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Abstract
Earthquake scenarios were applied towards seismic risk assessment in the earthquake prone 
city of Aigion (W. Corinth Gulf), by combining deterministic seismic hazard and empiri-
cal structural vulnerability. Ground motions for three hazardous fault sources for Aigion 
were generated using a finite source stochastic simulation technique, taking into account 
the well-established seismotectonics of the area and site effects derived from ambient noise 
horizontal-to-vertical-spectral-ratios (HVSR). Validation of the parameters of the stochas-
tic simulation and the estimated damage was performed with respect to real recordings 
and the damage database of a past seismic event in the area. Vulnerability was assessed 
empirically for an exposure model comprising 3200 buildings, compiled with on site and 
remoted techniques. The European Macroseismic Scale (EMS-98) was used to describe the 
ground motion severity in terms of macroseismic intensity and the taxonomy of the build-
ing stock into 7 structural types. Seismic risk was spatialized using GIS mapping tools 
on a building block scale in terms of EMS-98 damage grades and their maximum prob-
ability of occurrence. The obtained risk assessment models indicate that the northeastern 
and partly the southern part of Aigion are more susceptible to damage, in accordance with 
damage distribution from the most recent Mw6.4 disastrous earthquake for the city in 1995, 
the site amplification inferred from HVSR, and the assessed vulnerability of the construc-
tions. Nevertheless, the current building stock demonstrates significantly enhanced seismic 
behaviour, due to rehabilitation after the 1995 earthquake. Despite unavoidable uncertain-
ties, intrinsic to both the method and data, the herein seismic risk assessment appears real-
istic and consistent, thus allowing its exploitation towards loss estimation and mitigation 
scenarios.
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1 Introduction

The objective of this research is a comprehensive physical risk assessment in Aigion in the 
western Corinth Gulf, a region of high seismic hazard, capable of producing strong earth-
quakes of M ≥ 6 with short recurrence periods (e.g. Papazachos and Papazachou 1997). 
The good knowledge of the area’s seismotectonics resulted from intensive investigations 
in the last decades (e.g. Armijo et  al. 1996; Bell et  al. 2011) and the fact that new data 
was obtained in the frame of the ASPIS-KRIPIS (2015) research project, motivated the 
selection of Aigion as a candidate area for studying seismic risk. In addition, Aigion was 
selected considering that it is surrounded by numerous seismic stations (HUSN—http://
bbnet .gein.noa.gr; CRL—http://crlab .eu; RASMON/CORSSA—http://www.corss a.gr/) 
which may offer real-time input ground motions in a future Rapid Risk Assessment (RRA) 
system that may benefit from data and results of this study.

Aigion lies in the western Corinth Gulf (Central Greece), an asymmetric graben (e.g. 
Doutsos and Poulimenos 1992; Hatzfeld et al. 2000; Micarelli et al. 2006) and one of the 
fastest deforming continental rifts globally, opening at a rate of 15 cm/year (e.g. Avallone 
et al. 2004). W. Corinth Gulf is formed by both onshore and offshore en-échelon E-W and 
SE-NW striking normal faults (e.g. Palyvos et al. 2005; Bell et al. 2011) (Fig. 1). Accord-
ing to the latest national building code EAK-2000 (2003), Aigion belongs to the zone 
of intermediate design Peak Ground Acceleration PGA = 0.24  g for a return period of 
475 years. Seismicity in the area is high, with the city of Aigion and the neighboring sites 
having suffered from several strong earthquakes in the past. The most recent destructive 
earthquake in the area that caused human casualties and severe structural damage in Aigion 
and its surroundings, was the 15th June 1995 event of Mw6.4, the detailed investigation of 
which offered a wide range of data that comprises the basis of the current research.

The issue of seismic design in Greece falls in the jurisdiction of the Earthquake Plan-
ning and Protection Organization since 1983; the latest seismic design code is in force in 
Greece, with enforcement nature, since 1995. However, seismic codes treat the territory 
in a generic manner, using simple models of soil response and vulnerability. The former, 
fails to predict local effects that may be largely adverse to the constructions, while the latter 
neglects structural characteristics related to a region’s architecture and morphology (e.g. 
Kassaras et al. 2015, 2018). At a global level, versatile platforms on seismic risk spatializa-
tion, e.g. CAPRA, OpenQuake, RASOR, are currently widely applied, involving modern 
methodologies and sophisticated data analysis tools. At present, these platforms operate 
with built-in modules, GMPEs (Ground Motion Predictive Equations) fragility and conse-
quence functions, hence, output lacks site specific information, regarding hazard and vul-
nerability assessment, with the latter subjected to improvement every time that new dam-
age data from real earthquakes is input (e.g. Douglas et al. 2015; Tomás et al. 2017). The 
need, therefore, is the application of tailored and realistic hazard and vulnerability models, 
taking into account updated info, which are expected to improve seismic risk assessment, 
useful to stakeholders for risk perception and disaster management purposes.

Initiated by the above, we elaborate a realistic and tailored physical seismic risk assess-
ment for the city of Aigion by applying a modern, fast and cost-effective methodology that 
combines deterministic seismic hazard, empirical structural vulnerability and stochastically 
simulated ground motions from finite faults. The approach followed in this study is the 
RiskUE-LM1 empirical vulnerability method (Milutinovic and Trendafiloski 2003) based 
on the EMS-98 taxonomy (Grünthal 1998), combined with finite source stochastic simula-
tion of ground motion, taking into account site conditions. The latter were approximated 

http://bbnet.gein.noa.gr
http://bbnet.gein.noa.gr
http://crlab.eu
http://www.corssa.gr/
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by Horizontal-to-Vertical-Spectral Ratios (HVSR) from free-field ambient noise measure-
ments following the Nakamura’s approach (Nakamura 1989).

Not all hazards have been covered in the presented models, i.e. surface rupture and sec-
ondary effects, such as ground failures, soil spreading, liquefaction, tsunami, etc., docu-
mented from past earthquakes. Moreover, indirect effects, which involve human safety, 
economic loss and societal disruption, have not been addressed, since these tasks are not 
within the purpose of this work. In this respect, development of complex multi-hazard sce-
narios, simultaneous or sequential, involving direct and indirect losses should be examined 
in the future.

This work is organized as following. At first, the deterministic seismic hazard assess-
ment is performed which involves a stochastic approach for the computation of synthetic 
ground motions for two major historical events and a future earthquake with Mw6.0 on a 
normal fault underlying the coastal area of the city using ambient noise HVSR as proxies 
of site effects. The construction of the exposure model and the corresponding vulnerability 
estimation for the selected methodology is also discussed. The risk assessment outcome for 

Fig. 1  Seismotectonic map of the western Corinth Gulf presenting active faults (barbed lines, Ganas et al. 
2013) and epicenters of historical (yellow stars, Papazachos and Papazachou 1997) and instrumental earth-
quakes of M ≥ 4 (color circles, Makropoulos et al. 2012). The embedded map in the upper right corner indi-
cates the position of Aigion city within the broader Aegean area
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the three scenarios is presented in terms of EMS-98 damage grades with the highest prob-
ability of occurrence. Furthermore, we compare the outcome risk model for the city with 
the  real damage produced due to the most recent disastrous earthquake of 1995, Mw6.4. 
Lastly, we discuss the perspectives of the outcome towards risk reduction. The flow chart 
of Fig. 2 illustrates the organization of this work regarding exploited data, applied meth-
ods, obtained results and future perspectives.

2  Deterministic seismic hazard analysis (DSHA)

Site-specific synthetic strong ground motions in the target area were obtained by deter-
ministic seismic hazard analysis (DSHA), considering a set of hazardous seismic sources 
located close to Aigion. The stochastic finite-fault method was applied, as it was imple-
mented in the EXSIM code (Motazedian and Atkinson 2005) and was later modified by 
Boore (2009). In this context, the seismic source is approximated by a rectangular fault 
plane, divided into discrete sub-faults, each of which is considered as a point source of 
an ω-squared high-frequency cut-off spectrum (Brune 1970). In the procedure, the rupture 

Fig. 2  Flow chart outlining the organization and the future perspectives of this study
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begins on a given subfault and propagates radially with a constant velocity, triggering the 
neighboring subfaults until the whole fault surface is activated. The procedure was per-
formed by considering uniform slip on the fault plane, since a variable slip model has not 
been published for the area. In this respect, near-source effects that are likely to occur in 
the target site in case of a strong earthquake were not treated in particular, since the sto-
chastic method does not cope with low frequency pulses, therefore a deterministic simu-
lation approach is required. Even though the latter is not within the scope of this work, 
which is restricted in the higher frequency band of engineering interest (1–20 Hz) given 
that the majority of the building stock in Aigion is characterized by low to medium-rise 
buildings. Nonetheless, simulating the low frequency wavefield is a stimulating future task 
when more and better quality data becomes available. Empirical attenuation relations were 
implemented to account for path effects. Ambient noise HVSR (Nakamura 1989), an alter-
native to costly geophysical and geotechnical methods to characterize the site response, 
was applied as the frequency-dependent proxy of the transfer function of the site’s soil 
column. The one-component generic synthetic horizontal acceleration was then produced 
at selected positions by summing the ground motions of all sub-faults applying a proper 
time delay.

2.1  Parameterization of the stochastic model: validation

Prior to the implementation of the stochastic scheme, several parameters had to be empiri-
cally constrained towards generating realistic synthetic ground motions. To this aim, three 
past local events were stochastically simulated and several empirical parameters were 
tested to validate their values in order to be used in subsequent, “blind” simulations of the 
earthquake scenarios.

The geometry of the three “validation” fault sources (events’ ID 1–3) implemented for 
the parameterization of the stochastic model was considered according to Table 1 and is 
illustrated in Fig. 3. Events 1 and 2 were recorded at the permanent accelerometric station 
AIGA (Fig. 6a), operated by the Geodynamics Institute-National Observatory of Athens 
(GI-NOA), and event 3 was recorded at station AIG2 (also in Fig.  6a), operated by the 
Institute of Engineering Seismology and Earthquake Engineering (EPPO-ITSAK).

The input planar fault models were discretized into certain subfaults as proposed by 
Beresnev and Atkinson (1999), with the slip distribution assumed to be random. Stress 
parameter was set equal to 56 bars after Margaris and Boore (1998), a representative 
value determined over several strong Greek earthquakes, the crustal shear wave veloc-
ity, Vs = 3.4 km/s, and the crustal density at the source depth, rho = 2.7 g/cm3. Geometri-
cal spreading 1/R was applied, where R is the hypocentral distance. A mean frequency-
dependent quality factor that is in good agreement with local conditions in the Greek 
region (Hatzidimitriou 1993, 1995), Q(f)= 275·(f/0.1)−2.0 for f ≤ 0.2 Hz, Q(f)= 88·f+0.9 for 
f ≥ 0.6 Hz and Q(f) determined from a power-law fit for 0.2 < f<0.6 Hz (Boore 1984, 1996), 
where f is the frequency, was considered to account for the S-wave anelastic attenuation. 
Near-surface attenuation, controlled by the high-frequency spectral decay factor kappa, κ0, 
was considered equal to 0.035 s, as suggested by Margaris and Boore (1998) for rock site 
conditions in Greece befitting to Aigion.

The source duration, T0 (1  s, 5  s and 0.9  s for the events 1, 2, 3 in Table  1, respec-
tively), was estimated based on the lowest corner frequency (fA) of the source spectrum 
according to the relationship of Boatwright and Choy (1992) for 4 ≤ M ≤ 7, as suggested 
by Atkinson and Boore (1995). The distance-dependent path duration, TP (5 s, 2.5 s and 
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11.1 s, respectively), was determined by subtracting T0 from the total duration (T) of the 
observed records. Calculating the distance from the centroid depth (considered equivalent 
to the hypocentral distance), the term TP was modelled as a single line of slope b (Boore 
and Atkinson 1987; Atkinson and Boore 1990, 1995). Thereby, b was calculated for each 
simulated event 0.15, 0.14 and 1.2, respectively, and a best-fit path duration model was 
obtained. Site amplification was approximated by the HVSR curves of each event (Naka-
mura 1989; SESAME 2005) from the respective recordings at AIGA and AIG2. The 
horizontal synthetic time histories, Fourier and spectral acceleration for each past event 
were then derived over 30 random point source simulations implemented by the SMSIM 
conceptual model (Boore 1996), included in EXSIM. Figure  4 presents the comparison 
between the output synthetic horizontal acceleration time histories and amplitude Fourier 
spectra with the respective observed ones for each event.

The simulation procedure yielded ground motions close to the real observations both 
in the time and frequency domain, especially in the higher frequency range of engineer-
ing interest (Fig.  4). The simulated PGAs, i.e. 137  cm/s2, 504  cm/s2 and 106  cm/s2 for 
events 1, 2, 3, respectively, were found to be close to the levels of the recorded average 
horizontal values in all three cases, i.e. 155 cm/s2, 500 cm/s2 and 109 cm/s2. It is worth 
noting that although the synthetic time histories slightly overestimate the duration of the 
recorded ones, the agreement is quite satisfactory. Taking into account the simplifications 

Fig. 3  Map presenting the surface projection of the fault sources (semi-transparent rectangles) of the events 
employed for the validation of the stochastic method. Beachballs indicate the events’ focal mechanisms. 
Numbers within beachballs denote the events ids (see Table 1). Arrows point at the upper edge of the faults. 
AF: Aigion Fault. WHF/EHF: West/East Heliki Fault, and dashed red lines indicate the hypothetical surface 
trace of the fault models
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involved in the simulation procedure, the derived parameterization of our stochastic model 
is in overall satisfactory and is, thus, considered feasible for the subsequent risk analysis.

2.2  Simulation of scenario earthquakes

The validated input parameters of the stochastic simulation were used in the subsequent step 
of our analyses, i.e., the generation of scenario shakemaps for three hazardous fault sources 
close to Aigion (Table 2 and Fig. 5) (events 2, 4, and 5 in Table 1), namely the 1995 earth-
quake of Mw6.4 on an offshore low-angle normal fault (Bernard et al. 1997), the 1861 histori-
cal earthquake of Mw6.7 on the East Heliki Fault (EHF) (Schmidt 1879), and an earthquake 

Fig. 4  Comparison between the observed horizontal acceleration time history recordings (a, c, e) at the 
AIGA (data from ESD) and AIG2 (data from EPPO-ITSAK) station and respective Fourier spectra (b, d, f), 
with the corresponding synthetics for the events 1–3 in Table 1
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of Mw6.0 on the Aigion Fault (AF), underlying the coastal part of the city. It should be noted 
that for events 2 and 4 (Table 1) the procedure was based on 30 random simulations that 
yielded an average PGA at each position, while for event 5, a single seed was produced (see 
Table 2), due to biases likely related to the very short distance of the fault. 

Table 2  Basic empirical input parameters employed in the EXSIM stochastic simulation

Parameter Symbol (units) Value

Stress parameter Stress (bars) 56
Hypocenter location in along and down dip distance from the 

fault
i0, j0 (km) Event ID 2 Random

4 Random
5 5 km, 7 km

Crustal shear-wave velocity Vs (km/s) 3.4
Crustal density at source depth ρ (g/cm3) 2.7
Geometric spreading as a function of distance R (km) km−1 1/R
Anelastic attenuation model, Q(f)= Q0·(f)n f ≥ 0.6 Q0, η 88, 0.9
Kappa κ0 (s) 0.035
Slip distribution model – Event ID 2 Random

4 Random
5 Unity

Fig. 5  Map presenting the surface projection of the fault models (semi-transparent rectangles) of the sce-
nario earthquakes. Beachballs indicate the events’ focal mechanisms. Numbers within beachballs denote the 
events IDs (see Table 1). Arrows point at the upper edge of the faults. AF: Aigion Fault. WHF/EHF: West/
East Heliki Fault, and dashed red lines indicate the hypothetical surface trace of the fault models
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To incorporate the site-effect at the scale of the city of interest, we made use of free-field 
ambient noise measurements that have been performed in 2015 at 28 selected positions 
in the city of Aigion in the frame of the ASPIS-KRIPIS project (2015) (Fig. 6a). Three-
component ambient noise recordings of about 30 min duration were processed using the 
GEOPSY software (SESAME 2005) in a broad range of engineering interest (0.2–20 Hz). 
For the part of the city on which we focus (Fig. 6a), the HVSR estimates exhibit amplifica-
tion factors between 1.2 and 3.5 (Fig. 6b), with largest amplification inferred for the south-
eastern and the central part of Aigion, and dominant frequencies between 2.1 and 7.1 Hz 
(Fig. 6c).

The application of ambient noise HVSRs has proven widely to reasonably represent 
the frequency response of the soil (e.g. Konno and Ohmachi 1998), however it has been 
found to underestimate a site’s amplification (e.g. Bonnefoy-Claudet et al. 2006). Sev-
eral experimental studies though showed that a satisfactory correlation exists between 
the HVSR peak and the site amplification (e.g. Rodriguez and Midorikawa 2002).The 
consistency of the herein ambient noise HVSR has been validated by juxtaposition 
with results obtained in Aigion by Apostolidis et al. (2006) and Voulgaris et al. (2010), 
regarding Standard Spectral Ratios (SSR) and HVSR from earthquake recordings from a 

Fig. 6  a Position of ambient noise measurements in Aigion over Google Earth. The white dashed contour 
surrounds the studied area; AIGA (National Observatory of Athens) and AIG2 (Institute of Engineering 
Seismology and Earthquake Engineering) denote the location of accelerometric stations whose recordings 
were exploited to the validation procedure of the simulated model, b spatial distribution of ambient noise 
HVSR amplification factor  (A0), c fundamental frequency  (F0)
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downhole array (CORSSA, www.corss a.gr), respectively. As expected, the comparison 
revealed an overall agreement regarding the frequencies distribution, while the ambient 
noise HVSR amplification was found somewhat lower, however this discrepancy is not 
considered critical when neglecting source directivity and soil non-linearity, as in our 
case.

Horizontal synthetic acceleration waveforms, randomly oriented, were computed at 
the microtremor locations depicted in Fig. 6a. The derived HVSR for those sites were 
incorporated to empirically amplify the synthetic spectra and, thus, to incorporate the 
site effect. Synthetic Peak Ground Acceleration (PGA) values were then used to gen-
erate a shakemap for each earthquake scenario (Fig.  7), and were further converted 
to Seismic Intensity (SI) through the empirical relationship of Tselentis and Danciu 
(2008):

where MMI is the Modified Mercalli Intensity, considered equivalent to the EMS-98 for 
the description of the same effects (Musson et al. 2010). It should be noted though that the 
inherent uncertainties of Eq. (1) related to the statistical variability of the input data, i.e. 
lack of recordings, subjectivity of the observations, inclusion of soil effects, etc., (Tselentis 
and Danciu 2008), are acknowledged herein. However, real data from Aigion were applied 

(1)SI(MMI) = 3.563 ⋅ log (PGA)−0.946

Fig. 7  Shakemaps for the city of Aigion for the three simulated earthquake scenarios (Scenarios 1–3; 
described in the main text). The color represents synthetic horizontal PGA, while contours correspond to 
discrete values of MMI

http://www.corssa.gr
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for the extraction of Eq. (1) on the one hand, and on the other it yields consistent MMI for 
the 1995 earthquake with existing studies (Papazachos and Papazachou 1997; Papazachos 
et al. 1997; Lekidis et al. 1999). Therefore we consider its implementation herein reliable.

2.2.1  Scenario 1: Repetition of the 15th June 1995 earthquake (Mw6.4)

The 1995 event was one of the largest and most destructive earthquakes that occurred in 
Greece over the past few decades. The mainshock, felt with MMI = VIII in Aigion (Lekidis 
et al. 1999), and its largest aftershock a few minutes later, caused 26 casualties, 200 inju-
ries, major damage to 2000 buildings and three collapses in the city and its surroundings 
(Papazachos and Papazachou 1997). Secondary phenomena such as ground cracks, lique-
faction, and morphological changes of the shoreline occurred both in the north and the 
southern coast of the gulf. Horizontal PGA exceeded 0.5 g at epicentral distance of about 
16 km (AIGA station), attributed to source directivity and local conditions including soil 
response and topographic effects (Lekidis et  al. 1999; Mavroeidis et  al. 2018). Spectral 
acceleration of the earthquake was adverse mainly for the high buildings of the city, exhib-
iting values exceeding design spectra for periods T = 0.4–0.6 s (Lekidis et al. 1999). The 
fault model that we adopted to simulate strong ground motion from a scenario where the 
1995 earthquake repeats is depicted in Fig. 5 (yellow rectangular corresponds to the sur-
face projection of the fault model). The geometry of the adopted fault model is described in 
Table 1 (event ID 2), while the rest of the input parameters are listed in Table 2.

Highest PGA values (Fig. 7) were derived mainly for the southeastern and partly for the 
center of the city. Synthetic PGAs near the AIGA station are ~ 0.4 g, a value that is not as 
high as the one recorded at the same site during the 1995 earthquake. This is, most prob-
ably, because we simulated an event similar to the 1995 one (same location, magnitude, 
ruptured area) but without taking into account the details of the 1995 rupture, i.e. the slip 
distribution. When excluding edge effects, i.e. artifacts produced by the interpolation pro-
cedure, when a large distance occurs between observational points lying at the border of 
the map, the respective values of SI curves in the study area (see Fig. 6a) range from 6.8 
to 8.2 (Fig. 7), in consistency with the observed intensities from the 1995 earthquake (e.g. 
Lekidis et al. 1999; Papazachos et al. 1997).

2.2.2  Scenario 2: Repetition of the 26th December 1861 earthquake with Mw6.7 
on the East Heliki Fault (EHF)

This offshore earthquake is reckoned to be the largest in the area of Aigion after the 18th 
century (e.g. Albini et al. 2017). Aigion is located in the hangingwall area of the east–west 
striking, north-dipping  Heliki normal fault. The effects of the event were catastrophic, 
reaching a maximum MMI = X in Aigion (Papazachos and Papazachou 1997). It caused 
20 casualties and several injuries. Almost all houses in Aigion suffered serious damage and 
one collapsed by the strong mainshock and its largest aftershock. Intense environmental 
effects occurred, among which a tsunami with a run-up of 1.8  m (Papadopoulos 2003). 
The surface rupture (Schmidt 1879) and paleoseismological evidence (McNeill et al. 2005) 
indicate that the 1861 earthquake occurred on the EHF.

The fault model that we adopted to simulate ground motions for the 1861 earthquake 
scenario is shown in Fig. 5 (magenta rectangular corresponds to the surface projection of 
the fault model). The values of the input parameters are summarized in Tables  1 and 2 
(event ID 4). Highest PGA values are observed mainly in the southeastern and partly in 
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the center of the city, consistently with the distribution of the HVSR amplification factors 
(Fig. 6b). The deduced SI curves (Fig. 7) range from 7.8 to the west of the center to 8.8 to 
the east and south of the study area (see Fig. 6a), in good agreement with the macroseismic 
effects of the event (Shebalin 1974; Papazachos et al. 1997).

2.2.3  Scenario 3: An earthquake with Mw6.0 on the Aigion Fault (AF)

The AF is one of the youngest significant normal faults in the Gulf of Corinth that is sug-
gested to have been rapidly developed within the last 200–300 Ka, presenting a high slip 
rate and a total fault length of about 10 km (McNeill et al. 2007), capable of producing a 
Mw6.0 earthquake according to the empirical relations of Wells and Coppersmith (1994). 
Although it appears segmented along its trace and it exhibits an immature displacement 
profile (McNeill et  al. 2007), this fault is considerably hazardous for the city of Aigion, 
which is mostly situated on its footwall. Historical earthquakes with destructive effects, i.e. 
the 14/05/1748 of Μw = 6.6, the 23/08/1817 of Μw = 6.6 and the 09/09/1888 of Μw6.3, all 
three events with MMI = IX, are likely to have ruptured the AF (Papazachos and Papaza-
chou 1997; Pantosti et al. 2004; Bernard et al. 2006).

The fault model adopted to simulate a future earthquake on the AF is depicted in Fig. 5 
(orange rectangular corresponds to the surface projection of the fault model). Due to 
the proximity of the specific fault model to our target area and to avoid extreme ground 
motions related to large slip patches in random slip distributions, we preferred for this sce-
nario to adopt a uniform slip distribution model. All other input parameters were as previ-
ously described and as listed in Tables 1 and 2 for event ID 5.This scenario presents the 
highest ground motions with respect to the other scenarios. Synthetic SI curves (Fig.  7) 
range from 8.2 to 9 in the study area shown in Fig. 6a.

3  Exposure model and empirical vulnerability assessment

Seismic vulnerability in Aigion was assessed using the empirical RiskUE-LM1 approach 
(Milutinovic and Trendafiloski 2003) initially proposed by Giovinazzi and Lagomarsino 
2004). The method introduces vulnerability classification of buildings by the application of 
Building Typology Matrices and Fuzzy Set Theory for the definition of probable discrete 
Vulnerability Index (VI) ranges per EMS-98 qualitative Vulnerability Classes (VCs).

The exposure model of Aigion (as per 2016, EXP-2016 hereafter) was based on the 
EPANTYK research project (EPANTYK 2009), which employed the Hellenic Statisti-
cal Authority (EL.STAT.) census database, while the 1995 post-seismic survey of Fardis 
et al. (1999) was also considered. In 2016, the initial dataset was updated and appropriately 
modified to represent the current building stock of Aigion on a building-by-building level. 
This was accomplished by two in situ surveys we conducted in most of the Aigion city area 
and by the use of satellite navigation (public) tools. It should be noted that monumental 
buildings and buildings of public use are excluded from this study since variable structural 
criteria are required, which are not included in the empirical method.

EXP-2016 consists of 3216 buildings belonging to 223 blocks. Out of the fifteen build-
ing typologies included in the EMS-98 taxonomy (Grünthal 1998), seven types were identi-
fied in Aigion; four types of UnReinforced Masonry (URM) and three types of Reinforced 
Concrete (RC) frames (Fig.  8, Table  3). Classification of the RC buildings was accord-
ing to the evolution of the Greek Seismic design Codes (GSCs) (Table 3, Fig. 9), while a 
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proportion of mixed URM that was observed (~ 7.3% of the total inspection), was classi-
fied according to the most vulnerable constituent material. EXP-2016 consists mainly of 
buildings of residential and commercial use, either exclusive or mixed, from which more 
than 70% are RC constructions being erected during 1970–1980 and after the disastrous 
earthquake of 1995. It is worth mentioning that many old masonry buildings (M2 and M3 

Fig. 8  Examples of the 7 building typologies found in Aigion

Table 3  Building typologies in Aigion and the respective EMS-98 Vulnerability Class (VC)

Typology Building type description Most probable 
VC (EMS-98)

UnReinforced masonry (URM)
 M2 Adobe A
 M3 Simple stone B
 M5 Unreinforced masonry (bricks)

Period of construction before 1970
B

 M6 Unreinforced masonry (bricks) with RC floors
Period of construction after 1970

C

Reinforced concrete (RC)
 RC1 Frame in RC without Earthquake Resistance Design 

(ERD)
Period of construction: < 1959

C

 RC2 Frame in RC with moderate ERD
Period of construction: (1959–1995)

D

 RC3 Frame in RC with high ERD
Period of construction: > 1995

E
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types), damaged in 1995, were demolished or abandoned, explaining their low multitude 
nowadays.

Based on the identified typology, each inspected building was then assigned the most 
probable Vulnerability Class (VC) according to the generic EMS-98 taxonomy scheme 
(Grünthal 1998) (Table 3, Figs. 9a, 10). The major part of the city’s building stock (> 66%) 
was found to be of moderate to low vulnerability (VC = D and VC = E), having being built 
according to the first (Greek government gazette 160/A 1959; and its 1984 revision) and 
more rigorous (EAK-2000 2003) provisions of the GSCs, respectively. The most vulner-
able buildings (VC = A and VC = B) of the URM typologies compose of ~ 22% of the 
exposed assets, while the most recent type of M6 is the less vulnerable among them due to 
the assumed addition of well-connected RC floor-slabs, which allow for an enhanced, box-
like behaviour.

Fig. 9  The EXP-2016 model with respect to: a the construction material; b the period of construction. Per-
centages are shown in the embedded pie-charts. The embedded histogram shows the number of buildings 
per construction period
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Thereinafter, each inspected building was assigned the most probable typological VI 
 (VI*) as per Giovinazzi and Lagomarsino (2004) (Table 4).  VΙ* was subsequently increased 
or decreased according to modifier scores  (Vmk), accounting for structural and morpho-
logical peculiarities (Giovinazzi and Lagomarsino 2004). The Total Vulnerability Index V̄I 
for a building was then obtained as: V̄I = VΙ* + ΔVm, where the term ΔVm (total modifier 
index) corresponds to the algebraic summation of all  Vmk. It is worth noting that ΔVm is 
constrained empirically and thus, it may also include  Vmk which account for regional char-
acteristics related to the local architecture and/or topography. Table 4 outlines the contri-
bution of structural characteristics of the Aigion buildings to the ΔVm per typology, after 
expert’s judgment.

In summary, the following could be pointed out with regard to the characteristics of the 
exposed assets of the target area:

• About 80% of the inspected buildings was found to be well-maintained.
• Most of the buildings are low-rise with a maximum of two storeys (87.5%).
• Almost 37% of the city’s building stock appears to be vertically irregular.
• About 80% of buildings were found regular in plan.
• Regarding the position of the buildings in relation to their adjacent constructions, about 

30% were independent.
• About 47% of URM buildings may be adversely affected by roof weight.
• In some cases, buildings’ vulnerability was jeopardized by adjacent buildings of differ-

ent height (~ 27% of the URM) and staggered floors (~ 33% of the total sample).
• Positive interventions were observed in several URM constructions which are assumed 

to have enhanced their seismic performance.

The applied approach (Giovinazzi and Lagomarsino 2004) enabled a numerical scale 
that ranges from 0 (best) to 1 (worst) vulnerability, in substitution of the EMS-98 VC 
attributes. The concluded percentage of V̄I per inspected building in Aigion is indicated in 
the embedded pie-chart of Fig. 11a, in which the derived average V̄I per building block is 
also mapped. The average V̄I per building block ranges from ~ 0.3 to ~ 0.74, with the major-
ity of the building stock exhibiting V̄I = 0.5–0.6 (~ 36%). The most vulnerable buildings 

Fig. 10  Vulnerability estimation 
per building block in Aigion 
according to EMS-98 and the 
corresponding percentage of each 
Vulnerability Class VC (embed-
ded pie-chart)
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can be mainly found in the northern and partly in the central and southern parts of the 
city having an average V̄I ≥ 0.6, while positive is the fact that the most vulnerable of them 
( ̄VI ≥ 0.9) are nowadays negligible (~ 1%), regarding adobe buildings in poor condition, or 
abandoned.

Figure 11b illustrates the distribution of the average V̄I of buildings per block that were 
estimated to have been constructed until 1995. The respective building stock presents sig-
nificantly higher vulnerability for this period. EXP-2016 corresponding to the period until 
1995 (Fig. 11b) is composed of 1722 RC buildings (67.5% of the total sample until 1995), 
from which 8.9% and 58.6% are RC1 and RC2, respectively, and 828 URM buildings 
(32.5% of the aforementioned total sample). The average vulnerability ( ̄VI ) of the two peri-
ods is compared in Fig.  11c in terms of V̄Idiff

 (V̄Idiff
= V̄I1995

− V̄Ipresent
) demonstrating the 

enhancement of the current exposed assets thanks to rehabilitation after the 1995 
earthquake.

Fig. 11  The average V̄
I
 per building block and the respective percentages (embedded pie-charts): a for the 

current building stock, b for the era prior to the 1995 earthquake; c comparison between the two periods 
(unchanged: only buildings until 1995, N/A: only newly built buildings after 1995)
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4  Seismic risk assessment

Seismic risk in Aigion was assessed by combining the derived simulated ground motions 
and the structural vulnerability model. Equation (1) was applied to the EXP-2016 building 
stock for which the hazard analysis of the city was available (Fig. 6a), i.e. to 3059 inspected 
buildings of 217 city blocks, and an average value of synthetic PGA was thus assigned 
per building, for which the corresponding SI was attributed. Following the RiskUE-LM1 
method, the mean damage grade, μD, of each building was then determined through the 
convolution of its SI and V̄I value (Giovinazzi and Lagomarsino 2004),

accompanied by the probability of occurrence, pk per EMS-98 Damage Grade (DG, 
Table 5), which is described by the cumulative beta distribution function, Pβ (Giovinazzi 
and Lagomarsino 2004):

The expected DGsare perceived as distinct variables, k, that range from 0 to 5 depend-
ing on the damage pattern: DG0-no damage, DG1-slight damage, DG2-moderate damage, 
DG3-heavy damage, DG4-very heavy damage, DG5-total collapse.

The two shape parameters r, t of the beta distribution and the μD are further associated 
by the form:

in which a value of t = 8 was set (Giovinazzi and Lagomarsino 2004). By applying Εqs. 
(4) and (5), the probability of occurrence of each DG and the most probable DG per build-
ing were estimated. Moreover, the average value of μD per building block was calculated 
as a simplified illustration of the overall prevailing distribution. Hence, the probability of 
occurrence of the average DG and the most probable average DG on a building block scale 
were also determined (Eqs. 4, 5).

(2)𝜇D = 2.5 ⋅ [1 + tanh((SI + 6.25 ⋅ V̄I−13.1)∕2.3)]

(3)�D =

5
∑

k=0

pk ⋅ k

(4)pk = P�(k + 1) − P�(k)

(5)r = t ⋅
(

0.007 ⋅ �3
D
− 0.0525 ⋅ �2

D
+ 0.2875 ⋅ �D

)

Table 5  Post-seismic usability according to the SER attributes and the herein damage classification of μD 
with respect to the considered range of the discrete EMS-98 DGs, in addition to their respesentative Dam-
age Index (DI) that has been adopted

Usability (SER) Damage characterization

DG 
(per EMS-
98): μD (per 

RiskUE-LM1)

 DI  

Safe for use No damage to Slight damage:
No reduction of the seismic capacity

DG0: 0–0.5 0.5 DG1: 0.5–1

Unsafe for use Moderate to Heavy damage:
Need of repair before re-occupation

DG2: 1–2 2 

DG3: 2–3 
Dangerous for use 

Heavy to Very heavy damage:
Prohibited approach-considerable dislocation, 

decision on possible repair or demolition
3 

DG4: 3–4

Collapsed Partial/total collapse
or demolished DG5: 4–5 4 
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4.1  Seismic risk scenarios

The damage potential for the three seismic scenarios in Aigion is presented in terms 
of DGs with maximum probability of occurrence on a building block scale (Fig. 12). 
Risk scenarios include all DGs, with the 15th June 1995 scenario (scenario 1) being the 
most favorable one. The Mw6.7 earthquake (scenario 2) on the EHF appears harmful, 

Fig. 12  Distribution of DGs with maximum probability of occurrence for seismic risk scenario 1 (top), sce-
nario 2 (middle) and scenario 3 (bottom). a Number of buildings undergone a certain DG per building 
block; b averaged DG per building block. The embedded pie-charts present the corresponding percentages
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while the most adverse one is the Mw6.0 earthquake on the AF (scenario 3), due to the 
proximity of the fault plane (see Fig. 5). The spatial distribution of the expected effects 
of our risk scenarios shows that damage is at most concentrated in the northeastern and 
in the southern part of the city, consistently with both the resulting distribution of soil 
amplification in the region (Fig.  5b) and increasing distance from the respective fault 
sources.

With regard to the scenario 1 (Fig.  12 Top), the distribution of DGs concern mainly 
DG0 with ~ 64%, DG1 with almost 22%, and DG2-DG3 with ~ 14% of the building stock. 
Scenarios 2 and 3 (Fig. 12 middle and bottom, respectively), on the other hand, indicate 
a significantly higher percentage of affected buildings with respect to scenario 1. In the 
case of the two latter scenarios, DG1 is almost similar about 40%, whereas DG2-DG3 and 
DG4 appear increased by about 2% and 1.4%, respectively, for the more adverse scenario 
3 with respect to scenario 2. As for their DGs’ maximum probability of occurrence shown 
in Fig. 13a, DG2 and especially DG3 indicate a considerably larger number and percentage 
for scenarios 2 and 3 with respect to scenario 1, DG4 appears with an increased difference 
up to 2–3% and DG5 up to about 1%, yet negligible in both cases. Τhe prevailing average 
DG per block for scenarios 2 and 3 is DG1, with DG2 also yielding a high percentage 
of occurrence and with DG3 having a proportion of about 1.4% and 4.1%, respectively 
(Fig. 12b). Furthermore, the low proportion of DG4 and the negligible DG5 can presum-
ably be attributed to the very few highly vulnerable buildings currently found in Aigion 
(Fig. 9a).

The comparative disaggregation of the results for the three seismic risk scenarios con-
cerning buildings’ response are presented in the histograms of Fig. 13. As far as the struc-
tural typology is concerned, vulnerable URM buildings were found to be most affected, 
exhibiting a significant percentage of DG3 and DG4 for scenarios 2 and 3 (Fig.  13b). 
URM-M6 type, though, was found to respond better, a fact that is attributed to the struc-
tures’ enhancement by RC floors. Regarding RC buildings, consistently to the vulnerability 
per typology stemmed from the seismic design; RC1 type is found to exhibit a similar seis-
mic behaviour to that of the vulnerable URM typologies (Fig. 13c). RC2 buildings are not 
subjected to a high DG, while RC3 typology is found to remain intact in all three cases. It 
is worth noting that for the adverse scenarios 2 and 3, vulnerability seems to play an impor-
tant role, since buildings of higher vulnerability exhibit higher expected damage, while 
buildings of very low vulnerability remain intact in all cases (Fig. 13c).

Regarding the number of floors, the highest rate of DGs occurs mainly in the one- and 
two-storey URM and RC1 buildings characterized by higher vulnerability, while DGs 
gradually reduce for taller ones (Fig. 13d). This pattern is explained by the multitude of 
low-rise buildings in Aigion as well as to the fact that high-rise buildings, erected in the 
last decades, correspond mainly to RC2-RC3 typologies that exhibit in general lower 
vulnerability.

5  Comparison with observed damage

The robustness of the adopted methodology was tested against the observed damage pat-
tern from the 15th June 1995 earthquake in the city of Aigion, that consists of attributes 
to RC and URM buildings assigned by the Sector for Earthquake Rehabilitation (SER; 
Fardis et  al. 1999) post-seismic in  situ inspections. This database includes usability 
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characterization of the affected buildings with respect to their safety, following a simple 
coding protocol of three colors: “Green”, “Yellow”, and “Red” (Anagnostopoulos and 
Moretti 2008), as it is described in Table 5, in which an additional fourth damage color 

Fig. 13  a Summary of the expected buildings’ DGs with maximum probability of occurrence for the three 
earthquake scenarios in terms of the number of buildings (left) and their percentage (right); DGs with 
respect to the percentage of maximum probability of occurrence regarding b the building typology, c the V̄

I
 

of buildings, d the number of floors (the number 0 refers to the ground-floor buildings), for the three earth-
quake scenarios
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tag, “Black”, is included to represent the collapsed buildings in Aigion due to the 1995 
earthquake.

In order to compare the seismic risk scenario outcome with the real damage of 1995 in 
quantitative terms, both DGs and usability characterization had to have a common basis, 
therefore the qualitative damage was assessed assuming three terms, namely the discrete 
EMS-98 DGs, the mean damage grade (�D) of the RiskUE-LM1 methodology (Eq. 2), and 
the herein adopted Damage Index (DI), a compromise between μD and DG, as shown in 
Table 5. Accordingly, “color coding” was converted into discrete EMS-98 DGs and then 
μD was compared with DI per DG. For this purpose, the attributes proposed by Fardis et al. 
(1999) and Pomonis et al. (2014) for the URM and RC buildings in Aigion, respectively, 
were considered.

The analysis of the damage dataset revealed that ~ 54% of the inspected buildings were 
tagged as “Green” (DG0-DG1), ~ 24% as “Yellow” (DG2-DG3), ~ 18% as “Red” (DG3-
DG4), while ~ 4% were partially or totally collapsed or had to be demolished due to irrepa-
rable damage (DG5) (Fig. 14a). Moderate-to-heavy (DG2-DG3) and very heavy damage 
(DG3-DG4) was mainly concentrated in the central and the eastern part of Aigion. This 
pattern is likely related to impacts from site effects and vulnerability.

Fig. 14  Comparison a of the damage distribution of the 1995 Aigion earthquake (Fardis et al. 1999) to the 
simplified ambient noise HVSR amplification factor  (A0), and b of the 1995 building typology (Fardis et al. 
1999) with the range of the most probable VCs based on construction material, to the ambient noise HVSR 
peak frequency  (F0); c spatial distribution of the index K and damage (Fardis et al. 1999) and for the 1995 
earthquake
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Impact from site conditions is manifested in Fig. 14a which presents damage in jux-
taposition to the soil response inferred by the ambient noise HVSR results. Specifically, 
largest effects at the eastern part of the city are related to both amplification (Fig. 14a) 
and high vulnerability (Fig. 14b), while damage in the central part of the city is com-
patible to the presence of numerous low-rise M2 and M3 buildings of high vulnerabil-
ity. High soil peak frequencies, predominant in this area (Fig. 14b), possibly adversely 
interact with vulnerable adobe ground-floor structures found in this sector of the city.

In the waterfront area, several low-rise old vulnerable structures ( ̄VI ≥ 0.6, Fig.  11) 
are located, which withstood shaking with some of them being still in use presently. 
Site amplification in this location is medium (~ 1.5–2, Fig. 14a), while predominant fre-
quency is found about 2 Hz (T ~ 0.5 s) (Fig. 14b). The resistance of these buildings dur-
ing the 1995 earthquake has been attributed to dampened ground motions in the soft and 
deep clayey deposits (Pomonis et al. 2014). Although more data are needed to investi-
gate de-amplification effects, it is worth noting that spectral acceleration peak values 
of the 1995 near-field recordings are in the range T = 0.4–0.6 s, which interestingly are 
similar to the site’s HVSR peak frequency and away from typical eigenperiods of such 
low constructions.

Given that seismic consequences are the combination of ground motion and struc-
tural vulnerability, coupling between structural damage and vulnerability is exam-
ined in reverse, to investigate the spatial distribution of strong ground motion during 
the 1995 earthquake as a site’s response derivative. The term K is hence introduced 
as K = DL∕V̄∗

I
 , where DL is the average value of μD (Eq. 3) per building block, deter-

mined in the case of the 1995 real damage distribution by assigning to each ith damaged 
building the representative numerical value of damage index DI according to Table 5, 
and V̄∗

I
 is the respective estimated average typological VI (Giovinazzi and Lagomarsino 

2004) of the n buildings per building block on the 1995 building stock (Fardis et  al. 
1999), therefore DL =

∑n

i=1
DIi∕n and V̄∗

I
=
∑n

i=1
[(V∗

I
)i∕n], with V̄∗

I
∈ [0.4 − 0.8) . K is 

applied as a preliminary qualitative index of consistency (low K) or inconsistency (high 
K) between observed damage and structural vulnerability, with higher values of K indi-
cating possible site effects. Extreme deviation between the fraction’s numerator ( DL ) 
and denominator ( ̄V∗

I
 ) that might lead to artifacts  by reversing the (low/high) polarity 

of K is absent from our dataset. Moreover, the calculation of the average K distribution 
is primarily intended to reduce any possible errors from the observed sample, therefore 
the concluded result can be considered an overall accurate depiction. However, further 
analysis with respect to the buildings’ typological characteristics/modification scores 
and employment of more damage data are required in future investigations.

Nonetheless, in the case of the 1995 earthquake, the distribution of K (Fig.  14c) 
exhibits good correlation with the inferred soil response from ambient noise HVSR in 
terms of high  A0 (Fig. 14a) and high  F0 (Fig. 14b). Specifically, low K appears in par-
ticular at the western and partly at the northern part of the city, consistently with low 
site amplification (Fig. 14a), whereas high K is observed partly in the northeastern and 
the southern part of the city’s center, in agreement with high  A0 (Fig. 14a) and high  F0, 
respectively (Fig. 14b).

A comparison between real and predicted damage from the 1995 simulated risk sce-
nario 1 is shown in Fig. 15 per building block, in terms of DL, according to the assumed 
damage index (DI—Table 5) and to the predicted average value of �D (Eq. 3), respectively. 
The average damage distribution of the 1995 earthquake (Fig. 15a) is mostly characterized 
by moderate damage, while slight damage appears in particular at the western side and 
partly in the north of the city, consistent with the inferred distribution of undamaged 
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buildings from the corresponding seismic scenario 1 (Fig. 15b). Furthermore, the average 
percentage of heavy damage in the case of the 1995 earthquake occurs partly in the north-
eastern and southern part of the center, while little very heavy damage (1.3%) is locally 
concentrated in the northeast of the city. On the contrary, the respective simulated scenario 
appears generally more amenable than the real damage distribution of 1995, presenting 
moderate damage as the higher DL of the present building stock. The detailed comparison 
between the two resulting distributions for the common area of study is shown in Fig. 15c 
in terms of (ΔDL)1995, where 

(

ΔDL
)

1995
= DLobserved − DLscenario.

Enhancement of the seismic response of the recent building stock is observed mainly 
at the central and northeastern part of the city, due to rehabilitation and replacement of 
the heavily damaged and demolished buildings due to the 1995 earthquake with modern 
constructions, resulting in the reduction of the current city’s vulnerability (Fig. 16). The 
comparison of structural vulnerability between the two observed samples, prior to (as per 
Fardis et  al. 1999) and after 1995 (as per EXP-2016), displays a large proportion of the 
most vulnerable buildings, e.g. adobe URM, being replaced by newly built under high GSC 

Fig. 15  Distribution of average damage level 
(

DL

)

 per building block in the city of Aigion, a due to the 

1995 earthquake, and b regarding the respective simulated seismic scenario 1, in addition to c their compar-
ative difference of 

(

ΔDL
)

1995

 in the common studied area. The embedded pie-charts present the corre-

sponding percentages



628 Bulletin of Earthquake Engineering (2019) 17:603–634

1 3

RC3 ones. Moreover, a significant percentage of the current  inspected sample includes 
buildings undergone strengthening post-earthquake interventions.

On the other hand, sparse negative 
(

ΔDL
)

1995
 values in Fig. 15c, implying for deterio-

rated effects, are partly ascribed to the difference between the multitude of the two expo-
sure models of the city’s building stock, since EXP-2016 in the common studied area is 
found to be considerably larger. Few digitization uncertainties concerning location of 
buildings included in the database of Fardis et  al. (1999) were treated according to the 
EPANTYK (2009) observations and the herein attributes, described above. It should be 
noted though that overstrength and actual seismic performance out of the typological 
boundaries of individual structures should not be neglected when simulated versus 
observed damage is studied.

Fig. 16  Comparison of the estimated structural vulnerability per building block in Aigion, a for the 1995 
period, based on the construction material characterization of Fardis et al. (1999), and b for the EXP-2016, 
in the common studied area. c Distribution of RC3 structures (blue) built in substitution of the very heavily 
damaged (red) and collapsed/demolished (black) buildings of 1995. The embedded pie-charts denote the 
corresponding percentages
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6  Summary and conclusions

Devastating earthquakes produce painful lessons learned in terms of loss of human lives, 
property and societal disruption. However, “lessons learned” is often a vision rather than 
the reality, since this usually lacks incorporation of new knowledge in the risk assessment 
and the crisis management procedures. Hence, the latter are blind in the absence of tailored 
approaches, which are recognized to essentially support stakeholders making the right 
decisions and taking appropriate measures throughout potential crises.

In this respect, we elaborate a comprehensive physical seismic risk analysis in Aigion 
on a building block scale, taking into account (a) three selected hazardous fault sources, 
(b) site amplification approximated by simplified ambient noise HVSR curves, (c) realistic 
ground motion synthetics generated by applying the EXSIM stochastic finite-fault scheme, 
(d) the city’s detailed exposure model, (e) real damage from the most recent devastating 
earthquake on 15th June 1995 (Mw6.4). The main outcome of our effort can be summa-
rized as following.

The stochastic finite-fault scheme considered to simulate strong ground motions from 
the selected earthquake scenarios and the way it was applied was proven overall successful 
compared with the available real recordings. All damage grades (DG0-DG5) were found to 
be expected, with the most common DGs ranging from DG0 to DG3. In a spatial sense, the 
simulated risk scenarios display higher damage in the northeastern and to a lesser extend in 
the southern part of the city, consistently with the deduced HVSR amplification factors and 
also with the concentration of higher structural vulnerability. Scenario 3 on the closest AF, 
appears to be the most adverse one. The comparison of the simulated with the real dam-
age of the 1995 earthquake demonstrated a compatible spatial distribution, although the 
potential impact appears to be significantly reduced when the current (EXP-2016) building 
stock is considered. Estimated consequences are adverse mainly because of old low-rise 
URM buildings and RC buildings without ERD, while the enhanced M6 type constructions 
and tall RC buildings with ERD are expected to exhibit better response. New RC buildings 
constructed according to the more rigorous provisions of the 1995 GSC appear to remain 
intact in all scenarios.

One of the most difficult tasks in scenario based seismic risk modelling is the nature and 
treatment of uncertainty and natural variability of the input and output parameters (e.g. Fäh 
et al. 2000). Oliveira (2008) outlines the main sources of epistemic and aleatory uncertain-
ties in scenario-based seismic risk assessment (e.g. Kazantzidou-Firtinidou et  al. 2018), 
as due to the seismic source, wave attenuation, site effect, buildings taxonomy, vulnerabil-
ity, inventory, and methodology, together with possibilities to reduce each one of them. 
In the present case, uncertainties (epistemic) arise due to the fact that near-fault effects 
within the zone of permanent deformation could not be taken into account. Although such 
effects are most probable to occur during future earthquakes close to Aigion, they are dif-
ficult to be predicted as they depend on the details of the source process, which is not 
known a priori. Good knowledge of the seismotectonic environment allowed for the selec-
tion of specific faults and the definition of their geometry and kinematics, what reduced 
aleatory biases of the seismic hazard analysis. Moreover, the HVSR may underestimate 
actual site amplifications during strong ground motion, while aleatory uncertainties due 
to this method are related to the quality of measurements. Reduction of these uncertain-
ties could be achieved, respectively, through the implementation of semi-analytical simula-
tion methods (e.g. Roumelioti et al. 2003a, b; Graves and Pitarka 2015; Mavroeidis et al. 
2018) and through the employment of more dense ambient noise measurements, as well as 



630 Bulletin of Earthquake Engineering (2019) 17:603–634

1 3

existing (e.g. Apostolidis et al. 2006), with new geotechnical-geophysical data in the future 
Moreover, epistemic uncertainties related to the implementation of the empirical Eq.  (1) 
for converting synthetic PGA into MMI are believed to have been excluded by calibration 
with other studies in Aigion.

As far as the epistemic uncertainties related to the estimation of the structural vulner-
ability, they are acknowledged within the probability and plausibility range of the vulner-
ability index inherently incorporated into the methodology applied. For illustration pur-
poses and in order to render the results exploitable for disaster management purposes, a 
deterministic presentation of the results has been decided. In this respect, earthquake dam-
age is represented herein by the most probable values. Parametric sensitivity and uncer-
tainty evaluation is a future task by implementation of a logic tree scheme (e.g. Michel 
et al. 2017).

The major advantage of our work is that our methods were validated against existing, 
region-specific data before “blind’’ ground motion predictions. Although a direct associa-
tion between the probabilistic and deterministic outcome is not possible, it is worth noting 
that common finding in the examined scenarios is the exceedance of the “effective” design 
probabilistic PGA value of 0.24 g for a return period of 475 years (EAK-2000 2003). This 
is consistent with recorded near-field ground motions which exceeded the probabilistic 
predictions, such as in the cases of other strong earthquakes in the Greek territory, e.g. 
Lefkada 2003 (Gazetas 2004), Cephalonia 2014 (Kassaras et al. 2017) and elsewhere (Ier-
volino et al. 2017). Nevertheless, in case of realization of the scenario ground motions, the 
building stock of Aigion is found capable to withstand the shaking.

Future enhancement of the presented risk assessment regards the implementation of 
worst-case scenarios through a hazard disaggregation procedure so as to account for prob-
abilities as in the probabilistic approach (PSHA) (e.g. Klügel 2007). The inclusion of tem-
poral constraints of strong earthquakes occurrence on faults nearby the city should add to 
the applicability of the proposed seismic risk assessment towards preparedness and miti-
gation purposes. In this respect, modern methodologies using seismicity and strain rates 
estimates (Console et al. 2013; Durand et al. 2017) could be proven effective for modelling 
the probabilistic hazard from the complex fault system in the W. Corinth Gulf. Moreover, 
taking into account the building/soil frequency ratio (Salameh et  al. 2017) could add to 
the reliability of the obtained vulnerability model in the future. Although fragility curves 
representative of part of the building stock in Aigion exist in the literature, their implemen-
tation is considered as a rough approximation since these are correlated with more sophis-
ticated parameters apart from the PGA, i.e. spectral acceleration, spectral displacement, 
Arias intensity, which are not applied herein. Contrary, the development of representative 
fragility curves directly for the building stock of the area is recommended using the out-
come of this work and further future enhancements outlined above. The implementation 
of empirical damage functions for the establishment of an integrated loss estimation model 
(e.g. Dolce et al. 2006; Karakostas et al. 2012; Silva et al. 2014) is also envisaged.

Even open to improvements, the outcome of this research is considered exploitable from 
stakeholders, and also promising for setting-up a future Rapid Risk Assessment (RRA) 
deployment in Aigion, provided the area’s earthquake monitoring by modern networks. 
Furthermore, it could serve as risk assessment at sub-national level to the #1313/2013/EU 
Proposal for a Decision of the European Parliament and of the Council amending Deci-
sion on a Union Civil Protection Mechanism, which aims at strengthening the effectiveness 
of prevention action as part of a univocal disaster risk management cycle of the member 
states.
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