013), and was built upon
recently compiled and fully cross-border harmonized datasets, information and models.
The source data, input models and output of ESHM20 are online available at the portal
of the European Facilities for Earthquake Hazard and Risk (www.hazard. EFEHR.org,
Haslinger et al. 2022), which will maintain and further develop the model in collabora-
tion with the GEM Foundation and the European Plate Observing System (EPOS).

Apart from the strictly scientific objectives of ESHM?20, including the development
of the actual updated and harmonized model and the support of the European Seismic
Risk Model (ESRM20, Crowley et al. 2021), one of the main objectives was to inter-
act with CEN/TC250/SCS8, i.e., the subcommittee of national experts that is responsible
for the development of Eurocode 8 within the European Committee for Standardization
(CEN), as well as with key experts at national level, to ensure the correct information
and timely implementation of the ESHM?20, and extend the output to serve additional
engineering requirements as part of the update and revision of Eurocode 8. Within this
context, ESHM20 produced two informative ground shaking maps for rock conditions
depicting spatial variability of the two newly proposed parameters S, 75 and Sg,7s,
which will be included in an Annex of the revised Eurocode 8—Partl (prEN 1998-1-1,
2022), as an “informative and acceptable representation of the seismic hazard in Europe
for the return period of 475 years”. However, the actual representation of the seismic
hazard in terms of the S, 475 and Sg 475 parameters for each country will still be pro-
vided by the relevant Authorities or the National Annex of each country, either in the
form of grid or of seismic zones, along with the other Nationally Determined Param-
eters (NDPs). Within this context, the present work aims to propose a new seismic
hazard zonation map for Greece, for rock conditions, based on the results of ESHM20,
for potential adoption by the Greek National Annex of the new version of Eurocode
8. The map is accompanied by all the necessary parameters for the definition of the
elastic response spectrum based on the revised Eurocode 8, including a novel site cat-
egorization scheme and the respective site amplification factors for the consideration of
local site conditions, building on previous efforts of the authors (Pitilakis et al., 2006,
2013, 2019, 2020). It therefore constitutes a complete proposal for the definition of the
seismic action in the Greek National Annex, fully in line with the requirements of the
revised Part 1 of Eurocode 8 (prEN 1998-1-1, 2022). The proposal is supported by a
preliminary investigation of the impact of its potential adoption on the seismic design
and risk of the building stock in Greece, to help gain a better insight on how important
the imposed differences might be for the end-users and the administration.

2 Main ESHM20 features

2.1 Main input datasets

The development of ESHM20 (Danciu et al. 2021; 2022; 2024) was based on the compi-
lation and harmonization of different datasets, i.e., earthquake catalogues, active faults,

and ground shaking recordings. The main datasets with focus on Greece are summa-
rized in the following, while more details can be found in Danciu et al. (2021):
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e Unified earthquake catalogue, consisting of the so-called “historical” catalogue
(EPICA, Rovida and Antonucci 2021), covering the years between 1000 CE and 1899,
and the “instrumental” catalogue (1900-2014), built upon the EMEC catalogue from
Griinthal and Wahlstrom (2012). The unified earthquake catalogue includes more than
60,000 events. The spatial distribution of the epicentres of the events in the unified
earthquake catalogue which are located in Greece and in the surrounding regions is
shown in Fig. 2a.

e European Fault-Source Model (EFSM20), developed as an update of the European
Database of Seismogenic Faults (EDFS13, Basili et al. 2013). EFSM20 considers two
main categories of seismogenic faults, i.e., crustal faults and subduction zones. For
Greece, the faults in EFSM20 (Fig. 2b) are mainly the ones compiled by Basili et al.
(2013) for the SHARE project, enriched by new datasets for the Gulf of Corinth based
on GreDaSS (Caputo and Pavlides 2013) and the Aegean region based on Caputo and
Pavlides (2013) and Ganas (2021). Regarding the subduction zones, the geometry of
the Hellenic Arc (Fig. 2c) and the Cyprus Arc were revisited (Basili et al. 2020), while
the geometry of the Calabrian and Gibraltar Arc were reconstructed.
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Fig.2 ESHM?20 datasets for the seismicity of Greece and the surrounding areas a unified earthquake cata-
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2.2 Seismogenic source model

The inherent uncertainties in characterizing the earthquake rupture forecast are han-
dled by a complex seismogenic source logic tree, consisting of two main branches: an
area source-based model, assumed to be the pan-European consensus model with full
cross-border harmonization (e.g. Figure 2d for Greece and the surrounding areas), and
a hybrid seismicity model that combines the updated active faults datasets with the
background seismicity in regions where active faults are identified. The seismogenic
source logic tree is supplemented with the subduction zones (i.e., Gibraltar, Calabrian,
Hellenic and Cyprus Arcs) and the deep seismicity sources in Vrancea, Romania and
the southern Iberia Peninsula. The higher branching levels refer to the magnitude-fre-
quency distribution, the Gutenberg-Richter parameters, slip rates and maximum mag-
nitudes. Further details may be found in Danciu et al. (2021; 2024).

2.3 Ground motion model

The ESHM20 ground motion model (GMM) (Kotha et al. 2020; 2022; Weatherill et al
2020, 2023; Weatherill and Cotton 2020) was built around the concept of a scaled back-
bone ground motion model logic tree (Douglas 2018) in which a single ground motion
model is calibrated, and adjustment factors are then applied to this model to quantify the
uncertainty in the expected ground motion. The backbone GMM for shallow crustal seis-
micity (Kotha et al. 2020) was constructed based on the information in the Engineering
Strong Motion (ESM) flatfile (Lanzano et al. 2018). Similarly, for the subduction regions,
the so-called “BC-Hydro” ground motion model by Abrahamson et al. (2016) was used as
backbone GMM.

2.4 Seismic hazard results

For different return periods, the seismic hazard results of ESHM20 are provided for
a total number of 97,920 geo-located grid points, equally spaced at 0.1 to 0.1 degrees
across Euro-Mediterranean region. For each grid point, the following output is provided:
(a) hazard curves depicting the mean, median (50th), and four percentiles (5, 16, 84, and
95th) for specified intensity measures (PGA and spectral acceleration values S, at peri-
ods in the range of 0.05 to 5 s); (b) Uniform Hazard Spectra (UHS) depicting the mean,
median (50th) and four percentiles (5, 16, 84, and 95th) for five mean return periods RP
(50, 475, 975, 2500 and 5000 years). In addition, hazard maps are provided for all inten-
sity measure types, all statistical metrics and all return periods. For example, the spatial
distribution of median PGA and S,(0.3 s) for Greece for a return period of 475 years is
shown in Fig. 3. Additionally, indicative results in terms of hazard curves and UHS for
five of the 61 cities shown in Fig. 4 are shown in Fig. 5. These 61 cities, which may be
considered as the most important in Greece in terms of population and socio-economic
importance, will be used also in the following section as test sites for the validation of
the proposed seismic hazard map.
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Fig.3 Spatial distribution of a the median PGA and b the median Sa(0.3 s) value for a return period of
475 years, obtained from ESHM20 for Greece

Fig. 4 Selected cities in Greece
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3 Spatial analysis of the ground shaking estimates for seismic
zonation of Greece

3.1 Methodology

In the revised Part 1 of EC8 (prEN 1998-1-1, 2022), the elastic response spectrum for a
specific return period (RP), instead of being anchored with only one parameter, namely
the Peak Ground Acceleration, PGA, is anchored with two parameters, S, which is the
spectrum value at the acceleration spectral plateau spanning over a certain spectral
period range, and Sg, which is the spectrum value at Tg=1 s, more representative for
flexible structures (Fig. 6). S, is linked with PGA through parameter F,, defined as the
ratio of S, to PGA and set equal to 2.5 in the absence of specific seismic hazard studies.
Based on the results of ESHM?20, the F, parameter for Greece ranges between 2.14 and
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Fig.5 a Hazard curves and b Uniform Hazard Spectra for the cities of Komotini, Athens, Thessaloniki,
Heraklion and Patras. For the exact location of the cities, the reader is referred to Fig. 4

2.54, with a mean value of 2.38 and a standard deviation of 0.06, thus the proposed
value of 2.5 may be considered as reasonably justified. The Sy parameter strongly influ-
ences the shape of the normalized response spectrum, as it affects the corner period T,
= %, which specifies the end of the constant spectral acceleration branch of the spec-

trum (Fig. 6). The definition of the elastic response spectrum in the revised EC8 with
two parameters (S, and Sp) is in line with the recent developments in the definition of
seismic actions, including NEHRP seismic code provisions in the U.S.A. (FEMA,
2015). The S, and S parameters for a return period (i.e., RP) are obtained from the
respective values at rock conditions (site category A, V,>800 m/s), S,gp and Sggp,
multiplied by the short-period (F,) and intermediate-period (Fp) site-amplification fac-
tors, respectively, to account for the effect of local site conditions. Four corner periods
are further needed to fully define the shape of the elastic response spectrum (Fig. 6); T,
is the short-period cut-off associated with the zero-period spectral acceleration which
marks the beginning of the ascending branch and is set equal to 0.05 s, Ty and T are
the lower and upper corner periods of the constant spectral acceleration range, while T},
is the corner period at the beginning of the constant displacement response range of the
spectrum.

Thanks to the interaction of ESHM?20 with CEN/TC250/SCS, the committee in charge
of the ongoing revision of Eurocode 8, ESHM20 delivered values of S, ;75 and S 475 for
the return period of 475 years, used for the design of ordinary buildings, for the whole
Europe at a dense grid of points, equally spaced at 0.1 to 0.1 degrees. For each point of the
ESHM20 grid, S, 475, and S 475 were computed from the respective UHS. For the computa-
tion of S, 475, for each grid point of ESHM?20, the spectral period T, that corresponds to
the peak of the median UHS is first identified and then, S, 475 is calculated as the average
spectral value over the range of periods between 0.5T,,, and 1.5T ., (Labbé and Paolucci
2022). Sp 495 is directly the UHS value for a spectral period of 1.0 s. The two ground
shaking maps will be included in an Annex of prEN 1998-1-1 (2022), as an “informa-
tive and acceptable representation of the seismic hazard in Europe for the return period
of 475 years”. The spatial distribution of median S, 475 and Sg 475 for Greece is shown in
Fig. 7. These maps include only the terrestrial grid points of the Greek territory, while
maps with additional offshore grid points are also available.
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Fig.6 Shape of the elastic Se
response spectrum of the revised
Eurocode 8 Sa
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Although S, 475 and S 45 are available at a dense grid, it has been shown that due to
specific seismotectonic features the differences in close distances might be very important,
a fact which could produce important societal and economic problems. Hence, we decided
that for common engineering applications, as is a seismic code in force, it would be more
appropriate to provide to the engineering community zones of equal seismic hazard, as is
the current practice in Greece and other countries worldwide (e.g. Portugal, Romania and
Spain). In addition, considering that the revised Eurocode 8 has two seismic hazard param-
eters (S, 475 and Sp475) instead of one, and consequently one might consider reasonable
having two zonation maps distinct for the two parameters, we based the proposed zonation
on one of them, i.e. S 475, as this parameter is more crucial for the most common building
typologies in Greece, and, as we will describe in more detail in the following, we used the
same zones providing adequate values for S 475.

Following the rationale of the current seismic hazard map in force, we first made an
attempt to divide the Greek territory into three seismic zones using the S, 475 parameter
shown in Fig. 7a. To this end, we applied the Natural Breaks (Jenks 1967) algorithm, avail-
able in the open-source GIS software QGIS, which tries to find natural groupings of data to
create classes so that the variance between individual classes is maximized, while the vari-
ance within each class is minimized. The resulting zonation is shown in Fig. 8a.

For each of the zones in Fig. 8a, we calculated the average S, 4;5 value over the grid
points located in each zone. The resulting average S 475 values are 0.38 g for Zone 1, 0.6 g
for Zone 2 and 0.83 g for Zone 3. Given that the main seismic hazard parameter used in
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Fig.7 Spatial distribution of a median S, 45, and b median Sg 475 derived from ESHM20 for Greece
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Fig.8 a Three-zone seismic hazard map for Greece based on ESHM?20. The legend indicates the average
PGA value for each zone, PGA,,, calculated as the average of the S, 475/2.5 ratios of the grid points within
each zone. b (PGA,,,.—PGA . .)/PGA ratios at the terrestrial grid points of ESHM20 in Greece. ¢

zone point point
(PGA, . —PGA i, )/PGA ;, ratios for the 61 biggest cities in Greece. PGA,;, is calculated as S, 475/2.5

zone

seismic codes for decades has been PGA, we also calculated for each zone an average PGA,
as the average of the S 475/2.5 values of the grid points within each zone, herein referred
to as PGA, ., so that the hazard levels of the zones can be more easily perceived by the
engineering community. The resulting average +one standard deviation PGA, . values are
0.15+0.03 g for Zone 1, 0.24+0.03 g for Zone 2 and 0.33+0.04 g for Zone 3, not very
far from the PGA values of the hazard map in force (with proposed values of 0.16 g for
Zone 1, 0.24 g for Zone 2 and 0.36 g for Zone 3). However, the geographic boundaries of
the zones are quite different. For example, Zone 3 in the current seismic map is limited to
the Ionian islands (Fig. 1), while in Fig. 8a it extends to the western Peloponnese, the Gulf
of Corinth, Crete, and the islands of eastern Aegean. We should note here that at this stage
we applied the Natural Jenks algorithm also on another dataset which includes addition-
ally the offshore grid points of the Greek territory and a comprehensive number of grid
points located in the bordering countries, at the northern and eastern cross border region of
Greece, i.e. Turkey, Bulgaria, North Macedonia and Albania. The resulting zonation was
very similar to the one shown in Fig. 8a, so in the following we used only the terrestrial
grid points.
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Keeping in mind that we want to propose a zonation that is representative of ESHM?20,
we proceeded with checking how much the computed PGA, . values of each zone (calcu-
lated as the average of the S 475/2.5 ratios of the grid points within each zone) deviate from
the actual S, 475/2.5 ratios of the ESHM20 grid points (PGA,;,)- We, therefore, calculated
as a measure for this deviation the (PGA,,,.—PGA ;,)/PGA;,, ratios for all the terres-
trial grid points of ESHM20 (Fig. 8b). In addition, we interpolated the PGA,,;, values
(Sq475/2.5) of ESHM?20 to obtain the PGA,,;,, values for the locations corresponding to the
61 major Greek cities shown in Fig. 4, and then calculated the (PGA,,. — PGA ;,)/PGA-
point Tatios for these cities as well (Fig. 8¢). The exact values for this ratio for the 61 cities
are provided in Table 8 of the Appendix. Negative or positive values of the ratio mean that
the zonation of Fig. 8a underestimates or overestimates PGA with respect to ESHM20 grid
output, respectively. For 21 of these cities the ratio is less than — 10%, and in some cases as
Aigio, Argostoli and Santorini it is even less than —25%, which means that the proposed
zonation underestimates the seismic hazard in these regions to a significant extent.

For this reason, it was deemed necessary to move to a zonation map with additional
zones. At this stage a threshold was set for the acceptable (PGA, ;. — PGA i)/ PGA i
ratio based on the population and the general importance of each city, assuming stricter
criteria for the cities with the highest population (Table 1). Based on these criteria, the
zonation was modified with the addition of one more zone, leading to the four-zone map
of Fig. 9a. The borders of the zones in this map were further smoothed so that they do
not cross large urban areas with more than 2,000 buildings, while specific areas belong-
ing in the same administrative units were harmonized to simplify the application of the
seismic regulations in these regions. The average & one standard deviation PGA, . values
over the points located within Zones 1-4 in the four-zone map of Fig. 9a are 0.12+0.02 g
for Zone 1, 0.20+0.03 g for Zone 2, 0.28 +0.04 g for Zone 3 and 0.37 +0.04 g for Zone 4.
The process of comparing the (PGA,,,.—PGA;,)/PGA;, ratios with the acceptable
thresholds of Table 1 needed to be repeated for the four-zone map, as PGA,,. values were
altered. According to Fig. 9c and Table 9 in the Appendix, in the four-zone map there are
fewer but still several locations (cities) where the proposed zonation underestimates (nega-
tive ratios) or overestimates (positive ratios) the seismic hazard compared to the closest
ESHMO grid point.

A final iteration was repeated using five zones instead of four (Fig. 10a), for which the
average + one standard deviation PGA, . values are 0.13+0.02 g for Zone 1, 0.19+0.02 g
for Zone 2, 0.23 +0.02 g for Zone 3, 0.29 +0.04 g for Zone 4 and 0.37+0.04 g for Zone 5.
The threshold criteria for the (PGA,,,,. — PGA,;;,)/PGA i, ratios of Table 1 are met for all
the 61 major cities (Fig. 10c and Table 10 of the Appendix), so the iteration process was
considered satisfied and hence stopped. The optimum zonation is therefore the five-zone
map of Fig. 10a and is proposed to be applied for both the S, 4;5 and S; 475 seismic hazard

Table 1 Threshold values for the

Population class Threshold values for
acceptable (PGA,,,,.—PGA )/ P (PGA,_—PGA.. )/
PGA i, ratio for different PGA potnt
population classes point

<100,000 +20

100,000-500,000 +15

>500,000-1,000,000 +10

PGA,,,. is calculated as the average of the S, 4,5/2.5 ratios of the grid

points within each zone PGA, while PGA ; is calculated as S, 475/2.5

point
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Fig.9 a Four-zone seismic hazard map for Greece based on ESHM20. The legend indicates the average
PGA value for each zone, PGA,,, calculated as the average of the S, 475/2.5 ratios of the grid points within
each zone. b (PGA,,,.—PGA;,)/PGA;, ratios at the terrestrial grid points of ESHM20 in Greece. ¢
(PGA, . —PGA ;,, )/PGA ;, ratios for the 61 biggest cities in Greece. PGA,;, is calculated as S, 475/2.5

parameters, to ensure an easier application of the map by the engineering community. We
should note here that the proposed PGA, . for Zone 1 (0.13 g) is less than the minimum
PGA in the current seismic hazard map of Greece (0.16 g for Zone 1, Fig. 1). In the case
of a potential official adoption of this proposal by the Greek National Annex of the new
Eurocode 8, the authorities may need to consider increasing this value to at least 0.16 g, as
a reduction of design values would result in liability issues for the decision makers and the
designers.

From Figs. 8, 9 and 10 it is clear that the transition from three to five zones results in a
significant improvement of the proposed seismic hazard map in terms of agreement with
the ESHM?20 output, as the adopted thresholds for the (PGA,,,.— PGA ,;,)/PGA ;,, ratios
are satisfied for all major cities at the five-zone map. Few grid points with ratios less than
—20% in Fig. 10b (e.g. in southwest Crete) refer to mostly rural regions with small popu-
lation. In the following, we provide an indicative result to demonstrate how this iterative
process improved the proposed seismic hazard map in terms of the adopted criteria for the
PGA e — PGA in)/[PGA iy, ratios. For the city of Aigion, known for its high seismicity
and located at the coastline of the Corinthian Gulf, for the three-zone map (Fig. 8a) the
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Fig. 10 a Five-zone seismic hazard map for Greece based on ESHM20. The legend indicates the average
PGA value for each zone, PGA,,, calculated as the average of the S, 475/2.5 ratios of the grid points within
each zone. b (PGA,,,.—PGA;,)/PGA;, ratios at the terrestrial grid points of ESHM20 in Greece. ¢
(PGA,,e —PGA,;,, )/PGA , Tatios for the 61 biggest cities in Greece. PGA ;, is calculated as S, 475/2.5

zone point point point

(PGA 5" PGA i )/PGA ;- 1atio is about —29% (Table 8in the Appendix), higher than
the +20% threshold based on the population of the city (see Table 1), meaning that this
zonation underestimates seismic hazard at this location compared to the closest ESHM20
grid point and the adopted thresholds. Moving to the four-zone map (Fig. 9a), this ratio is
reduced to —21% (Table 9 in the Appendix), still exceeding the adopted threshold, while
for the five-zone map (Fig. 10a) this ratio is further decreased to —19.5% (Table 10 in the
Appendix) and the criterion is satisfied. Further increase of the seismic zones to reduce the
deviation is considered ineffective for practical reasons and because it might create impor-
tant collateral effects in several regions.

3.2 Proposed ground shaking zonation for Greece

The proposed ground shaking zonation map for Greece is shown at a larger scale in Fig. 11.
Zone 1, the one with the lowest seismic hazard level, contains Thrace (except for the area
around the city of Alexandroupoli), the eastern part of Attica, and the islands of Cyclades.
Zone 2 contains the greatest part of central and western Macedonia, northern Thessaly as
well as the central part of Attica. Zone 3 acts as a transition zone between the low-hazard
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Fig. 11 Proposed seismic hazard zonation based on the ESHM20 ground shaking estimates for a mean
return period of 475 years. The proposed S, 475 and S 475 for each zone are given in the legend of the figure

Zone 2 and the higher-hazard Zone 4 in Thessaly and Attica, while it also covers the city of
Thessaloniki and Chalkidiki, regions which historically exhibited very strong earthquakes.
Zone 4 includes western Greece except for the Ionian islands, the greatest part of central
Greece and Peloponnese, Crete and the island of eastern Aegean, while Zone 5 refers to the
Ionian islands, the Corinth Gulf and western Peloponnese. This map is actually consistent
with the well-known and documented seismic history of these areas, while it considers
the importance of the population density and the general importance of the cities and the
regions.

For a potential adoption of the map by the National Annex of the revised EC8, it should
be accompanied by appropriate S, 475 and Sg 475 values for each one of the five zones.
Regarding S, 475, given that the map was developed based on the spatial distribution of the
median S 475 values of the grid points located in Greece, an average of the median S 475
values over the grid points located within each zone was assigned to each zone. These val-
ues are provided for each zone in the legend of Fig. 11, as well as in Table 2. Accepting
that the same map applies for both parameters and applying for Sy 475 the same rationale as
for S, 475, i.e. averaging the median Sg 475 values over the grid points located within each
zone, the resulting elastic response spectra for rock (soil type A) have a very narrow width
of the constant-acceleration branch, a result of the low values of T = S"S—” For this reason,

we investigated the use of higher percentiles than the 50th (median). Besides, the use of
higher percentiles allows for better accounting of the epistemic uncertainties of the ground
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Table 2 Proposed values per zone for the elastic spectrum parameters of the new Eurocode 8 for rock-type
conditions and a return period of 475 years

Seismic zone Sea15 (&) Spa75 (8) PGA (g) Ty () Ty (s) Tc (s) Tp (s)

Zone 1 0.32 0.13 0.13 0.02 0.10 0.41 2.28
Zone 2 0.47 0.15 0.19 0.02 0.08 0.32 2.47
Zone 3 0.58 0.18 0.23 0.02 0.08 0.31 2.77
Zone 4 0.73 0.25 0.29 0.02 0.09 0.35 3.45
Zone 5 0.93 0.34 0.37 0.02 0.09 0.36 4.34

motion models and the seismogenic sources at lower frequencies, which in the case of
Greece are very high due to the very complex seismo-tectonic context of the region. An
example of adopting different percentiles for S 75 is shown in Fig. 12, which compares for
the proposed Zone 4 of Fig. 11 the elastic response spectra for soil type A (rock conditions)
based on the revision of Eurocode 8 (prEN 1998-1-1, 2022) using the average Sp 475 value
over the grid points located in this zone obtained (a) from the median S;,;5 map (orange
dashed line) and (b) from the 84th percentile Sﬁ,475 map (orange solid line). The elastic
response spectra for soil type A for seismic Zone 2 according to the current EC8 (EN
1998-1, 2004) as well as EAK 2003 are also included in Fig. 12 for the sake of compari-
son. We observe that the use of the median Sg 475 results in a spectrum with a significantly
narrower branch of constant acceleration (plateau) compared to the seismic codes in force
(i.e., EAK 2003 and current EC8), which in its turn would result in a significant decrease
of seismic force for buildings with spectral periods higher than 0.4 s, including many typi-
cal 3-8-storey buildings in Greece. For this reason, we decided to adopt the use of the 84th
percentile Sy 475, which results in spectrum shapes which are more consistent with the cur-
rent practice and know-how, respecting at the same time the seismogenic and ground
motion features of the region.

The distributions of (a) the median S, 4;5 values, and (b) the 84th quantile of S 4;5 val-
ues for the five zones of the proposed new seismic hazard map of Fig. 11 are shown in
Fig. 13, where we depict the ranges as well as the average + one standard deviation values
for the two parameters. Standard deviations range between 0.06 and 0.10 for median S, 475
and between 0.02 and 0.09 for 84th quantile of Sg,7s, with the higher values observed
for the two zones with the highest seismicity, i.e. Zones 4 and 5. In general, the patterns
between the S, 475 and Sg 475 distributions are similar for all five zones, which further sup-
ports the proposal for common zonation for the two seismic hazard parameters.

The proposed S, 475 and S 475 values for the five zones of the seismic map are included
in the legend of Fig. 11, as well as in Table 2. Table 2 further includes for each zone the
PGA value for rock conditions (equal to S 475/F,), as well as the four corner periods Ty,
Tg. T, Ty as obtained from the respective equations of the revised EC8, again for rock
conditions (soil type A). T, is set equal to 0.05 s, Ty is equal to 2.0 s if S 475 <1 m/s?, oth-
erwise it is defined as 1+4Sg 475 (in m/s?), Tc is equal to the Sp/S ratio and Ty is dependent
on T and a parameter x equal to 4 (prEN 1998-1-1:2022). It is noted that the values of the
parameters included in Table 2 for each zone are the exact values obtained from the appli-
cation of the adopted methodology. However, in the case of a potential official adoption of
this proposal by the Greek National Annex of the new Eurocode 8, these values could be
rounded to ensure an easier application by the practitioners. In addition, for Zone 1, the
slightly higher values of PGA (and equivalent S, 475 and Sy 475) of the present zonation map
could be retained.
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Fig. 12 Elastic response spectra for soil type A for Zone 4 of the proposed hazard map based on the revi-
sion of Eurocode 8 (prEN 1998-1-1, 2022) considering median Sy 475 (orange dashed line) and the 84th per-
centile Sy 45 (orange solid line), and elastic response spectra of the current EC8 (black solid line) and EAK
2003 (black dotted line) for Zone 2 of the current seismic map

4 Site categorization

As already mentioned in Sect. 3, the revised EC8 (prEN 1998-1-1, 2022) accounts for the
effect of local site conditions through the short-period (F,) and intermediate-period (Fﬁ)
site-amplification factors. Site-amplification factors are dependent on the site category,
which is based on two parameters, namely Hg, (depth of the conventional bedrock forma-
tion, identified by a shear wave velocity at least equal to 800 m/s) and V i (time-averaged
shear wave velocity of the top 30 m or down to Hygy, if Hgyy <30 m). Based on the site
category, prEN 1998-1-1 (2022) provides appropriate analytical expressions for the com-
putation of F, and Fg, introducing a dependency not only on the site class but also on the
level of seismic ground motion in order to account for the non-linear behavior of the soils.
Alternatively, default intensity-dependent values of F, and F are introduced for the cases
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1.00 0.74
= 0.92 =
= 80 2 0.60
s 067 0.72 0.73 0.74 3
i 0.64
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Fig. 13 Distribution of a the median S, 475 values, and b the 84th quantile of Sy 45 values for each zone
of the proposed seismic hazard map. Red diamonds depict the average values, red dashes depict the aver-
age + one standard deviation values and the black dashes represent the minimum and the maximum values
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where a simplified identification of the site category is adopted because of insufficient geo-
technical information.

This procedure for the determination of the site class and the respective amplification
factors included in the revised ECS8 is probably not very straightforward, requiring besides
the knowledge of Hg,, which is quite ambiguous in most cases, the use of different tables
and equations located at different parts of the code, depending on the availability or not of
the necessary information. This could potentially lead in practice to a simple adoption of
the default amplification factors by the engineers which constitutes an oversimplification.
Given that each country may adopt different standards for site categorization and estima-
tion of site amplification in its National Annex, and taking advantage of a series of pre-
vious work conducted in the framework of site categorization for seismic codes (Pitila-
kis et al., 2006, 2013, 2019, 2020), we decided to propose for the Greek National Annex
the site categorization scheme elaborated by Pitilakis et al. (2020). The proposed scheme,
given in Table 3, introduces the approximate depth to seismic bedrock, Hg, as the main
classification parameter in addition to equivalent shear wave velocity Vy, which is the
time-averaged shear wave velocity of the top 30 m (V 3() if the seismic bedrock is located
at a depth greater than 30 m, otherwise it is the time-averaged shear wave velocity down
to the depth of bedrock. This means that in all cases where the soil deposits have a thick-
ness greater than 30 m, Vy is equal to V| 3. In addition to Hg and Vy, the fundamental
period, T, of the site is used as a supplementary important parameter allowing to better
distinguish between specific subclasses. Correlations of soil classes with the time-averaged
shear wave velocity of the entire soil deposit down to seismic bedrock, V., and average
values of standard penetration test blow count, N-SPT, and undrained shear strength, S, are
also provided (Table 3). To obtain Ty and Vy or V., invasive (in-hole measurements) or
non-invasive (e.g. surface-waves analysis) techniques at very small shear strains may be
used which are now very low cost. In case of absence of direct measurement parameters,
adequate correlations of the V and consequently T, with SPT and CPT may be applied
(e.g. Athanasopoulos 1994; Mayne and Rix 1995; Anagnostopoulos et al 2003; Idriss and
Boulanger 2007,).

For the site amplification factors F, and Fy we propose the intensity-dependent ampli-
fication factors proposed by Pitilakis et al. (2020), adjusted for the S, 4,5 levels defined for
the five zones of the proposed seismic hazard map. In this way, a single F, and a single F
value are derived for each soil class and for each zone (Table 4). This procedure for the
determination of F, and Fy is in our opinion more straightforward and easier to be applied
in engineering practice compared to what is proposed in the revised ECS. It is again noted
that the F, and Fy values given in Table 4 are the exact values obtained from the applica-
tion of the adopted methodology. However, in the case of a potential official adoption of
this proposal by the Greek National Annex of the new Eurocode 8, the values of Table 4
can be rounded to ensure an easier application by the practitioners.

The short-period amplification factors F,, are directly comparable to the soil amplifica-
tion factors, S, of the current EC8 (EN 1998-1, 2004), as the spectral plateau in ECS8 spec-
tra is amplified by S. The herein proposed values of F, for soil classes B1 and B2 are quite
close to the S value of 1.2 for EC8 soil class B, contrary to the proposed F, values for soil
classes C1, C2 and C3, which are significantly higher than the S factors of EC8 soil classes
B (S equal to 1.2) and C (S equal to 1.5), mainly for the low hazard Zones 1 and 2. The
proposed values for F_ are higher in the cases of soil classes D and E as well, as the respec-
tive EC8 S factors are 1.35 and 1.4 respectively. The intermediate-period amplification fac-
tors Fj can be compared with the spectral ratios of the normalized EC8 spectrum for each
soil type to the normalized EC8 spectrum for soil type A for T=1 s, which are equal to 1.5,
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1.725, 2.7 and 1.75 for soil types B, C, D and E respectively. The proposed Fj values are
higher than the spectral ratios of EC8 for soil classes C2, C3 and D, but lower for all the
other soil classes. A comparison of the proposed amplification factors to the ones proposed
in the revised ECS is not always feasible due to inherent differences in the two site classifi-
cation systems, which do not allow for a straightforward correspondence between the two
systems and falls outside the scope of this work. However, both the revised EC8 and our
proposal have endorsed the need for an increase of amplification factors for sites classified
as type C in the current EC8, as well for an intensity-dependence of the proposed values.

5 Elasticresponse spectra

The ground shaking zonation map with associated elastic response spectrum parameters
presented in Sect. 3 and the site categorization scheme with respective site amplification
factors given in Sect. 4 constitute a complete proposal for the definition of the seismic
action in terms of elastic response spectra, suitable for adoption by the Greek National
Annex that will accompany the new version of Eurocode 8, following the requirements
set by prEN 1998-1-1 (2022). To better evaluate the impact of a potential adoption of this
new proposal for the seismic design actions, referred to in the following as NA 2023, on
the seismic design of structures, we compare the elastic response spectra obtained with NA
2023 with the ones of the current EC8 (with the existing National Annex) and EAK 2003.

For comparison reasons the elastic response spectra for the different codes were com-
puted as follows:

e NA2023: We used the definition of the elastic response spectra from prEN 1998-1-1
(2022), combined with the S, 475 and S 475 parameters for rock conditions proposed for
the five zones of the seismic hazard map in Fig. 11 (Table 2) and the site amplification
factors F,, and Fj of Table 4. All the other parameters required for the computation of
the spectra were obtained from prEN 1998-1-1 (2022).

e EAK 2003: We applied the equations of EAK 2003 with the PGA values of the zona-
tion map in force given in Fig. 1. It is reminded that these PGA values in EAK 2003
refer to the ground surface, i.e., they are not amplified by amplification factors.

e Current EC8: We applied the equations of the current EC8 (EN 1998-1, 2004), with the
PGA for rock conditions obtained from the zonation map in force given in Fig. 1, which
has been adopted by the Greek National Annex for EC8. Contrary to EAK 2003, these
values refer to rock conditions and are therefore amplified with the amplification factors
of the current ECS8 for Type 1 seismicity.

First, in Fig. 14 we compare the elastic response spectra considering rock conditions
per zone of the new map (NA2023). For this, we first need to establish a correspond-
ence between the zones of the seismic map in force (Fig. 1) and the herein proposed map
(Fig. 11). This correspondence (Table 5) is not one-to-one, with the exception of the new
Zone 1, so the elastic response spectra for Zones 2—5 of NA2023 are compared with more
than one spectra of EAK 2003 and EC8 (Fig. 14). The most significant discrepancies are
observed for the NA2023 Zones 4 and 5, i.e. the zones with the highest seismic hazard,
and mainly concern the values of the maximum spectral acceleration (plateau), which are
higher compared to the two current codes. For example, the maximum spectral accelera-
tion S 475 for a site located in Zone 5 based on NA2023 and Zone 2 based on EAK 2003
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Fig. 14 Comparison of the elastic response spectra of the proposed zonation (NA2023) for a Zone 1, b
Zone 2, ¢ Zone 3, d Zone 4 and e Zone 5 with the respective spectra of the current version of the Eurocode
8 and EAK 2003 considering rock conditions

(e.g. Patras) is equal to 0.93 g according to NA2023, i.e. 55% higher than it is for EC8 and
EAK 2003 (Fig. 14e). The differences are generally lower in higher periods. On the con-
trary, for the low hazard Zones 1 and 2 the maximum spectral acceleration may decrease
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Table 5 Correspondence NA2023 zone EAK2003/
between the zones of the
S EC8 zone
proposed seismic hazard map
(NA2023) and those of the 1 1
current seismic hazard map
(EAK 2003) 2 1,2
3 1,2
4 1,2
5 2,3

compared to the current codes (Fig. 14a, b). For example, a site in Komotini, located in
Zone 1 based on both seismic hazard maps, has a maximum spectral acceleration S, 475 of
0.32 g with NA2023 compared to 0.40 g with EC8/EAK 2003. However, in the case of a
potential official adoption of this proposal by the Greek National Annex of the new Euroc-
ode 8, the authorities may need to consider increasing the S, 4,5 for Zone 1 to a most con-
servative value corresponding to the current seismic hazard map, as a reduction of design
values would result in liability issues for the decision makers and the designers. In general,
the discrepancies that have been observed for almost all zones can be attributed to the dif-
ferences posed by the boundaries of the zones, as well as to the seismic hazard parameters
assigned to each zone (S, 475 and S 475 for NA2023, PGA for EC8/EAK 2003).

To additionally investigate the effect of site amplification due to local site conditions
on the elastic response spectra, and to overcome the issue of correspondence of the new
zones with multiple current zones, we selected five sites located in five different cities,
one for each of the new zones, and we assumed local site conditions characterized either
as soil type B (for EAK 2003 and EC8) and B1 or B2 for NA2023 (Fig. 15), or soil type
C (for EAK 2003 and EC8) and C1, C2 or C3 for NA2023 (Fig. 16). The selected cities
are Komotini for Zone 1, the center of Athens for Zone 2, the center of Thessaloniki for
Zone 3, Heraklion for Zone 4 and Patras for Zone 5. For the exact location of the cities,
the reader is referred to Fig. 4. Again, we observe that in some cases the adoption of the
NA2023 proposal may result in significant increase of the seismic demand, as is the case
for example for the centre of Thessaloniki (Fig. 15c and 16¢), which is due to the increased
hazard for rock conditions (PGA equal to 0.23 g based on NA2023 compared to 0.16 g
based on EAK 2003), as well as the well proved and documented higher site amplification
factors, especially for soil classes C1, C2 and C3 as was noted in Sect. 4. These discrepan-
cies are more pronounced between NA2023 and EAK 2003 due to the complete absence
of site amplification in EAK 2003. Similarly to what was observed for the rock conditions,
there are some cases where the adoption of the NA2023 elastic spectra results in a decrease
of the seismic demand, e.g. for the city of Komotini located in Zone 1 of NA2023. In this
case, the NA2023 spectrum values are well below the respective spectra of the current
ECS8 for the case of soil classes B/B1-B2 (Fig. 15a), mainly due to the lower hazard for
rock (0.13 g for NA2023 Zone 1 compared to 0.16 g for EAK 2003 Zone 1) as well as the
narrower plateau for NA2023. The differences with EAK 2003 are minimized because of
the absence of site amplification in EAK 2003, which counterbalances the difference in
the rock hazard. For soil classes C/C1-C2-C3 (Fig. 16a), the NA2023 spectra are above
the ones of the current EC8 (and of EAK 2003) due to the higher site amplification factors
of NA2023 compared to EC8. These representative results highlight the importance of the
effect of local site conditions in the definition of seismic action, which is a fact that can-
not be denied. Finally, a general remark is that the majority of the increase in the seismic
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demand with NA2023 is observed for spectral periods less than 0.5-0.6 s and thus regards
relatively stiff structures of medium height.

6 Impact on seismic risk

To further support our proposal for the new seismic zonation map and soil categorization
with the associated soil amplification factors, we attempt a preliminary investigation of the
potential impact of this proposal in economic terms, through a preliminary estimation of
the seismic risk of the current building stock in the Greek territory in terms of economic
losses. To this end we used a low-resolution exposure model of the current residential
building stock of Greece developed at municipality level and we performed determinis-
tic scenario-type seismic risk analyses with the OpenQuake-Engine considering that the
current building stock of Greece is exposed to the 475y-return period ground motion as
obtained from the two seismic regulations in force, i.e. EAK 2003 and current Eurocode
8, as well as the new proposal presented herein for the Greek National Annex (NA2023)
in the context of the revision of ECS8. Although the analysis is performed under numerous
assumptions and simplifications, described in reasonable detail in the following, it provides
a first-level insight into the the economic impact of a potential endorsement of the herein
presented proposal.

6.1 Development of the exposure model for the building stock of Greece

A coarse exposure model at municipality-level resolution was developed for Greece to
describe the examined elements at risk, i.e., the buildings predominantly utilized for res-
idential purposes. To this end, we classified all the residential buildings into typologies
using the GED4ALL Building Taxonomy (Silva et al. 2022) shown in Table 6, which has
been widely adopted by exposure models used for the risk assessment at large scale (e.g.
by the Global; Earthquake Model, Silva et al. 2018 and the European Seismic Risk Model
ESRM20, Crowley et al. 2021). This system enables the classification of buildings based
on essential structural characteristics such as the primary construction material, the lateral
load resisting system, the height expressed in number of storeys, the ductility level directly
related to the period of construction and the respective level of the design code. We used
the data from the 2011 Population-Housing and Building Census (ELSTAT 2011), which
include detailed data on the type of use, the construction material, the number of storeys,
and the period of construction for the building stock of Greece in different administration
levels. For the lateral load-resisting system, we made some assumptions based on the feed-
back from the SERA European Building Exposure Workshop questionnaire (https://sites.
google.com/eucentre.it/sera-exposureworkshop/questionnaire). The exposure model for
Greece, developed at municipality level, consists of 3,197,330 residential buildings which
are classified into 161 typologies based on the GED4ALL building taxonomy. Figure 17
shows the classification of the buildings in their main structural attributes. It is worth men-
tioning that more than 60% of the buildings are constructed with reinforced concrete and
more than 70% have been designed with low code level (DUL) or even no seismic code
(DNO). Almost 80% of the buildings at country-level are low-rise (1-2 storeys), but this
percentage is highly influenced by the high number of buildings located in rural areas. For
example, in Thessaloniki, the second largest city of Greece almost 35% of the buildings are
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Fig. 17 Classification of the building taxonomies in Greece 2011 based on a material and lateral load resist-
ing system (LLRS), b code level, and ¢ height according to the GED4ALL Building Taxonomy scheme of
Table 5

low-rise (1-2 storeys), 50% are medium-rise (3-5 storeys) and 15% are high-rise (6 + sto-
reys) (Riga et al. 2022).

6.2 Evaluation of seismic risk

For the exposure model described in the previous section, we performed scenario-type
seismic risk analyses with the OpenQuake-Engine (Pagani et al. 2014; Silva et al. 2014),
applying the vulnerability model by Martins and Silva (2020), employed by the Global
Earthquake Model for their Global Seismic Risk Map (Silva et al. 2018). For the seis-
mic demand we applied three different representations of the ground motion (denoted as
ground motion fields in the OpenQuake-Engine), corresponding to the two seismic codes
in force, i.e. EAK 2003 and the current Eurocode 8 (ECS), as well of the new proposal
for the Greek National Annex of the revised EC8 (NA2023) presented in this work. EAK
2003 and current EC8 both share the same seismic hazard map (Fig. 1); however, they dif-
fer in the definition of the elastic response spectrum, with the main difference lying in the
absence of soil amplification for EAK 2003. The NA2023 proposal involves the herein pro-
posed seismic hazard map (Fig. 11) and site categorization with associated amplification
factors (Tables 3 and 4).

Similarly to the resolution of the exposure model, ground motion fields for the scenario-
type seismic risk analyses with the OpenQuake-Engine, i.e., PGA, Sa(0.3 s), Sa(0.6 s), and
Sa(1.0 s) need to be estimated at municipality level, and more specifically at the locations
of the center of each municipality, an absolutely necessary hypothesis due to the large-
scale analysis, which already implies important uncertainties. The aforementioned inten-
sity measures are the ones used in the applied vulnerability model by Martins and Silva
(2020).

To account also for the effect of local site conditions, the required intensity measures
need to be estimated at the ground surface. To this end, a site categorization of the study
area (Greece) based on the categorization schemes of the three different codes is needed.
This is practically impossible on a large scale, so the categorization should be inevitably
based on very simplified models, which for example correlate V 3, with topography and/
or geology (e.g. Wald and Allen 2007). These models introduce high uncertainties, which
should be accounted for in the discussion that will follow.

The model that we adopted in this first-order study is the ESRM?20 site model (Weather-
ill et al. 2021; 2022), which is based on slope and geology information at European scale;
consequently, we classified each municipality into site categories as recommended in EAK

@ Springer



Bulletin of Earthquake Engineering

2003, ECS, and the new NA2023 proposed herein. This is another rough approximation, as
local site conditions are expected to vary significantly within a single municipality. Con-
cerning the classification according to NA2023, due to the lack of adequate data on depth
to seismic bedrock, Hy, for the proper classification, we assumed an intermediated depth
for all cases, and thus all EC8 soil type B sites were classified as B2, while all EC8 soil
type C sites were classified as C2. Finally, for the sites corresponding to the centers of each
municipality, we calculated the 475-year return period elastic response spectra according
to (a) EAK 2003, (b) EC8 and (c) NA2023 (as was described also in Sect. 5) and extracted
from them the PGA, and spectral accelerations S,(0.3 s), S,(0.6 s), and S,(1.0 s). These
values constitute the ground motion fields that were used in the scenario risk analyses at
municipality scale.

The combination of the exposure model, the ground motion fields and the vulnerabil-
ity model provides for the three seismic codes the estimated loss ratio, i.e. the ratio of
the repair cost to the replacement cost, for each element of the exposure model (i.e., the
buildings of each taxonomy per municipality), as well as the aggregate loss ratio for the
total building portfolio of the residential buildings at municipality level (Fig. 18). The gen-
eral outcome is that for most municipalities EAK 2003 leads to lower loss ratio values
(Fig. 18a), which is expected and explained mainly by the fact that soil amplification is
neglected, leading to lower seismic demand and therefore to lower seismic risk. On the
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Fig. 18 Loss ratio maps at municipality level for Greece considering a EAK 2003, b EC8, and ¢ NA2023
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other hand, the new NA2023 proposal in most cases results in higher seismic demand and
seismic risk (Fig. 18c), due to both the higher soil amplification factors, which is perfectly
justified, and the higher ground shaking hazard for rock conditions in some parts of the
country. The current Eurocode 8 results in intermediate loss ratios (Fig. 18b). However,
there is a significant number of municipalities (around 90 out of the total 326) where the
estimated loss ratios with NA2023 are lower than the ones of ECS, such as specific munici-
palities in Attica, Central Macedonia and Thrace. For EAK 2003 the highest loss ratios
are observed in Central Greece, the Ionian islands, Central Macedonia, in certain munici-
palities in Peloponnese around the Corinthian Gulf, in Crete, and the eastern Ae2003gean
islands, with loss ratios between 8 and 16% (Fig. 18a), while for Eurocode 8 they range
between 12 and 24% (Fig. 18b). Indeed, as shown in Fig. 19, the normal distribution curve
of the loss ratio values for the current EC8 is shifted slightly to the right compared to EAK
. For the herein proposed NA2023, almost 25% of the municipalities and 20% of the total
building portfolio, mainly in Zones 4 and 5, exhibit loss ratio values higher than 16%
(Fig. 18c). On the contrary, regions located in Zone 1 (Thrace and the islands of Cyclades)
show low loss ratio values below 8%, whereas the remaining municipalities, located in
Zones 2 and 3, cover all the intermediate values of the histogram in Fig. 19. Regarding the
61 selected cities, the highest loss ratios with NA2023 (above 20%) are found in Amfissa,
Limnos, Mytilini, Pyrgos, Sparti and Kerkyra (Corfu), which anyway should be expected,
while the lowest (below 5%) are located in Katerini, Trikala, Kavala, Santorini, Drama and
Xanthi.

Moving to national level, we made unavoidable assumptions for the replacement cost
per area (1500 €/m? for Athens and Thessaloniki and 1200 €/m? for the rest municipalities
of Greece) and for the floor area (90 m? for low-rise buildings (1-2 storeys) and 300 m? for
the rest height categories), to make a broad estimation of the aggregated loss ratio and eco-
nomic losses at country level for the 475 year return period (Table 7). This offers an indica-
tion of the impact of the adopted code on the estimated risk at national scale. In line with
the previous observations, EAK 2003 leads to the lowest aggregated risk (i.e., 28 billion
€), while the new NA2023 proposal results in a reasonable increase of the estimated aggre-
gated risk (49 billion €) compared to the current EC8 (36 billion €), with which it should
be directly compared. One should keep in mind, however, that for a significant number of
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Table 7 Aggregated economic

; Hazard model Loss ratio Economic
losses and loss ratios for Greece

losses (bil-

obtained from the scenario risk i
ion €)
analyses
EAK2003 0.055 27.96
EC8 0.071 36.27
NA2023 0.097 49.19

municipalities a decrease in risk is observed with the adoption on NA2023. The aggre-
gated economic losses estimated with the NA2023 are quite close to the 47.4 +6.6 billion
€ estimated by Silva et al. (2015) for 475-year return period for mainland Portugal, a coun-
try with similar number of buildings. Last but not least, the results of these risk analyses
should be treated with caution due to the numerous uncertainties involved, with respect to
the resolution of the exposure model and the seismic demand, the site modelling, as well as
the adopted vulnerability models. In any case, they should be considered only as support-
ing material for the proposed zonation.

7 Conclusions

In the context of the ongoing revision of Part 1 of Eurocode 8, we present a complete
proposal for the definition of seismic actions for potential adoption by the Greek National
Annex of the new version of Eurocode 8—Part 1, consisting primarily of a new seismic
hazard zonation map and of a novel site categorization scheme, as well as of all the nec-
essary parameters for the definition of the elastic response spectra. The proposed ground
shaking zonation map was developed mainly based on the 2020 European Seismic Hazard
Model (ESHM?20, Danciu et al. 2021; 2022; 2024). In addition, population and adminis-
trative criteria were also adopted, for the fine-tuning of the boundaries of the zones. The
map comprises five seismic zones compared to the three zones of the seismic hazard map
in force. The lowest seismic zones (1 and 2) contain Thrace (except for the city of Alex-
androupoli), the eastern part of Attica, the islands of Cyclades, the greatest part of central
and western Macedonia, northern Thessaly as well as the central part of Attica. The highest
seismic hazard zones (4 and 5) include western Greece and the Ionian islands, the great-
est part of central Greece and Peloponnese (including the Corinthian Gulf), Crete and the
island of eastern Aegean. The map is consistent with the well-known and documented seis-
mic history in Greece, while it considers the importance of the population density and the
general importance of the regions. In the proposal presented herein, it has been decided for
consistency reasons to keep the zonation and the respective PGA, S, 475 and Sy 475 values
for each zone as they have been calculated from the adopted methodology. However, in the
case of a potential official adoption of the map by the Greek National Annex of the new
Eurocode 8, some practical adjustments might need to be considered, such as rounding the
proposed S, 475, Sp 475, F and Fy values of the zones, increasing the hazard level of Zone 1,
or homogenization of the Athens region in two zones instead of three, to ensure consensus
and an easier application by the practitioners.

Regarding site classification, the proposed scheme is based on previous efforts of the
authors and introduces the approximate depth to seismic bedrock as the main classification
parameter in addition to equivalent shear wave velocity and fundamental period of the site.
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For each class and each seismic zone, appropriate intensity-dependent site amplification
factors are provided, accounting also for nonlinear site response.

The proposal is supported by a preliminary investigation of the impact of its potential
adoption on the seismic design and risk of the building stock in Greece, to help gain a
better insight on how important the imposed differences might be for the end-users and
the administration. Regarding the elastic response spectra used for the seismic design, the
adoption of the proposal may result in some cases, in an increase of the seismic demand
due to the increased hazard for rock conditions as well as the higher site amplification fac-
tors, which is however limited at spectral periods less than 0.5-0.6 s and thus regards rela-
tively stiff structures of medium height. On the contrary, for the low hazard Zones 1 and 2
the maximum spectral acceleration may decrease compared to the current codes, depend-
ing on the soil conditions. This is something that will possibly need to be discussed by
the relevant authorities in charge of the National Annex. The discrepancies are more pro-
nounced with respect to EAK 2003 due to the complete absence of site amplification in this
code. With respect to the impact of our proposal on the seismic risk, the preliminary analy-
ses showed that a reasonable increase is expected at the estimated risk at national level,
justified by the increase in the seismic demand in a significant number of municipalities.
These results, however, should be treated with caution due to the numerous uncertainties
involved, with respect to the resolution of the exposure model and the seismic demand, the
site modelling, as well as the adopted vulnerability models.

Appendix

See Table 8, 9 and 10.
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Table8 (PGA,,.-PGA,;,)/PGA,;, ratios for 61 cities in Greece (Fig. 4) in ascending order for the three-
zone seismic hazard map of Fig. 8a
City ESHM20: Zone PGA,,.(g) (PGA,, .- (PGA, - Population Thresh-
PGA i PGAun)  PGAn) / old satis-
(€3] ® PGApoin fied
Santorini 0.22 1 0.15 -0.07 -31.82% 15,550 No
Aigio 0.47 3 0.33 -0.14 -29.79% 20,442 No
Argostoli 0.44 3 0.33 -0.11 —25.00% 9,748 No
Nafpaktos 0.44 3 0.33 -0.11 —25.00% 13,415 No
Lefkada 0.42 3 0.33 —0.09 -21.43% 8,673 No
Zkynthos 0.4 3 0.33 -0.07 -17.50% 9,772 Yes
Preveza 0.4 3 0.33 -0.07 —17.50% 19,042 Yes
Edessa 0.18 1 0.15 -0.03 -16.67% 18,229 Yes
Veroia 0.18 1 0.15 -0.03 -16.67% 43,158 Yes
Katerini 0.18 1 0.15 —-0.03 -16.67% 55,997 Yes
Almyros 0.28 2 0.24 —0.04 —14.29% 7,955 Yes
Agrinio 0.28 2 0.24 —0.04 —14.29% 55,097 Yes
Chalkida 0.28 2 0.24 —0.04 —14.29% 59,125 Yes
Tripoli 0.28 2 0.24 —0.04 —14.29% 30,866 Yes
Skopelos 0.28 2 0.24 -0.04 —14.29% 3,090 Yes
Patras 0.38 3 0.33 -0.05 -13.16% 168,202 Yes
Alexandroupoli  0.17 1 0.15 —-0.02 —-11.76% 57,812 Yes
Serres 0.17 1 0.15 —-0.02 —-11.76% 58,287 Yes
Arta 0.27 2 0.24 —-0.03 -11.11% 21,895 Yes
Kerkyra 0.27 2 0.24 -0.03 -11.11% 24,838 Yes
Volos 0.27 2 0.24 —-0.03 -11.11% 118,707 Yes
Karpenisi 0.26 2 0.24 -0.02 -7.69% 7,183 Yes
Lamia 0.26 2 0.24 -0.02 -7.69% 52,066 Yes
Mesologgi 0.26 2 0.24 -0.02 -7.69% 12,785 Yes
Kalamata 0.35 3 0.33 —-0.02 -5.71% 54,100 Yes
Pyrgos 0.35 3 0.33 —0.02 -571% 24,359 Yes
Nafplion 0.25 2 0.24 —0.01 —4.00% 14,203 Yes
Athos 0.25 2 0.24 —-0.01 —4.00% 2,072 Yes
Korinthos 0.34 3 0.33 —-0.01 —2.94% 30,176 Yes
Amfissa 0.33 3 0.33 0 0.00% 6,919 Yes
Drama 0.15 1 0.15 0 0.00% 54,027 Yes
Samos 0.33 3 0.33 0 0.00% 8,079 Yes
Limnos 0.24 2 0.24 0 0.00% 49,541 Yes
Rhodes 0.33 3 0.33 0 0.00% 49,541 Yes
Sparti 0.33 3 0.33 0 0.00% 18,926 Yes
Ioannina 0.32 3 0.33 0.01 3.13% 65,574 Yes
Polygyros 0.23 2 0.24 0.01 4.35% 6,121 Yes
Thessaloniki 0.23 2 0.24 0.01 4.35% 789,191 Yes
Karditsa 0.23 2 0.24 0.01 4.35% 38,554 Yes
Kastoria 0.23 2 0.24 0.01 4.35% 13,387 Yes
Heraklion 0.31 3 0.33 0.02 6.45% 163,653 Yes
Agios Nicolaos 0.31 3 0.33 0.02 6.45% 11,421 Yes
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Table 8 (continued)

City ESHM20: Zone PGA, . (g) (PGA (PGA, - Population Thresh-
PGA int PGA PGAin) / old satis-
(® (&) point fied
Thiva 0.31 3 0.33 0.02 6.45% 22,883 Yes
Rethymno 0.31 3 0.33 0.02 6.45% 32,468 Yes
Florina 0.22 2 0.24 0.02 9.09% 17,686 Yes
Chios 0.3 3 0.33 0.03 10.00% 26,850 Yes
Kos 0.3 3 0.33 0.03 10.00% 19,432 Yes
Mytilini 0.29 3 0.33 0.04 13.79% 27,871 Yes
Chania 0.29 3 0.33 0.04 13.79% 53,910 Yes
Athens 0.21 2 0.24 0.03 14.29% 3,218,218 No
Kilkis 0.21 2 0.24 0.03 14.29% 22914 Yes
Grevena 0.21 2 0.24 0.03 14.29% 13,137 Yes
Larissa 0.21 2 0.24 0.03 14.29% 144,651 Yes
Komotini 0.13 1 0.15 0.02 15.38% 50,990 Yes
Xanthi 0.13 1 0.15 0.02 15.38% 56,122 Yes
Kozani 0.2 2 0.24 0.04 20.00% 41,066 Yes
Ptolemaida 0.2 2 0.24 0.04 20.00% 32,142 Yes
Igoumenitsa 0.27 3 0.33 0.06 22.22% 9,145 No
Kavala 0.12 1 0.15 0.03 25.00% 54,027 No
Trikala 0.19 2 0.24 0.05 26.32% 61,653 No

Negative or positive values of the ratio mean that the zonation of Fig. 8a underestimates or overestimates
PGA with respect to the closest grid point, respectively
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Table9 (PGA

zone

-PGA in)/PGA i Tatios for 61 cities in Greece (Fig. 4) in ascending order for the four-
zone seismic hazard map of Fig. 9a

City ESHM20: Zone PGA,,.(g) (PGA- (PGA- Population Thresh-
PGA gint sone ™ PGApgind)  z0ne = PGApging) old
(g) (2 / PGA i satisfied
Alexandroupoli 0.17 1 0.12 —-0.05 -29.41% 57,812 No
Aigio 0.47 4 0.37 -0.1 -21.28% 20,442 No
Athos 0.25 2 0.2 -0.05 —20.00% 2,072 Yes
Drama 0.15 1 0.12 -0.03 —20.00% 54,027 Yes
Argostoli 0.44 4 0.37 -0.07 —-1591% 9,748 Yes
Nafpaktos 0.44 4 0.37 -0.07 —1591% 13,415 Yes
Samos 0.33 3 0.28 -0.05 —15.15% 8,079 Yes
Rhodes 0.33 3 0.28 -0.05 -15.15% 49,541 Yes
Sparti 0.33 3 0.28 -0.05 —15.15% 18,926 Yes
Polygyros 0.23 2 0.2 —0.03 —13.04% 6,121 Yes
Thessaloniki 0.23 2 0.2 -0.03 —13.04% 789,191 No
Kastoria 0.23 2 0.2 -0.03 —13.04% 13,387 Yes
Ioannina 0.32 3 0.28 -0.04 —12.50% 65,574 Yes
Lefkada 0.42 4 0.37 —0.05 —11.90% 8,673 Yes
Heraklion 0.31 3 0.28 —0.03 —-9.68% 163,653 Yes
Agios Nicolaos 0.31 3 0.28 —-0.03 —9.68% 11,421 Yes
Thiva 0.31 3 0.28 —0.03 —9.68% 22,883 Yes
Rethymno 0.31 3 0.28 -0.03 —9.68% 32,468 Yes
Santorini 0.22 2 0.2 —0.02 -9.09% 15,550 Yes
Florina 0.22 2 0.2 -0.02 —9.09% 17,686 Yes
Komotini 0.13 1 0.12 -0.01 —7.69% 50,990 Yes
Xanthi 0.13 1 0.12 -0.01 —7.69% 56,122 Yes
Zakynthos 0.4 4 0.37 —-0.03 -7.50% 9,772 Yes
Preveza 0.4 4 0.37 -0.03 —-7.50% 19,042 Yes
Chios 0.3 3 0.28 -0.02 —-6.67% 26,850 Yes
Kos 0.3 3 0.28 -0.02 -6.67% 19,432 Yes
Athens 0.21 2 0.2 —-0.01 —-4.76% 3,218,218 Yes
Kilkis 0.21 2 0.2 -0.01 —-4.76% 22,914 Yes
Grevena 0.21 2 0.2 -0.01 —-4.76% 13,137 Yes
Mytilini 0.29 3 0.28 —-0.01 -3.45% 27,871 Yes
Chania 0.29 3 0.28 —-0.01 -3.45% 53,910 Yes
Patras 0.38 4 0.37 -0.01 -2.63% 168,202 Yes
Almyros 0.28 3 0.28 0 0.00% 7,955 Yes
Agrinio 0.28 3 0.28 0 0.00% 55,097 Yes
Chalkida 0.28 3 0.28 0 0.00% 59,125 Yes
Tripoli 0.28 3 0.28 0 0.00% 30,866 Yes
Skopelos 0.28 3 0.28 0 0.00% 3,090 Yes
Kozani 0.2 2 0.2 0 0.00% 41,066 Yes
Ptolemaida 0.2 2 0.2 0 0.00% 32,142 Yes
Kavala 0.12 1 0.12 0 0.00% 54,027 Yes
Arta 0.27 3 0.28 0.01 3.70% 21,895 Yes
Kerkyra 0.27 3 0.28 0.01 3.70% 24,838 Yes
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Table 9 (continued)

City ESHM20: Zone PGA,,.(2) (PGA- (PGA- Population Thresh-
PGA i zone = PGApgin) 00— PGA old
() (2) I PGA gy satisfied
Volos 0.27 3 0.28 0.01 3.70% 118,707 Yes
Igoumenitsa 0.27 3 0.28 0.01 3.70% 9,145 Yes
Trikala 0.19 2 0.2 0.01 5.26% 61,653 Yes
Kalamata 0.35 4 0.37 0.02 5.71% 54,100 Yes
Pyrgos 0.35 4 0.37 0.02 5.71% 24,359 Yes
Karpenisi 0.26 3 0.28 0.02 7.69% 7,183 Yes
Lamia 0.26 3 0.28 0.02 7.69% 52,066 Yes
Mesologgi 0.26 3 0.28 0.02 7.69% 12,785 Yes
Korinthos 0.34 4 0.37 0.03 8.82% 30,176 Yes
Edessa 0.18 2 0.2 0.02 11.11% 18,229 Yes
Veroia 0.18 2 0.2 0.02 11.11% 43,158 Yes
Katerini 0.18 2 0.2 0.02 11.11% 55,997 Yes
Nafplion 0.25 3 0.28 0.03 12.00% 14,203 Yes
Amfissa 0.33 4 0.37 0.04 12.12% 6,919 Yes
Limnos 0.24 3 0.28 0.04 16.67% 49,541 Yes
Serres 0.17 2 0.2 0.03 17.65% 58,287 Yes
Karditsa 0.23 3 0.28 0.05 21.74% 38,554 No
Larissa 0.21 3 0.28 0.07 33.33% 144,651 No

Negative or positive values of the ratio mean that the zonation of Fig. 9a underestimates or overestimates
PGA with respect to the closest grid point, respectively
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Table 10 (PGA

zone

~PGA i )/PGA

point

five-zone seismic hazard map of Fig. 10a

ratios for 61 cities in Greece (Fig. 4) in ascending order for the

City ESHM20: Zone PGA,,.(g) (PGA- (PGA- Population Thresh-
PGA gint sone ™ PGApgind)  z0ne = PGApging) old
(g) (2 / PGA i satisfied
Aigio 0.46 5 0.37 -0.09 —19.57% 20,442 Yes
Argostoli 0.44 5 0.37 -0.07 —-1591% 9,748 Yes
Nafpaktos 0.44 5 0.37 -0.07 —-1591% 13,415 Yes
Santorini 0.22 2 0.19 -0.03 —13.64% 15,550 Yes
Drama 0.15 1 0.13 -0.02 —13.33% 54,027 Yes
Samos 0.33 4 0.29 -0.04 —12.12% 8,079 Yes
Rhodes 0.33 4 0.29 -0.04 —12.12% 49,541 Yes
Sparti 0.33 4 0.29 -0.04 -12.12% 18,926 Yes
Lefkada 0.42 5 0.37 —0.05 —11.90% 8,673 Yes
Athens 0.21 2 0.19 -0.02 -9.52% 3,218,218 Yes
Kilkis 0.21 2 0.19 -0.02 -9.52% 22914 Yes
Grevena 0.21 2 0.19 —-0.02 —-9.52% 13,137 Yes
Ioannina 0.32 4 0.29 -0.03 -9.38% 65,574 Yes
Athos 0.25 3 0.23 -0.02 —8.00% 2,072 Yes
Zkynthos 04 5 0.37 -0.03 -7.50% 9,772 Yes
Preveza 0.4 5 0.37 —-0.03 —-7.50% 19,042 Yes
Heraklion 0.31 4 0.29 —-0.02 —-6.45% 163,653 Yes
Agios Nicolaos 0.31 4 0.29 —-0.02 —6.45% 11,421 Yes
Thiva 0.31 4 0.29 —0.02 —6.45% 22,883 Yes
Rethymno 0.31 4 0.29 -0.02 —6.45% 32,468 Yes
Kozani 0.2 2 0.19 -0.01 —5.00% 41,066 Yes
Ptolemaida 0.2 2 0.19 -0.01 —5.00% 32,142 Yes
Chios 0.3 4 0.29 -0.01 -3.33% 26,850 Yes
Kos 0.3 4 0.29 -0.01 -3.33% 19,432 Yes
Patras 0.38 5 0.37 —-0.01 —-2.63% 168,202 Yes
Polygyros 0.23 3 0.23 0 0.00% 6,121 Yes
Thessaloniki 0.23 3 0.23 0 0.00% 789,191 Yes
Kastoria 0.23 3 0.23 0 0.00% 13,387 Yes
Komotini 0.13 1 0.13 0 0.00% 50,990 Yes
Xanthi 0.13 1 0.13 0 0.00% 56,122 Yes
Mytilini 0.29 4 0.29 0 0.00% 27,871 Yes
Chania 0.29 4 0.29 0 0.00% 53,910 Yes
Trikala 0.19 2 0.19 0 0.00% 61,653 Yes
Karditsa 0.23 3 0.23 0 0.00% 38,554 Yes
Almyros 0.28 4 0.29 0.01 3.57% 7,955 Yes
Agrinio 0.28 4 0.29 0.01 3.57% 55,097 Yes
Chalkida 0.28 4 0.29 0.01 3.57% 59,125 Yes
Tripoli 0.28 4 0.29 0.01 3.57% 30,866 Yes
Skopelos 0.28 4 0.29 0.01 3.57% 3,090 Yes
Florina 0.22 3 0.23 0.01 4.55% 17,686 Yes
Edessa 0.18 2 0.19 0.01 5.56% 18,229 Yes
Veroia 0.18 2 0.19 0.01 5.56% 43,158 Yes
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Table 10 (continued)

City ESHM20: Zone PGA, . (g) (PGA- (PGA- Population Thresh-
PGA inc zone = PGApin)  sone = PGAging) old
() (2) I PGA gy satisfied
Katerini 0.18 2 0.19 0.01 5.56% 55,997 Yes
Kalamata 0.35 5 0.37 0.02 5.71% 54,100 Yes
Pyrgos 0.35 5 0.37 0.02 5.71% 24,359 Yes
Arta 0.27 4 0.29 0.02 7.41% 21,895 Yes
Kerkyra 0.27 4 0.29 0.02 7.41% 24,838 Yes
Volos 0.27 4 0.29 0.02 7.41% 118,707 Yes
Igoumenitsa 0.27 4 0.29 0.02 7.41% 9,145 Yes
Kavala 0.12 1 0.13 0.01 8.33% 54,027 Yes
Korinthos 0.34 5 0.37 0.03 8.82% 30,176 Yes
Larissa 0.21 3 0.23 0.02 9.52% 144,651 Yes
Karpenisi 0.26 4 0.29 0.03 11.54% 7,183 Yes
Lamia 0.26 4 0.29 0.03 11.54% 52,066 Yes
Mesologgi 0.26 4 0.29 0.03 11.54% 12,785 Yes
Alexandroupoli 0.17 2 0.19 0.02 11.76% 57,812 Yes
Serres 0.17 2 0.19 0.02 11.76% 58,287 Yes
Amfissa 0.33 5 0.37 0.04 12.12% 6,919 Yes
Nafplion 0.25 4 0.29 0.04 16.00% 14,203 Yes
Limnos 0.25 4 0.29 0.04 17.89% 49,541 Yes

Negative or positive values of the ratio mean that the zonation of Fig. 10a underestimates or overestimates
PGA with respect to the closest grid point, respectively
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