International Journal of Disaster Risk Reduction 90 (2023) 103610

Contents lists available at ScienceDirect

International Journal of Disaster Risk Reduction

IL.SEVIER journal homepage: www.elsevier.com/locate/ijdrr

Check for

Assessing the potential implementation of earthquake early i
warning for schools in the Patras region, Greece

a,b,*

Carmine Galasso , Elisa Zuccolo @, Karim Aljawhari ", Gemma Cremen ?,

Nikolaos S. Melis ©

2 University College London (UCL), Department of Civil, Environmental, and Geomatic Engineering, London, UK

Y Scuola Universitaria Superiore (IUSS) Pavia, Centre for Training and Research on Reduction of Seismic Risk (ROSE), Pavia, Italy
¢ European Centre for Training and Research in Earthquake Engineering (EUCENTRE), Dept of Risk Scenarios, Pavia, Italy

d Istituto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS), Seismological Research Center (CRS), Udine, Ttaly

¢ National Observatory of Athens (NOA), Institute of Geodynamics, Athens, Greece

ARTICLE INFO ABSTRACT

Keywords: Earthquake early warning (EEW) is currently deemed a credible approach to seismic resilience
Earthquake early warning enhancement in modern societies, especially if part of a more holistic earthquake mitigation
Greece strategy involving other risk reduction tools such as structural upgrading/retrofit. Yet, there re-
Schools mains a strong need to 1) assess the feasibility of EEW in various seismotectonic contexts,

Warning Time

considering specific target applications/end users; and 2) develop next-generation decision-sup-
Decision-making

port systems relying on interpretable probabilistic impact-based estimates toward more risk-
informed decision-making on EEW installation/alert triggering. These challenges are addressed
in this paper, which showcases a series of recent significant EEW contributions by the authors.
First, we present the results of a state-of-the-art feasibility study for EEW in schools performed
across the Patras region of Greece, attempting to spatially combine traditional seismologically-
driven EEW decision criteria (i.e., warning time) with proxy risk-oriented measures for earth-
quake impact (i.e., building fragility and the number of exposed school students). These results
show that, under certain conditions, EEW could be effective for the schools in the considered case-
study region. We then demonstrate an advanced end-user-centred approach for improved risk-
informed decision-making on triggering EEW alerts. The proposed methodology integrates
earthquake-engineering-related seismic performance assessment procedures and metrics with
multi-criteria decision-making (MCDM) within an end-to-end probabilistic framework. The
performance-based earthquake engineering component of such a framework facilitates the
computation of various damage/loss estimates (e.g., repair cost, downtime, and casualties) by
combining target-structure-specific models of seismic response, fragility, and vulnerability with
real-time ground-shaking estimates. Additionally, the incorporated MCDM methodology enables
explicit consideration of end-user preferences (importance) towards the estimated consequences
in the context of alert issuance. The developed approach is demonstrated using an archetype
school building for the case-study region, for which we specifically investigate the optimal de-
cision (i.e., “trigger” or “don’t trigger” an EEW alert) across a range of ground-motion intensity
measures. We find that the best action for a given level of ground shaking can vary as a function of
stakeholder preferences.
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1. Introduction

Earthquake early warning (EEW) systems detect earthquakes in the initial phases of fault rupture, rapidly estimate source pa-
rameters and/or the intensity of the resulting ground motion, and alert end users before they experience the intense shaking that might
cause damage and financial/human losses. A review of worldwide EEW applications shows that the warning time facilitated by an EEW
system (typically seconds to tens of seconds, depending on the source-to-site distances) can potentially reduce the impact of an
earthquake across many sectors of society, although inherent, practical limitations exist (e.g., [1-31).

Progress in engineering-oriented research and development in EEW has been slow, in sharp contrast to the rapid EEW advance-
ments that have been achieved in the seismology community (e.g., [4,5]). From an engineering perspective, the first step is to estimate
source parameters and/or ground-motion intensity measures (IMs), outputs of traditional EEW systems [6,7]. These real-time esti-
mates should be combined with next-generation decision-support tools that incorporate advanced risk-based predictions of
earthquake-induced consequences on buildings/infrastructure to determine whether mitigation actions should be triggered, leading to
more informed EEW alert issuance (e.g., [4]). This end-to-end engineering-oriented approach to EEW was recently achieved in [8],
within the context of the state-of-the-art performance-based earthquake engineering (PBEE) framework [10]. This framework can be
used to estimate the seismic performance of buildings, infrastructure components, and other built assets in terms of consequence
metrics of interest to end users (i.e., “dollars, deaths, and downtime”). The methodology introduced in [8] specifically leverages the
PBEE-based early warning (PBEEW) framework developed in [11]. It combines its risk-based estimates with multi-criteria deci-
sion-making tools to investigate optimal EEW decisions (i.e., “trigger”/“do not trigger” alerts).

Ref. [12] revealed that typical EEW end-user systems are hospitals, public transportation systems, and schools. EEW can be
particularly beneficial for schools, where the consequences of false alarms (i.e., erroneous triggering of EEW alerts) are not costly. The
potential risk-mitigation rewards in terms of life safety and long-term education support are substantial. Ref. [13] states “Although it is
generally not recommended to run outside of buildings in a city in case of earthquakes because of falling debris, schools may be successfully
evacuated because open areas for recreation and sports surround them. Also, in some earthquake-prone regions, like Lima, Peru, most schools
have only two floors, allowing evacuation in 5-15 s”. Many previous studies have considered school facilities as potential targets for EEW
in various parts of the world (e.g., [14-171]). For instance, Ref. [18] investigated EEW feasibility for schools in the Campania region
(southern Italy). The study considered potential earthquake sources for the area, the Italian accelerometric network as the recording
network for seismic events, and the performance of the software platform PRESTo™ (a network-based EEW system developed by the
same research group) for data analysis and processing. The authors concluded that an efficient EEW system could enable most schools
in the region to undertake some mitigating actions for an incoming event. However, none of the existing literature on EEW applications
in schools has considered an engineering-oriented approach, which this paper attempts to address.

This study specifically investigates risk-oriented EEW feasibility for schools in the region of Patras, Greece. It also implements the
risk-informed EEW decision-making methodology proposed in [8] for an archetype school building in the same region. Patras is
Greece’s third-largest city and the regional capital of Western Greece. The entire Patras Gulf area is part of one of the testbeds
considered in the framework of the European Union’s Horizon 2020 research and innovation program “TURNkey - Towards more
Earthquake-resilient Urban Societies through a Multi-sensor-based Information System enabling Earthquake Forecasting, Early Warning and
Rapid Response actions” (https://earthquake-turnkey.eu/, last accessed February 2023). Southeastern Europe is the continent’s most
seismically active region, with Greece, Italy, and Turkey often experiencing the most frequent and strongest earthquakes. However,
Greece (and Italy) do not currently have operational government-supported, country- or region-wide EEW systems in place (although
the Android Earthquake Alert System, which uses Android phones to issue and receive early warnings, has recently been launched in
Greece; e.g., [19]).

The general feasibility of EEW in Europe, and specifically in Greece, has recently been demonstrated in [9]. This study calculated
the amount of warning (or lead) time (i.e., the time between the delivery of an EEW alert and the arrival of shaking at target sites,
including various technical/operational delays) that might be possible at multiple locations across Europe exposed to significant
seismicity, based on the locations of 2377 sensor stations. The computed lead times were combined with estimates of the expected level
of shaking (in terms of the European Macroseismic Scale (EMS)-98 seismic intensity scale, specifically designed for European coun-
tries) and the number of people potentially affected. This information, together with an estimate of the accuracy of the warning, led to
anew relative indicator (i.e., EEW relative feasibility index) for the potential usefulness of EEW across Europe. This index revealed that
parts of the Euro-Mediterranean region could benefit from EEW and its potential for mitigating the detrimental effects of earthquakes.

We refine the approach used in [9] by investigating EEW feasibility for schools in Patras, overcoming some of the simplifying
assumptions of the Europe-wide study that mainly relate to 1) the use of continent-wide, open data and tools — to ensure consistency of
application across Europe; and 2) the working assumption that the considered seismic stations are (or could be) capable of being used
for EEW purposes (i.e., they have or could have adequate data acquisition/transmission systems, real-time communication capability,
robust dissemination methods, power supply systems, etc.). In particular, our lead-time analyses account for several EEW (i.e., regional
vs onsite) and seismic network configurations, different types (and numbers) of seismic sensors available in the region (i.e., broadband
and short-period sensors, as well as low-cost accelerometric ones) and the disaggregation of lead times by various seismic sources (as
well as potential earthquake magnitudes of interest). Our feasibility analysis in this paper also explicitly considers the physical
vulnerability of an archetype school building in the case-study region — through a state-of-the-art modelling approach — and therefore is
a more rigorous risk-oriented approach.

The paper is organised as follows. First, we introduce the case study region, focusing on the seismotectonic and seismic monitoring
of the area. Then, we evaluate the EEW feasibility for school buildings in Patras, which first involves defining a representative
archetype structure based on rapid visual survey results. Detailed fragility analysis results for the selected archetype school building
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are used together with lead time estimates to define an EEW relative feasibility index for Patras schools, also accounting for student
exposure in each school. Finally, we demonstrate the engineering-oriented EEW approach of [8] for the archetype school building.

2. Case-study region

The region surrounding Patras (Fig. 1), which corresponds to the TURNkey Testbed region in Greece, is dominated by a highly
seismically active normal fault zone of an almost east-southeast - west-northwest strike direction. This zone is linked via a transten-
sional northeast-southwest zone from the Corinth Gulf (to the east) to the west of Patras Gulf (e.g., [28-30]). The western Gulf of
Corinth experiences extensional seismic activity near and around the town of Aegion, which damaging earthquakes have hit since
historical times (e.g., [31]). The latest damaging event, which occurred on June 15, 1995, with a moment magnitude (My) of 6.4 [32],
devastated Aegion and surrounding regions, with severe damage occurring to the building stock, including the collapse of two rein-
forced concrete multi-story buildings (i.e., a hotel and an apartment complex). The two collapses resulted in 26 casualties (e.g., [33,
34]). The Patras Gulf transtensional fault boundary is connected with branches of smaller east-west normal fault structures (i.e., Agia
Triada fault in Patras city; [35]). It continues towards the south to a strike-slip fault activated by the My 6.4 earthquake on June 8,
2008 (e.g., [36]). This event devastated the rural area southeast of Patras city, causing significant damage predominantly to weak
structures in villages and small towns south of Patras.

Located west of the Testbed region is Greece’s zone of highest seismic hazard, containing the central Ionian Islands (namely
Kefalonia, Zakynthos, and Lefkada). This zone is dominated by extreme events with magnitudes larger than 7.0 that have produced
moderate-to-high structural and nonstructural damage in Greece (e.g., [37]). It lies at the transition between the north-south extension
of central Greece (from the Gulf of Corinth to the last western extensional feature, the Gulf of Patras, from east to west) to the transfer
fault of the Ionian Islands that links the African subduction zone (along the Hellenic Arc) with the Apulian Collision to the north [38].

The region considered in this study is monitored by the Hellenic Unified Seismic Network (HUSN), which is managed by the
National Observatory of Athens (NOA) and acts as an operational seismic network to monitor earthquake activity in Greece and the
adjacent region, informing the Greek State and the general public. Fig. 1 also shows the stations available in real-time via HUSN and
the European Integrated Data Archive (EIDA) NOA node," which provides open data for research purposes. They include both weak -
(short period and broadband) and strong-motion sensors and belong to the seismic networks operated by NOA (HL), University of
Patras (HP), University of Athens (HA), University of Thessaloniki (HT), Institute of Engineering Seismology and Earthquake Engi-
neering (HI), and the Corinth Rift Laboratory - Center National de La Recherche Scientifique (CL).

During the TURNKkey project, low-cost accelerometric sensors were deployed in November 2019 to densify the existing network in
Patras, Aegion, and Kalavrita, in the greater Achaia prefecture. The stations of the TURNkey project currently comprise 40 Raspberry-
Shake 4D (RS4D) sensors” (low-cost accelerographic devices) and 13 P-Alert sensors® (low-cost accelerographic devices), which are
located inside schools and public buildings. A dedicated website* provides information on their everyday operation; this strong-motion
network is linked to the TURNkey FWCR (Forecasting - Early Warning - Consequence Prediction - Response) platform. The latter is a
comprehensive information system facilitating operational earthquake forecasting, regional earthquake early warning, and post-
earthquake rapid response actions across the European continent. TURNkey network stations considered for this study are shown
in Fig. 1.

In this study, we focus on the 268 schools located in Patras city and the broader Municipality of Patras. The considered schools
include both public and private schools, spanning several student age levels from kindergarten to high school, as retrieved from open
data published by the central Greek government.”

3. Archetype school building: geometry, materials, and modelling

The current study adopts the methodology proposed in [8] to establish a risk-informed EEW decision support system for an
archetype school building in Patras. Similarly to [39] (among others), the archetype was identified by carrying out a remote rapid
visual survey to investigate the prevalent geometric characteristics (i.e., plan shape, number of storeys, approximate floor height,
number of bays, and approximate span lengths in both horizontal directions) of school buildings in Patras. The survey incorporated a
subset of 45 different schools in the city of Patras, comprising a total of 61 buildings. Due to the COVID-19 pandemic and travel re-
strictions during the study, these buildings were virtually inspected through Google Maps/Street View, also considering information
available on the web via the Greek Ministry of Education, Research, and Religious Affairs,” in addition to the 2001 census carried out
by Hellenic Statistical Authority.®

A summary of the information collected via the remote visual survey is visualised in the pie charts in Fig. 2. Most inspected school
buildings are rectangular in terms of plan shape (almost 51%) and are composed of two storeys (about 60%), according to Fig. 2a and b,
respectively. Moreover, Fig. 2c demonstrates that an approximate height of 3.5 m characterised around 61% of the storeys across all

https://eida.gein.noa.gr/.
https://raspberryshake.org.
http://www.sanlien.com.tw/product/palert.
https://accelnet.gein.noa.gr/TURNkey/.
https://data.gov.gr.
https://maps.google.com.
http://www.ermis.gov.gr.
https://www.statistics.gr.
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Fig. 1. Seismic stations considered in the study. Black solid stars indicate the two epicentres of the 1995 and 2008 events mentioned in the text. The double black
capital letters are acronyms that stand for: Gulf of Patras (PG), Gulf of Corinth (CG), Ionian Islands (Zakynthos (ZA), Kefallonia (KE), Lefkada (LK)), the Hellenic Arc
(HL), the Apulian Collision (AP), and the Ionian Islands Transfer Fault (TF). The elevation data represented in the map is taken from Shuttle Radar Topography Mission
(SRTM) 1 Arc-Second Global ([20]) and the red fault lines from the Greek Database of Seismogenic Sources (GreDaSS; [21]). Symbols listed in the legend represent the
existing stations available through the Hellenic Unified Seismic Network (HUSN; strong-motion stations are marked by green diamonds, while weak-motion stations -
broadband and short period - are marked by black squares). The stations belong to the following seismic networks: HL [22]; HT [23]; HP [24]; HA [25]; HI [26]; CL
[27]. Red triangles identify the TURNKkey arrays in Patras city (Pa), Aigion town (Ai) and Kalavrita town (Ka), while blue circles represent the other TURNKkey stations.

buildings. The survey also indicates that the number of bays in the longitudinal direction is scattered between three and 19 (there are
no dominant values). However, the most frequent bay numbers are three, four, five, eight, and 11, as per Fig. 2d. Conversely, Fig. 2e
shows that the number of bays in the short direction is predominantly two, in 53% of the investigated buildings (Fig. 2e). Lastly, 44% of
the school buildings have an approximate span length of 3.5 m in the longitudinal direction, as indicated in Fig. 2e. In contrast, the span
lengths in the short direction are more evenly distributed, as observed in Fig. 2g.

The summary of geometric characteristics enables an archetype (or index) structure to be identified that broadly reflects the general
practice of schools’ design/construction in the Patras region. The geometry of the developed archetype structure is based on the
dominant characteristics observed in Fig. 2 without explicitly accounting for their correlation (which is generally low based on the
visual inspection of the considered schools). Accordingly, the resulting structure is rectangular in plan and is composed of two storeys
with a height of 3.5 m each. There are nine bays in the longitudinal direction, with a uniform bay length of 3.5 m; three bays with a
length of 4.0 m for the classrooms and 2.0 m for the corridor are assumed in the short direction of the building. This results in an overall
longitudinal plan dimension of 31.0 m, a short plan dimension of 10.0 m, and a total floor area of 310 m.? Each floor comprises four
classrooms with an area of 56 m” each, a staircase, and a 2.0m-wide corridor extending along the longitudinal direction of the floor.
These geometric features are illustrated in Fig. 3, which provides a plan view of the developed archetype building.

The age of construction (or of significant retrofit) is another important parameter that could provide information on the type of
lateral load-resisting system, construction practice, and seismic design provisions (if any) implemented in the design and construction
of a building. However, this type of information cannot be captured by the remote visual survey approach adopted in this study. As
Greece is characterised by moderate-to-high seismic activity, we assume that the developed archetype building complies with some
modern seismic design requirements. It is acknowledged that some non-code-conforming school buildings still exist in Greece; yet,
considering EEW applications for these cases might not be desirable. This is because non-code-conforming educational facilities could
incur severe structural and nonstructural damage or even local/global collapses under intense ground shaking. This would diminish
the benefits of practical actions (e.g., “drop, cover, and hold on” - DCHO - or move to safer locations within the building) that can be
taken by people when an EEW system issues an alert during an earthquake. In fact, EEW systems are arguably only effective as part of a
holistic seismic risk mitigation strategy, which also incorporates upgrading the performance of existing structures to modern/current
building codes that reduce their seismic vulnerability (e.g., [3]).

We specifically assume that the archetype school building follows the latest seismic design requirements of Eurocode 8 [40]. We
perform a simulated design procedure to determine the required detailing (i.e., reinforcement) and cross-section dimensions,
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Fig. 3. Plan view of the developed archetype school building. Section dimensions are in cm.

considering the provisions of high-ductility-class structures. These provisions require capacity design, strong-column-weak-beam
design, high confinement of columns, and joint reinforcement, ensuring the structure exhibits an overall ductile beam-sway
(global) mechanism, preventing local brittle failure modes/global collapse. The design seismic load for the ultimate limit state,
which corresponds to a 10% probability of exceedance in 50 years, is described by the Type 1 elastic response spectrum in Eurocode 8.
We consider a peak ground acceleration (PGA) of 0.43 g [41] and ground type C [35]. We also adopt typical average values for the
concrete compressive strength (f.) and reinforcement yield strength (f,), which are equal to 33 MPa and 544 MPa, respectively [42].
The gravity loads include a uniformly distributed live load of 2.5 kPa [43] and a superimposed dead load equal to 1.0 kPa, along with
the self-weight of structural and nonstructural components.

Fig. 4 shows the resulting elevations and dimensions of structural components for Frame 3-3 in the longitudinal direction and
Frame B-B in the transverse direction, in addition to cross-section samples for both beams and columns. The archetype structure
incorporates masonry infill walls composed of hollow clay bricks, which is standard construction practice in the Mediterranean region.
Such infill walls are among the major contributors to earthquake-induced direct economic losses, especially after minor-to-moderate
ground-shaking events. They can significantly affect the seismic performance of the structure due to infill-frame interaction (e.g., [44,
45]). The average mechanical properties of the infill walls implemented in the current study are summarised in Table 1 (e.g., [46,471).
We simulate the nonlinear response of the archetype school building via 2D numerical models developed using OpenSees software [48,
49]. Details of the adopted nonlinear modelling strategy are provided in Appendix A.
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Fig. 4. Elevation of (a) Frame 3-3 in the longitudinal direction; and (b) Frame B-B in the transverse direction. Section dimensions are in cm.

4. Seismic fragility analysis

Investigating the feasibility of implementing an EEW system for schools in Patras requires characterising the expected lead times
and student exposure and evaluating the different damage levels the archetype building could experience at various levels of ground-
shaking intensity. The latter requirement can be accomplished using building-level seismic fragility relationships, which provide the
probability of exceeding different building-level, structure-specific damage levels as a function of ground-shaking intensity. The
procedure implemented to derive the fragility relationships for the archetype school building developed in Section 3 is further
explained in the following sub-sections.

4.1. Damage-state definition

A structure could incur different damage conditions (levels) depending on its seismic performance characteristics and the ground-
shaking intensity level. To describe these conditions, four different structure-specific, building-level damage states (DSs) are defined.
The occurrence of each DS is quantified using an appropriate measurable engineering demand parameter (EDP). This study adopts the
maximum interstorey drift ratio (MIDR) as an EDP, which is a highly reliable proxy to characterise global structural/nonstructural
damage, particularly for drift-sensitive components (e.g., [50]). The MIDR threshold that corresponds to the occurrence of each DS is
mapped by assessing multiple measurable damage criteria during pushover analysis. Similarly to [51], these criteria represent varying
stages of seismic damage at different resolutions; e.g., section, component, and storey levels. The criteria used here are adopted from
[52,53] and are also summarised in Table 2. The thresholds of different DSs are based on the first occurrence of any criterion in a given
column of Table 2. Note that 0, denotes the yield rotation and 6, represents the ultimate rotation quantified as per Eurocode 8-3 [54].

Fig. 5 illustrates the pushover curves for both frames and the MIDR thresholds of each DS. The thresholds are also provided in
Table 3, along with some relevant dynamic characteristics, i.e., the fundamental period of vibration (T;) for both infilled and bare
configurations, in addition to the mass participation ratio. The pushover analysis demonstrates a good distribution of inelastic
deformation demands among the frames’ two floors, with a slightly higher demand concentration on the first floor. Consequently, the
mapped DS thresholds are governed by the damage observations recorded on the first floor rather than the second. Furthermore,

Table 1

Average mechanical properties of the modelled infill walls.
Parameter Symbol Units Value
Compressive strength Omo MPa 6
Shear strength Tmo MPa 0.4648
Modulus of elasticity En MPa 4312
Slide resistance 7o MPa 0.3254
Vertical gravity stress oo MPa 0
Thickness of infills t mm 100
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Fig. 5a shows that the longitudinal frame has slightly more lateral strength and stiffness than the transverse one, which means that the
latter frame develops earlier infill cracking and yielding of structural elements, as also indicated by the MIDR thresholds of DSO and
DS1. The difference in characteristics associated with both directions is attributed to the distribution of infill walls. The longitudinal
frame is fully infilled whereas the last bay of the transverse structure represents an external open corridor that does not incorporate any
infill walls, leading to a slight reduction in the overall lateral strength and stiffness.

4.2. Seismic performance characterisation using dynamic analysis

To derive fragility relationships, the seismic performance of the developed archetype school models must first be characterised. We
achieve this by conducting nonlinear dynamic response analyses following the multiple-stripe-analysis (MSA) approach (e.g., [55]).
MSA involves subjecting the archetype school models to multiple sets of ground-motion records, each representing a discrete level of a
pre-defined ground-shaking IM. The IM adopted in this study is the spectral acceleration at the structure’s fundamental period (Sa
(T1)). We assume a T; value equal to 0.4s, representing the bare-frame configuration of the archetype school building in both lon-
gitudinal and transverse directions (see Table 4). We neglect the value of T; that corresponds to the infilled frames, given their sus-
ceptibility to early cracking, which leads to significant period elongation due to the loss of the structure’s lateral stiffness (even under
low ground-shaking levels).

The considered MSA approach involves adopting ground-motion records that are consistent with the seismic hazard of the site of
interest. This, in turn, requires performing probabilistic seismic hazard analysis (PSHA) for Patras, followed by selecting hazard-
consistent ground-motion record sets to be implemented in nonlinear analysis. These procedures produce unique sets of 20 hazard-
consistent two-component ground-motion records at seven different IM values, which reflect varying levels of seismic hazard
expressed in terms of their mean return period (Tgr). The selected IM values represent hazard levels with T ranging from 30 to 4995
years. Further details on the PSHA conducted for Patras and the adopted record-selection procedure are found in Appendix B.

Fig. 6 illustrates the MSA results for the frames in the longitudinal and transverse directions. The vertical lines represent the MIDR
thresholds for the different considered DSs (see Table 3). It can be observed that both frames perform well, even at high IM, i.e., Sa (T1),
levels, which is mainly due to the strict seismic design requirements imposed by Eurocode 8. This is further confirmed in Table 4, which
indicates that both the longitudinal and transverse frames remain completely undamaged in 22% and 11% of analysis cases,
respectively. Both frames experience low levels of damage (i.e., DS0O and DS1) in up to 65% of the analysis cases, whereas the high DSs,
including DS2 and DS3, are experienced in less than 22% of cases.

4.3. Derivation of building-level fragility relationships

We use the MSA results to derive building-level fragility relationships, which define the probability of exceeding the different DSs
that the archetype school models could incur over a range of IM levels. These relationships are determined by fitting lognormal cu-
mulative distribution functions to the MSA results via the maximum likelihood approach suggested in [56]. The fragility relationships
fit for both frames are shown in Fig. 7. The median () and dispersion (B;) of the relationships are also reported in Table 5. The g,
and ppgs values for both frames are relatively similar. In contrast, the g, and ppg; values for the longitudinal frame are noticeably
larger than those of the transverse frame. This is attributed to the former frame’s higher lateral strength and stiffness, which leads to
earlier development of both cracking of infill walls and yielding of structural elements in the transverse frame, as explained in Section
4.1. The previous observations indicate that the archetype building is more susceptible to slight and moderate damages at lower IM
levels in the short direction than in the longitudinal direction. In contrast, the archetype building is expected to perform similarly in
both orthogonal directions for high damage levels and near-collapse conditions.

5. EEW feasibility for school buildings in Patras

In this section, we investigate the potential implementation of EEW systems in the city of Patras by evaluating the EEW lead times
(i.e., the available time to implement safety measures before the arrival of potentially damaging seismic waves at target sites of in-
terest) for different station configurations, considering both regional and onsite EEW approaches. We then focus on the onsite EEW
approach and use the potentially useful lead times, along with student exposure (i.e., number of students in each school) and expected
damage (based on the archetype building and its fragility relationships defined in Sections 3-4), to identify schools for which the
deployment of an EEW system could be more beneficial.

Table 2
Criteria for mapping MIDR thresholds to DS occurrences; adopted from[52,53].

Damage Level

Slight Damage DSO

Moderate Damage DS1

Extensive Damage DS2

Near Collapse DS3

Section Level
Component Level
Global Level

General description
of the DS

N.A.

Majority of infills
develop first crack
N.A.

Nonstructural damage
due to infill cracking
only

Reaching yield bending in a
supporting column

Reaching the value of 6, in a
supporting column

Reaching the global yield point of
the structure of the structure
Moderate structural and
nonstructural damage with no
significant yielding of members

Reaching maximum bending
strength of a column

Reaching 75% of the 6, in any
component

Reaching the maximum strength
of the structure

Severe structural and
nonstructural damage. Some
retained residual strength and
stiffness

Reaching shear failure in any
element

Reaching the 6, in any
component

About 20% drop in the
maximum strength

Full exploitation of strength
and ductility. Very low residual
strength and stiffness
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Table 3
MIDR thresholds of the considered DSs and dynamic properties of the archetype school models.
Property Frame direction DSO DS1 DS2 DS3
MIDR threshold [%] Longitudinal direction 0.15 0.59 2.58 3.96
Transverse direction 0.09 0.44 1.96 3.20

Fundamental period T; [s] - infilled frame

Fundamental period T; [s] - bare frame

Longitudinal direction
Transverse direction
Longitudinal direction
Transverse direction

0.13 (91.5% mass participation ratio)
0.14 (92.3% mass participation ratio)
0.39 (86.2% mass participation ratio)
0.41 (84.9% mass participation ratio)

Table 4

Number and proportion of analysis cases for each DS.
Frame Undamaged DSO DS1 DS2 DS3
Longitudinal direction 62 (22%) 79 (28%) 82 (29%) 19 (7%) 38 (14%)
Transversal direction 33 (11%) 83 (29%) 101 (36%) 26 (9%) 37 (13%)
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Fig. 6. MSA results for a) Frame 3-3 in the longitudinal direction; and b) Frame B-B in the short direction.

5.1. Lead-time and damage potential computations for Patras

We estimate the theoretical EEW lead time available for Patras (approximated by a point with coordinates 21.73457°N,
38.24664°E), for four EEW/station configuration scenarios. The first three scenarios consider a regional EEW system consisting of a
network of seismic sensors located in or around potential epicentral areas, which detect/measure P-waves (or early portions of S-
waves) close to a seismic rupture and send out alerts to target sites far away, ahead of the arrival of damaging S-waves. This regional
EEW system consists of only TURNkey stations in the first scenario, for which EEW is facilitated through the connection of the
TURNkKkey stations to the TURNkey FWCR platform. The second scenario incorporates all strong-motion stations in the region (i.e.,
those monitored by HUSN and the TURNkey stations) within the system. The third scenario includes all seismic stations in the region
(not just strong-motion stations) within the system. These second and third scenarios are considered to assess the potential benefits of
expanding the EEW system to the entire Patras region (i.e., to enable longer lead times). The fourth scenario considers an onsite EEW
system, which typically consists of a limited set of/single seismic stations located at (for site-specific systems) or near (for front-
detection systems) particular target sites/infrastructure of interest; in this case, the system comprises a single station located at the
representative coordinates of Patras. This type of system estimates source parameters or, more often, ground-motion IMs directly,
based on characteristics of the seismograms recorded within the system (e.g., [4]). In general, regional EEW systems yield more
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Table 5

Median and dispersion parameters of the fragility curves for the two frames.
DS/Parameter Longitudinal Direction Transverse Direction

Hpsi [8] Posi Hpsi [8] Posi

DSO 0.503 0.219 0.305 0.291
DS1 1.135 0.258 0.902 0.222
DS2 2.433 0.355 2.295 0.316
DS3 2.977 0.387 3.082 0.442

accurate estimates of the source parameters, but onsite EEW systems result in faster warning times for near-source targets. Note that
our feasibility analysis does not consider variations in the accuracy performance of different sensor types. This would require further
extensive investigation, involving the application of specific algorithms for earthquake detection and source parameter characteri-
sation to recorded data, for instance (e.g., [57,58]).

We perform different types of analyses to 1) identify the seismic sources associated with the longest lead times and greatest damage
potential (i.e., deterministic analyses); and 2) evaluate lead-time distributions (i.e., probabilistic analyses). We compute lead times for
both types of analyses using the source models developed in the framework of the Seismic Hazard Harmonization in Europe (SHARE)
Project [59]. The fault model for the deterministic analyses is included in the Greek Database of Seismogenic Sources (GreDaSS; [21]),
and the European Database of Seismogenic Faults (EDSF; [60]). We adopt the area source model of the 2013 European Seismic Hazard
Model (ESHM13 model; [61]) for the probabilistic analyses. In both cases, we assume point sources located at the nodes of a 0.1° x 0.1°
resolution 2D grid, retaining only those within the individual seismogenic sources (i.e., faults) or the crustal area source model (as
appropriate). Each point source is characterised by the parameters of the associated source model. In the case of faults (i.e., deter-
ministic analyses), each source is defined by a single magnitude identified as the corresponding fault’s maximum (moment) magni-
tude. The depth is defined as the minimum fault depth plus 2/3 of the fault’s vertical width (i.e., the difference between the maximum
and minimum fault depths), in line with the observation that ruptures tend to nucleate in the deeper sections of the fault [62]. The focal
mechanism is defined based on the specific fault’s average strike, dip, and rake values. In the case of area sources (i.e., probabilistic
analyses), we generate a synthetic catalogue of 1000 earthquakes for each point source by assuming the Gutenberg-Richter (GR)
distribution of the corresponding area source. The minimum magnitude is set as M, = 4.5, and the maximum magnitude is computed
as the weighted average of the four maximum magnitudes proposed for each area source. Each point source is also characterised by the
weighted average depth value and the focal mechanism parameters (strike, dip, rake) associated with the highest weight.

We compute lead times only from sources capable of causing some damage. In particular, we consider the four structure-specific
building-level DSs (i.e., slight, moderate, extensive, near collapse) defined in Section 4.1 and the corresponding building-level fragility
relationships derived in Section 4.3 (Table 5) to define Sa (T;) thresholds for each considered DS (Table 6). Thresholds are defined as
the 5th-percentile values from the relevant lognormal fragility relationship, i.e., they correspond to Sa (T;) values providing a 5%
probability of exceedance for each DS.

We define the median ground shaking in Patras in terms of Sa (T; = 0.4 s) using a Ground Motion Model (GMM). The appropriate
GMM is identified by evaluating the relative performance of various candidate GMMs against a common ground-motion dataset for the
studied area [63]. This dataset contains 5790 PGA values recorded in the region of interest up to a maximum Joyner-Boore distance
(Ryp) of 200 km from 273 shallow events (depth <30 km) with My, ranging between 4 and 6.7. We adopt multiple scoring techniques to
measure the performance of the models, namely the log-likelihood method [64] ; the pari-mutuel gambling score [65]; the quantile
score [65]; the Euclidean metric distance [66]; and the Deviance Information Criterion [67]. Based on this analysis, the GMM with the
best performance is that proposed in [65]. We use lognormal mean values increased by one standard deviation to compute the damage
level, which is defined as the largest DS for which the threshold is exceeded at the computed Sa (T; = 0.4 s) value. We obtain R;p
estimates (required for the considered GMM) from epicentral distances, using the conversion coefficients proposed in [68] for the
style-of-faulting and tectonic setting of the associated seismic source. We consider a representative value of Vg3 (the average seismic
shear-wave velocity from the surface to a depth of 30 m) equal to 350 m/s, which we define based on a V3 map compiled in [69] by
combining information from various sources [70,71]. Finally, we obtain lead times from the theoretical arrival times of P- and S-waves
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in a 1D spherically symmetric velocity model computed using the Obspy. taup package that is based on the Java TauP Toolkit in [72].
This velocity model was prepared by replacing the shallow layers of the IASP91 model [73] with the context-specific velocity model in
[74], with the S-wave velocities obtained from the Poisson solid’s approximation. We calculate the lead times in Patras for a regional
EEW configuration according to Eq. (1):

— S P
LTregmna[ - TT“ - 1T

ast3 S — 6 (1)
where TT; is the S-wave arrival time in Patras from source a and TT?, , is the P-wave arrival time at the third closest station to source a
(st3). 6, represents the time required to compute the magnitude of the ongoing event and is assumed to be equal to 3 s for My, < 6.5; 4 s
for 6.5 <My, < 7; 12 s for 7 < M,, < 7.5; and 20 s for My, > 7.5 (e.g., [75]). &; captures data telemetry delays, which are idealistically
assumed to comprise 1 s for data transmission and 1 s for issuing the warning message (e.g., [76,771). We calculate the lead times in
Patras for an onsite EEW configuration through Eq. (2):

LTon-—sire = TTz - TTZ’ -3 )

where TTfl’ is the P-wave arrival time in Patras from a source a, and 3s accounts for processing time (e.g., [78,79]). The lead times are
computed based on the theoretical arrival time of the S-wave. In most cases, the peak value of ground shaking is generally expected to
occur at a later time (either on the S-waves or on surface waves), thus providing additional warning time with respect to those
computed in this study. Note that lead-time computations are performed according to Egs. (1) and (2), without considering un-
certainties inherent in the underlying parameters. (For instance, uncertainties in the delay times would relate to the number of sensors
required to locate the event and estimate its magnitude, the algorithms selected for signal acquisition and EEW processing, and
technological components, such as sensor/datalogger and communication systems). Thus, the analyses presented in this study must be
considered a first-level feasibility study that evaluate the effects of different EEW configurations (in terms of density and geometry of
the seismic network) on the computed lead times under nominal conditions.

Results from the deterministic analyses are provided in Fig. 8, which can be used to identify seismic sources responsible for the
longest lead times and greatest damage potential. In the case of a regional EEW system based on the TURNkey network only (Fig. 8a),
the maximum lead time is 7s, which is associated with the sources located in the Western Corinth Gulf area. The blind zone (i.e., the
area too close to the source region, where no alert is possible) is not isotropic due to the non-homogenous distribution of the low-cost
strong-motion TURNKkey sensors (the presence of the blind zone depends on source-to-site distances, station density and layout, the
number of stations required to issue an alert , and technical time requirements, e.g., processing times and telemetry delays). The blind
zone is especially extended in the west-southwest direction because the considered sensors are located in the proximity of the city of
Patras (Fig. 1). This analysis highlights some limitations of the TURNkey seismic sensor network in terms of EEW regional system
potential, especially if compared with an ideal regional EEW system based on all the strong-motion stations in the region (including the
TURNKkey stations) (Fig. 8b). Both network configurations perform similarly for the seismic sources located in the Western Corinth Gulf
area, but the regional EEW system that accounts for all strong-motion stations is characterised by a reduced blind zone (i.e., two
seismic sources instead of six producing no warning) and longer lead times (up to 14s). This is due to the rapid detection of strong
offshore events by non-TURNKkey stations located in the Ionian Islands. The results of the lead-time and damage potential analysis for
the third regional EEW scenario - also considering broadband and short-period sensors (which usually saturate in the proximity of the
source), assuming that these stations could and may be equipped with collocated strong-motion sensors in the future (where needed) -
are shown in Fig. 8c, and exhibit slightly higher lead times, up to 16s. Fig. 8d illustrates the lead times associated with the onsite EEW
configuration; this map is characterised by no blind zone. However, the lead times for the closest sources of the Western Corinth Gulf
area are shorter than those obtained for the regional EEW configurations. The lead times associated with the Ionian Islands seismic
sources (maximum value of about 12s) are between those that result from the regional EEW configuration based on the TURNkey
network only and those that are obtained for the regional EEW configuration based on all strong-motion sensors in the studied area.

The most common damage level across the four considered station configurations is slight, and most near collapse damage occurs in
the blind zone. Moderate damage levels are associated with minimal available lead time (up to 2.5 s), which means that the EEW system
can only be helpful for these cases if coupled with very rapid mitigation actions (i.e., automatic shutdown of specific school lab
equipment). In contrast, the larger lead times associated with slight damage could allow the students to take refuge under the desks,
find a safe place in the same/adjacent room, or even evacuate the school’s ground floors.

The deterministic analyses only estimate the lead times and damage potential associated with maximum magnitude earthquakes on
known faults. In contrast, the probabilistic analyses consider the recurrence of 3849 GR-distributed synthetic seismic events capable of
producing damage in Patras, to evaluate the lead-time probability distribution for the given target site. Histograms representing the
distribution of lead times associated with the four seismic network configurations are provided in Fig. 9. Note that negative lead times

Table 6
IM thresholds associated with each considered DS for the archetype school building.
Damage state (DS) Sa (T; = 0.4 s) threshold (g)
Slight (DS0) 0.19
Moderate (DS1) 0.63
Extensive (DS2) 1.36
Near Collapse (DS3) 1.49

10
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correspond to blind zones.

Despite differences in the underlying source models, maximum lead times obtained from the probabilistic analyses align with those
provided in Fig. 8. In particular, the shortest mean lead time is associated with the regional EEW configuration based on the TURNkey
stations only, while the longest mean lead time is associated with the regional EEW configuration based on all the seismic stations in
the region. Most lead times are negative for the regional EEW configurations, which is reflected in their median values. Positive median
lead time (1 = 0.68s) and the highest mean lead time (p = 2.2s) are obtained for the onsite EEW configuration, resulting from its
narrower blind zone.

Fig. 10 shows the earthquake contributions to the computed lead times for the onsite EEW configuration, both in terms of M,
(Fig. 10a) and Ryp (Fig. 10b), recalling that only earthquakes capable of causing damage are considered for computing lead times. The
figures highlight that lead times near the computed median are associated with earthquakes of approximately 5.5 magnitude that
mostly occur at very short distances (less than 15 km). In contrast, larger magnitudes (up to 7.5) produce less frequent long lead times
at farther distances (up to 120 km), which correspond with the strong seismic sources near the Ionian Islands. Fig. 10c also provides the
damage level as a function of the computed lead times, indicating that the dominant damage level is slight at all lead-time values. More
severe damage is associated with shorter lead times, as observed before.

The results of both types of analyses suggest that the EEW for Patras is feasible and that the regional EEW system being deployed for
the TURNKkey project could benefit from integration not only with the existing sensors in the region but also from integration with an
onsite EEW system. An integrated regional/onsite earthquake early warning system for Greece has also been recently proposed in [80].

5.2. EEW relative feasibility index for schools

We now investigate EEW feasibility for the 268 schools identified in the case-study region to determine schools that would most
benefit from an onsite EEW system. Specifically, we characterise each school through an EEW relative feasibility index (RF). The RF
metric was first proposed in [9] and is refined/tailored here for the specific application of interest. The modified RF metric leveraged in
this study combines estimates of lead time (L), damage state (DS), and the number of exposed students (S) into a single indicator:

RF;=F(L;) x wy + Fps(DS;) x wp + Fs(S;) x ws 3

where j represents the considered target site (i.e., a school building in this case), Fx(X;) is the empirical cumulative distribution
function of X (across all examined schools) evaluated at j, and wy is the weight for X (such that w; +wp + ws = 1). Each Fx(X;) function
ranks the schools based on the underlying metric (i.e., L, DS, or S). The weights are user-defined and can account for stakeholder
priorities towards each feasibility feature. The maximum theoretical value of RF; is 1, achieved if the school j is simultaneously
associated with the longest lead time, the greatest damage, and the highest number of students.

We compute lead time and damage estimates from a probabilistic analysis associated with an on-site EEW configuration similar to
that described in the previous section. The main difference is that the analysis performed here considers the exact location of each
school with an accurate estimate of V3¢ at the school site [69]. Moreover, we limit our analysis to lead times capable of facilitating
some mitigation actions (such as the shutting down of computers or DCHO) by only considering events capable of causing damage
(slight or higher) with M,y > 6.5 and Ryg > 50 km (which allow lead times > 5s according to Fig. 10). We, therefore, obtain probabilistic
lead-time/damage distributions at the 268 school locations, from which we evaluate the median lead time and median damage state
(according to the DS thresholds defined and the point on the Sa(T1) distribution used in the previous section) that we use as lead time
and damage proxies, respectively, in Eq. (3). Given the adopted magnitude/distance constraint, the median lead times at the school
locations range from 8.5s to 10s, and the median damage state is slight for all schools. We use the number of students for the school
year 2018-2019.° To correct for discrepancies in the length of the school day across different schools (i.e., about 6 h or 9 h) and ensure
a fair comparison in terms of school occupancy, the number of students in 6-h-day schools is scaled by a factor of 2/3. The corrected
number of students ranges from 2 to 503.

RF indices for an equally-weighted case (wy, = wp = wg = 0.333) are provided in Fig. 11. Higher values indicate schools that should
be prioritised for the deployment of onsite EEW systems. They correspond to schools with relatively long lead times and a large
corrected number of students (all characterised by slight damage). The schools with the highest (0.64) and lowest (0.02) feasibility
index, respectively, are shown in Table 7; the school with the highest corrected number of students (503) ranks second (with a lead
time of 9.66s), while the school with the longest lead time (10s) ranks 75th, due to its low corrected number of students (28). The
proposed EEW RF Index does not account for warning accuracy, which would involve additional detailed analyses of specific algo-
rithms in operational EEW platforms outside the scope of the study. Examination of warning accuracy was previously carried out for
selected testbed sites across Europe by some of the authors (e.g., [57,58]).

6. Demonstrating a risk-informed EEW decision-support system for the archetype school

The establishment of a risk-informed EEW decision-support system for the developed archetype school building requires building-
specific losses (consequences) to be quantified. Seismic losses are evaluated here using the component-based methodology introduced
in the FEMA P-58 guidelines [50]. This procedure quantifies the total loss (e.g., repair cost, repair time, casualties) in a building by
aggregating the losses sustained by its individual structural and nonstructural components. The FEMA P-58 methodology integrates

% https://data.gov.gr.
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Fig. 11. EEW Relative Feasibility Index at the school locations for an equally-weighted case (i.e., wy, = wp = wg = 0.333).

four phases: seismic hazard characterisation, structural response analysis, damage evaluation, and loss assessment. The seismic hazard
of Patras is assessed by conducting PSHA (see Appendix B for details). Furthermore, the nonlinear response of the archetype school
models is characterised by MSA, as explained in Section 4.2. The FEMA P-58 methodology additionally requires the definition of a
comprehensive inventory of structural and nonstructural components, together with their fragility and consequence models that are
used to quantify the damage and loss incurred by each building component when the archetype building is subjected to ground
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Table 7
Schools in Greece with the highest and lowest EEW Relative Feasibility Index, respectively, for an equally-weighted case (i.e., w;, = wp = wg = 0.333).
Rank School Longitude  Latitude V30 [m/ Median Lead Median Corrected Number of Relative Feasibility
s] Time [s] Damage Students Index
1 1 & 6 Junior High 21.74068 38.25664  220.249 9.749727 Slight 257 0.64
School
268 Kindergarten Of Ano 21.83753 38.27333  589.00 8.706967 Slight 9 0.02

Kastritsi

shaking. In this study, the compilation of the component inventory and estimation of seismic losses following the FEMA P-58 meth-
odology are carried out using the seismic performance prediction (SP3'") software. Further details are provided in subsequent sections.

6.1. Inventory of damageable structural and nonstructural components

Each structural and nonstructural component is associated with a specific component-level fragility model expressed in terms of an
appropriate EDP, e.g., interstorey drift ratio (IDR) or peak floor acceleration (PFA). A component-level consequence function then
converts the damage into losses (e.g., repair costs, repair time, or casualties).

The component types/categories used for the archetype school building in this study are similar to those defined in [81] which
developed a component inventory from in-situ surveys of school buildings in Italy. This inventory is also deemed appropriate for Greek
school buildings due to the similarities in construction practices across countries in the Mediterranean region and because, Gree-
ce-specific fragility and consequence models are not available in the literature for the selected components (to the best of the authors’
knowledge). Similarly to [81], we implement the default fragility and consequence models provided by SP3 software where alter-
natives are not available. The simplified approach introduced in [82] is adopted to convert USA-based repair-cost consequences to the
European context, considering the appropriate differences in construction and labour costs. In addition, the effects of currency
inflation are accounted for per the default approach of SP3.

Masonry infill walls are explicitly included in the analysis, given their potentially significant contribution to seismic losses,
especially under low-to-moderate seismic shaking (e.g., [44,45]). These components are not part of the default SP3 component library,
so we use the fragility and consequence models for masonry infill walls proposed in [45]. These consequence models include average
repair costs only that we combine with the dispersion coefficients proposed in [83]. Although the adopted fragility model from [45]
was calibrated based on experimental data from the general Mediterranean region, the corresponding consequence models are based
on repair costs and operations applicable to Italy. This issue is accounted for by converting the repair costs to Greece-based estimates
using the approach proposed in [82]. The final inventory of components is reported in Table 8, together with the required EDPs and the
corresponding references for fragility/consequence models.

6.2. Component-based loss estimation

We perform the seismic loss calculation through SP3, inputting both seismic hazard information and response-analysis (MSA)
results. The SP3 default values for replacement cost, replacement time, and ASCE 7-10 [109] Risk Category are adopted for the
archetype school building. These values are respectively equal to $296/ft> ($3186/m2), 169 days per storey, and III. The default
building-repair fragility in SP3 is also adopted to account for the possibility that the structure becomes irreparable due to excessive
residual drifts. The structural collapse potential at different IMs is addressed by assigning a collapse fragility relationship in SP3, which
is conservatively assumed equal to the DS3 fragility relationship (near collapse; Table 5).

Fig. 12a depicts the mean repair-cost ratio for the archetype school building at different hazard levels, expressed in terms of the mean
return period (Tg). The mean repair-cost ratios are expectedly low (<10%) up to the hazard level defined by a T of 475-years; this
observation can be attributed to the strict seismic design provisions imposed by Eurocode 8. At larger hazard levels (Tg > 975 years), the
mean repair-cost ratio is at least 43% and reaches almost 100% at a T equal to 4995 years. The expected annual loss is computed as
0.17%. Fig. 12b reports the relative contribution of different component types (and structural behaviours) to the mean seismic repair
costs, i.e., structural and nonstructural components, collapse occurrences, and demolitions due to large residual drifts. As expected, the
primary contributor to the repair costs at hazard levels with Tg < 225 years is the nonstructural components (and the masonry infill walls
in particular). For Tr > 475 years, the relative contribution of the nonstructural components becomes the smallest, and the losses are
dominated by the collapse and demolition cases. Similar observations can also be found in other studies (e.g., [81,84,85]).

Fig. 13a illustrates the mean repair-time ratio, which represents the time needed to accomplish repair activities normalised by the
total replacement time. It can be observed that the mean repair-time ratios at Tr values less than 475 years are considerably higher
than the repair-cost ratios (see Fig. 12a). The mean-repair time ratios become significantly large (at least 68%) at Tg > 975 years until
reaching 100% at a Tr equal to 4995 years. Fig. 13b reports the mean casualties at each Tg. The number of casualties is almost close to
zero at Tg levels less than 975 years. This is attributed to the fact that structural collapse, which constitutes the primary cause of
casualties, is unlikely to occur at such hazard levels. Conversely, the mean number of casualties start to increase rapidly from 1 at a T
value of 975 years to 8 at Tr equal to 4995 years.

10 https://www.sp3risk.com.
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Table 8

Inventory of all the damageable structural and nonstructural components used.
Fragility ID Description of the functions EDP Unit Reference
B1041.001a ACI 318 SMF - Beam one side 24" x 24" IDR [%] each SP3 default as per FEMA P-58
B1041.001 b ACI 318 SMF - Beam both side 24" x 24" IDR [%] each SP3 default as per FEMA P-58
N.A. Masonry Infill Walls and Partitions - Clay IDR [%] m? [45]
C3032.003a Suspended Ceiling for A<250 sf PFA [g] 250 ft? SP3 default as per FEMA P-58
C3032.003 b Suspended Ceiling for 250 < A<1000 sf PFA [g] 250 ft? SP3 default as per FEMA P-58
C3032.003¢ Suspended Ceiling for 1000 < A<2500 sf PFA [g] 250 ft? SP3 default as per FEMA P-58
C€3032.003 d Suspended Ceiling for A>2500 sf PFA [g] 250 ft? SP3 default as per FEMA P-58
C3034.002 Independent Pendant Lighting PFA [g] Each SP3 default as per FEMA P-58
D2021.013a Potable Water Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D2021.013 b Potable Water Piping Bracing PFA [g] 1000 ft SP3 default as per FEMA P-58
D2021.023a Potable Water Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D2021.023 b Potable Water Piping Bracing PFA [g] 1000 ft SP3 default as per FEMA P-58
D2022.013a Heating Water Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D2022.013 b Heating Water Piping Bracing PFA [g] 1000 ft SP3 default as per FEMA P-58
D2022.023a Heating Water Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D2022.023 b Heating Water Piping Bracing PFA [g] 1000 ft SP3 default as per FEMA P-58
D2031.023a Sanitary Water Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D2031.023 b Sanitary Water Piping Bracing PFA [g] 1000 ft SP3 default as per FEMA P-58
D2061.023a Steam Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D2061.023 b Steam Piping PFA [g] 1000 ft SP3 default as per FEMA P-58
D3041.011c HVAC Ducting PFA [g] 1000 ft SP3 default as per FEMA P-58
C2011.011a Concrete Stairs with Seismic Joints IDR [%] each SP3 default as per FEMA P-58
E2022.023 Desktop Electronics PFA [g] each Fragility: SP3 default as per FEMA P-58;

Consequence: $1000 repair cost & 1 day repair time
(assume no uncertainty)
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Fig. 12. Loss curves for: (a) mean repair-cost ratio; and b) relative contribution of different components to mean repair costs.

6.3. Risk-informed EEW decision-support system for the archetype school

We finally propose a risk-informed EEW decision-support system (DSS) for the schools in Patras, leveraging the methodology
proposed in [8]. The DSS is designed to solve a binary decision-making problem (i.e., “trigger an EEW alarm” or “don’t trigger an
EEW alarm”) for a given incoming ground motion based on the different types of consequences quantified in Section 6.2. We use a
hypothetical EEW algorithm that can accurately estimate the final ground-shaking amplitudes (i.e., Sa (T;) values) produced by an
earthquake at the school with full certainty (although a more comprehensive decision-making approach that accounts for realistic
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Fig. 13. Loss curves for: (a) mean repair-time ratio; and (b) mean casualties.
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algorithmic uncertainties would also be possible if a suitable algorithm could be determined; see [8]). Then, the consequences of not
triggering an EEW alarm (herein denoted as action A) can be computed from:

E*( /A/C/AfA

where F* (Cjz ‘ Sa(T)) is the conditional expected value of the j-th type of consequence quantified in Section 6.2, f(y|z) is the probability

(T))) dc;* dds @)

density function of y conditional on z, and ds is a vector version of damage states defined previously. EA (CJ—K ‘ Sa(Ty)) is computed using

the results of the component-based seismic loss analysis in Section 6.2, such that f(ds|Sa(T1)) = |, apJ (ds|edp)f (edp|Sa(T1)) dedp, and

f(ds|edp) represents the appropriate component-level fragility functions.
For a given incoming amplitude of Sa (T1), we assume that triggering an EEW alarm (herein denoted as action A;) will eliminate

from EA (C}Z Sa(T1)): (1) any casualties that are not caused by the building collapsing; and (2) any consequences associated with

damage to laptops. In line with [8], a false alarm is assumed to occur if an incoming event does not cause damage to any component of
the building, incurring a downtime (due to student panic and unrest) of 0.05 days and a needless inspection for building damage of
$200. Finally, we assume that triggering an alarm incurs a flat reset fee of $600 (regardless of whether there is damage or not). The
consequences for each action are summarised in the consequence matrix provided in Table 9.

The decision-making methodology requires the values of the consequence matrix to be normalised and weighted in line with
stakeholder preferences towards the different types of losses considered. This can be obtained for A; and the jth type of loss according
to Eq. (5):

£ (G [sa(m)

\/E”" (C)'|sa(Ty)” + EF (cﬁ\sal(n))2

y ®)

Ta G =

where w; represents the importance that the stakeholder places on mitigating E1 (Cj‘f‘1 Sa(Ty)). We specifically investigate the following

sets of {w;} for this demonstration: (1) w; = w, = w3 = 0.333 (i.e., a stakeholder has an equal preference for all criteria); (2) w; = 0.90
and wp, = w3 = 0.05 (i.e., a stakeholder has a higher preference for mitigating direct cost); (3) wo = 0.90 and w; = ws = 0.05 (i.e., a
stakeholder has a higher preference for mitigating downtime); and (4) w3 = 0.90 and w; = w, = 0.05 (i.e., a stakeholder has a higher
preference for mitigating casualties).

The final step in the methodology determines the optimal action for Sa(T;) by first identifying the best and worst values for each

type of loss across both options. The best option (v}") for the j-th criterion is the one that minimises its value, i.e., v/ = minj(ra, c;w;,

rz.c;Wi) and the worst value (v;") is the alternative, i.e., v =max;(ra, ¢;Wj, r5 ¢, W;)- The total distance of A; from the best (1) and worst

(y7) solutions are calculated from Egs. (6) and (7), respectively:

w= \/ZJ ( rA.CW]))Z (6)

\/Z/ (7 = Cngm)) @

The optimal action (decision) is then the one with the largest S; value, calculated according to Eq. (8):

Yi

ST ®
We determine the optimal decision for a range of Sa (T;) values that could occur at the school building in future seismic events. The
resulting EEW risk-informed DSS is provided in Fig. 14. It can be seen that the optimal action for a given Sa (T;) can depend on
stakeholder loss preferences; this finding is in line with previous applications of the decision-making methodology (e.g., [8,1101). The
alarm is triggered at approximately Sa (T;) = 0.15 g (around once every 13 years) for three of the weighting strategies considered but is
only triggered at approximately Sa (T;) = 0.20 g (about once every 21 years) if a stakeholder prioritizes the mitigation of financial
(direct cost) losses. This higher EEW threshold is due to the flat reset fee associated with issuing the alarm, which is sufficient to
counteract the benefits of mitigated EEW losses at lower ground shaking values. The variation in alarm threshold obtained for different

stakeholder loss preferences underlines the importance of stakeholder engagement in the EEW decision-making process.

7. Conclusions

This paper adopted a risk-based approach to (1) investigate EEW feasibility for schools in Patras, Greece; and (2) demonstrate an
engineering-oriented EEW decision support system for an archetype school building in the region. The study was motivated by EEW’s
promising potential to help mitigate some of the devastating effects of earthquakes (e.g., deaths, casualties, business interruption) -
particularly in educational facilities - in the face of increasing exposure and vulnerability to seismic events worldwide.

First, an archetype school building was developed after conducting a remote survey of schools in Patras to determine the prevailing

16



C. Galasso et al. International Journal of Disaster Risk Reduction 90 (2023) 103610

Table 9

Consequence matrix for the EEW-DSS demonstration expressed as a function of Sa (T;). a13(Sa(T1)) accounts for collapse-related casualties. Both a1 (Sa(T1)) and
a12(Sa(Ty)) account for collapse-related laptop breakages. p(FA|Sa(T1)) denotes the probability of a false alarm. The 200, 0.05, and 600 values correspond to the alarm
assumptions outlined in the text.

Action C,, direct cost ($) C,, downtime (days) Cg, casualties (number)
A1 200p(FA|Sa(T1)) + az1 (Sa(T1))E* (C1[Sa(Ty)) + 600 0.05p(FASa(T1))+E* (C*[Sa(T1))az(Sa(T1)) FA(C3*[Sa(Ty ))ars (Sa(T1))
A (no action) EZ(CIZ\Sa(Tl)) EZ(CZZ\Sa(Tl)) EZ(C3;|SH(T1)>

Annual Probability of Ground Shaking Exceedance

1 0.22 0.11 0.073 0.046
X Equally Weighted
o Direct Cost Weighted Higher | % s
il ¢ Downtime Weighted Higher <
§ = Casualties Weighted Higher ¢ ¢
2]
B3}
O
a
=
g
a X X X
o |® [ J (] [ J |
= le ¢ S
0.05 0.1 0.15 0.2
Sa (T,) [g]

Fig. 14. Identifying the optimal EEW decision in terms of Sa (T;). Note that A; is the action of triggering the EEW alarm and A means that no action is taken.

geometric features. Next, building-level fragility analysis was performed to assess the probability of exceeding different structure-
specific damage states. This analysis showed that the archetype school building would likely experience low damage levels, even at
high ground-shaking intensity, which is attributed to the strict seismic design provisions. The results of the fragility analysis were then
adopted to investigate the potential usefulness of EEW lead times for schools in Patras with both deterministic and probabilistic an-
alyses. In particular, the resulting lead-time estimates suggest that the regional EEW system deployed for the TURNkey project could
benefit from integration not only with the sensors that already exist in the region but also from the integration with an onsite EEW
system, thus enhancing the usefulness and reliability of the system. Our mapped feasibility results, which account for lead time,
student exposure, and potential school damage, can be used to identify schools where an onsite EEW system could be most beneficial.
For instance, the school with the highest feasibility index had a median lead time of approx. 9.74s, was characterised by slight damage
and had 257 students (corrected). The school with the highest (corrected) number of students (503) ranked second (with a lead time of
9.66s and slight damage), while the school with the longest lead time (10s) ranked 75th due to its low corrected number of students
(28).

The risk-informed EEW decision support system applied to the archetype school building represents a state-of-the-art engineering-
oriented EEW approach. The system uniquely unifies state-of-practice earthquake engineering tools and multi-criteria decision-making
techniques for informed stakeholder-driven EEW decision-making. Our application of the system considered traditional performance
metrics used in PBEE (i.e., repair cost, repair time, and casualties), which were evaluated at the component level using the simulation-
based FEMA P-58 risk assessment methodology. The risk-informed EEW decision support system additionally addressed a range of
stakeholder preferences toward the metrics, demonstrating that the optimal risk-management action for a given level of impending
shaking could depend on stakeholder priorities. For example (based on entirely assumptive data), it was found that the school’s EEW
system would trigger at a site in Patras approximately once every 13 years if stakeholders placed higher importance on limiting ca-
sualties or downtime. In contrast, it would only trigger approximately 60% as frequently if stakeholders prioritised mitigating direct
cost. This finding emphasises the importance of considering end-user preferences in short-term earthquake risk management, which
should be accounted for in ongoing installations of EEW in the region.

The results of this study contribute to the ongoing implementation of EEW in the Patras region as part of the TURNkey project and
similar initiatives, identifying educational assets that should be prioritised for more detailed EEW feasibility investigations/in-
vestments in EEW implementation. The analyses also represent a first attempt to comprehensively quantify potential EEW effectiveness
for schools through a rigorous risk-driven and engineering-oriented approach.
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Appendix A. Nonlinear Modelling

We simulate the nonlinear response of the archetype school building via 2D numerical models developed using OpenSees [48,49].
To account for the response of the building in different directions, we develop a 2D model for Frame 3-3 in the longitudinal direction
and another for Frame B-B in the transverse direction, as indicated in Fig. 4. A lumped plasticity approach is adopted to simulate the
nonlinear response of beams and columns by using zero-length rotational springs assigned at the ends of each element, as illustrated in
Fig. 15a. Both diaphragms and beam-column joints are considered rigid. Gravity actions are modelled as uniformly distributed loads
over the beam elements, whereas the masses are concentrated at the joint zones. A 5% Rayleigh damping ratio is assigned to the first
two modes consistently with the approach proposed in [86], given that the hysteretic energy dissipation provides additional damping.

The nonlinear hysteretic response assigned to the zero-length rotational spring is described by the moment-rotation (M — 6) model
developed in [87], which has the advantage of addressing the degradation of strength and stiffness during both loading and unloading
phases, amongst other models. The main parameters of the M — 6 backbone curve are the effective initial stiffness K., yield moment
M,, yield rotation 0y, hardening stiffness K, maximum moment M., capping rotation 0,,, post-capping degrading stiffness K., and
post-capping rotation 6,.. The cyclic deterioration is evaluated using the normalised hysteretic energy dissipation parameter A [87].
The parameters are quantified following [88], which derived mathematical formulations based on cyclic and monotonic experimental
tests of 255 columns that failed either in flexural or flexural-shear modes.

The influence of masonry infill walls is addressed by modelling them as equivalent diagonal struts connected between beam-
column joints, as observed in Fig. 15b. The force-deformation relationship assigned to the struts is defined per the backbone curve
developed in [89]. The main parameters of this curve are the uncracked stiffness Ky, strength at the first crack H,,, displacement at
the first crack ug, secant stiffness at complete cracking K., strength at full cracking H,., displacement at complete cracking ug,
residual strength H,,, and residual displacement u,. The value of H,, represents the minimum strength among four different potential
failure modes, i.e., sliding shear, diagonal tension, corner crushing and diagonal compression [89]. These parameters are then input to
the ‘Hysteretic’ material available in OpenSees, which is assigned to the equivalent diagonal struts for addressing the effect of infills on
the global performance of the archetype school building. The factors that account for the degradation, pinching, and shape of cycles in
the ‘Hysteretic’ material are derived from [47] based on the results of experimental tests of infills.
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Fig. 15. (a) Modelling strategy for a column element; and (b) modelling of an infilled frame configuration.
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Large windows generally characterise school buildings, especially in classrooms. Such openings can considerably influence the
response of infills as they reduce their stiffness and lateral strength. To account for these effects, the strength parameters of the
backbone curve of the infill are reduced using the factor (p) proposed in [90], which was calibrated based on the results of 84
experimental tests and 63 numerical tests of infilled frames with openings. This factor relies on window geometry with respect to the
infill wall and the reinforcement conditions around window openings. It is assumed that the windows in the archetype school building
have a width of 2.5 m in the longitudinal direction and 2.9 m in the transverse direction, with a height of 1.0 m in both directions.

Appendix B. Ground-motion Record Selection

The MSA approach adopted in this study requires the selection of hazard-consistent ground-motion records. We select ground-
motion sets using the HaselREC [Hazard-based SELection of RECords] software [91], an open-source Python-based tool'! which selects
ground motion records according to the conditional spectrum (CS) approach proposed in [92]. The CS is a response spectrum that
specifies the probability distribution of spectral accelerations over a range of periods of vibration, conditioned on a target spectral
acceleration value at a conditioning period of interest. The CS approach uses the correlations between spectral accelerations at
different periods to compute the expected (logarithmic mean) response spectrum and additionally account for the variability (vari-
ance) of the response spectra.

HaselREC performs ground-motion record selection using a target spectrum conditioned on a target value of the average spectral
acceleration, AvgSA (i.e., the geometric mean of spectral acceleration values over a range of periods [93]), rather than on a single
period of interest (e.g., Sa (T1)). To compute the CS, haselREC requires the results from PSHA and hazard disaggregation analysis
performed externally by the OpenQuake engine [94]. More details on the PSHA, hazard disaggregation, and record selection are
provided in the following sections.

B1. PSHA and hazard disaggregation for Patras

We perform site-specific PSHA and hazard disaggregation analysis at the coordinates representative of the city of Patras
(21.73457°N, 38.24664°E). We use the 2013 Euro-Mediterranean Seismic Hazard Model (ESHM13; [95]), for which data are freely
available in OpenQuake format from the EFEHR website.'?> We compute seismic hazard for seven return periods of interest, ranging
from 30 to 4995 years (namely 30, 98, 225, 475, 975, 2,475, and 4995 years). A representative V3o value of 350 m/s is adopted. The
selected IM is AvgSa, which is calculated by considering the period range between 0.2T; and 2.0T; to account for both higher modes
and period elongation (e.g., [40,96]). Since the archetype school models are characterised by an infilled configuration, they might
undergo up to 3 — 4T; of period elongation due to the loss of lateral stiffness associated with infill damage [97]. To account for this
issue, it is possible to define AvgSA using a T; representing the bare-frame configurations, i.e., T; = 0.4 s (e.g., [52]). Accordingly, the
period range to compute AvgSa is [0.08s-0.80s]. We compute the standard deviation of AvgSa predictions per the correlation model in
[98], for all GMMs considered in the ESHM13 ground-motion logic tree except [99], for which we use the European correlation model
in [100]. The AvgSa values from the PSHA of Patras are provided in Table 10.

1 https://github.com/elisa82/haselREC.
12 http://www.efehr.org/en/home/.
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Table 10

AvgSa values from the PSHA of Patras (full logic

tree).
Return Period AvgSa [g]
30 0.212
98 0.413
225 0.631
475 0.905
975 1.252
2475 1.852
4995 2.445

We perform hazard disaggregation [101] to define design earthquakes, i.e., the magnitude-distance pairs that contribute most to
the seismic hazard at the selected site. We adopt the most representative branch of the ESHM13 logic tree for the disaggregation. This
branch corresponds to the area source model that has the largest weight in the proposed source logic tree framework, and to the GMM
in [99,102,103] for active tectonic and stable continental regions, subduction zones and volcanic regions, respectively. The mean
moment magnitude and the Joyner-Boore distance obtained from the disaggregation analysis are provided in Table 11.

Table 11
Mean magnitude and distance from the disaggregation analysis (representative branch of the logic
tree)
Return Period Mean Magnitude Mean Distance [km]
30 6.22 41.63
98 6.41 30.64
225 6.58 27.68
475 6.74 27.49
975 6.88 29.02
2475 7.07 33.36
4995 7.22 38.50

Note that AvgSa is adopted in this study only for carrying out PSHA, hazard disaggregation, and record selection. It is otherwise
approximated by the spectral acceleration at the structure’s fundamental period (Sa (T1)), which can be more easily estimated in real-
time through various EEW algorithms (e.g.,[104,105]).

B2. Ground-motion record selection

The spectral accelerations listed in Table 10 and the design earthquakes defined in Table 11 are used to compute the simplified CS
in haselREC, along with the most representative GMM associated with the tectonic regime of dominant earthquakes (i.e., the GMM in
[99]). We use a normal focal mechanism and a depth of 13 km to be consistent with the area source model of ESHM13. We perform
ground-motion record selection for the same seven return periods of interest and the IM considered for PSHA, for a total of 7 record sets
to be selected.

HaselREC relies on a composite database of response spectra (expressed as RotD50 component, i.e., the median value of spectral
accelerations computed over all rotation angles for a given ground motion; [106]), including the PEER (Pacific Earthquake Engi-
neering Research Center) NGA-WEST2 [107] and the ESM (Engineering Strong Motion [108] database flatfiles. HaselREC allows a user
to define screening criteria for the records to be considered for selection. These criteria are the maximum scaling factors (SFs), the V3o
range, and the Eurocode 8 soil class (to be used in conjunction with the data from the ESM database, for which V3¢ is not always
available), magnitude and distance ranges, and focal depth range. If both V3¢ and Eurocode 8 soil class criteria are specified, Vg3p is
used. The magnitude and distance ranges are defined as intervals (i.e., radii) centred on the respective mean values from the disag-
gregation analysis. Only free-field ground motions are retained, to avoid the influence of the structure on the ground motion record.
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Fig. 16. Conditional mean spectra (CMS) and response spectra of the selected ground motions for the different return periods considered in this study (a) 30 years (b)
98 years (c) 225 years (d) 475 years (e) 975 years (f) 2475 years (g) 4995 years. Grey lines represent the RotD50 response spectra of selected ground motions, while
black lines represent their distribution. The red lines represent the target conditional (mean) spectrum. Solid lines: mean (average) spectrum, dashed lines: mean
spectrum values + 2 standard deviations.

This study’s V3¢ values range between 200 m/s and 600 m/s [69]. The Eurocode 8 soil classes are chosen accordingly (i.e., only B
and C soil classes are allowed). Only recordings from shallow crustal earthquakes (maximum focal depth = 30 km) are considered. The
magnitude and distances radii and maximum allowable scaling factors are defined as a function of the return period. The adopted
values are listed in Table 12.

21



C. Galasso et al. International Journal of Disaster Risk Reduction 90 (2023) 103610

Table 12
Parameters for ground motion record selection in Patras.

Return Period Magnitude Radius Distance Radius [km] Maximum Allowable SF
30 0.50 50 2.0
98 0.50 50 2.5
225 0.50 50 2.5
475 0.75 75 3.5
975 1.00 100 4.5
2475 1.25 125 5.0
4995 1.50 150 5.0

For each return period, we select 20 two-component records. The results of the ground-motion selection are plotted in Fig. 16. It can
be seen that the average spectrum of the selected recordings matches well with the conditional mean spectra (CMS) over the period
range used to compute AvgSa (i.e., 0.08s-0.80s). The mean spectra plus/minus two standard deviations are also plotted to evaluate the
dispersion of the selected ground motions with respect to the variability associated with the target CS. Agreement in this context is
satisfactory in the range of periods of interest, especially at the lowest return periods. A summary of the SFs (average, minimum,
maximum) associated with all the selections is provided in Table 13 as a function of the return period.

Table 13
Scaling factors (SF) adopted for record selection.

Return Period Average SF Minimum SF Maximum SF
30 1.15 0.59 1.83
98 1.53 0.52 2.34
225 1.69 0.81 2.48
475 2.36 1.17 3.47
975 2.96 0.88 4.41
2475 3.58 1.02 4.90
4995 3.63 1.09 4.95
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