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Abstract: An approach for preliminary seismic risk assessment is presented for portfolios of
cultural heritage assets of classical antiquity. As an example, three ancient columns are
considered, located at different sites throughout Attica: The Temple of Aphaia in Aegina,
the Temple of Olympian Zeus in the centre of Athens, and the Temple of Poseidon in
Sounio. Event-based probabilistic seismic hazard analysis is used for the definition of the
seismic hazard via multiple correlated intensity measure fields. The seismic response of the
columns is assessed via simplified equations for the prediction of the central value and the
dispersion of the lognormal fragility function for rocking blocks. Afterwards, the seismic
risk per asset is assessed both in terms of long-term averages, calculating the mean annual
frequency of exceeding pre-defined limit states, as well as on an event-by-event basis,
calculating the probability of exceeding limit states of interest per asset in scenario events.
Overall, a comprehensive tool is offered for supporting decision-making on prioritizing
rehabilitation actions for a portfolio of monumental structures.
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1. Introduction

The protection of the cultural heritage assets against natural hazards is a crucial task that
has raised the interest of researchers and society alike. After all, a society without cultural
heritage will end up as a tree without roots and is thus doomed to wither. Attica is a
distinctive example of a region where multiple cultural heritage assets are spread in close
distances from each other. All these assets are exposed to the same seismic events but still
each one is influenced to a different degree due to the spatial variability of the ground
motion hazard (i.e., distance from the rupture, soil conditions, etc.) (Weatherill et al. 2015,
Lachanas et al. 2022). Hence, in modern decision support systems (e.g., Pitilakis et al.
2014, Vamvatsikos et al. 2022), seismic risk assessment has shifted from tackling each
asset and site on their own to treating simultaneously groups of assets on an event-by-event
basis. This approach is useful for stakeholders since it can be used as a tool for the seismic
risk assessment of a portfolio of distributed assets on a long-term basis, using stochastic
sets of potential seismic events, as well as on a near-real-time basis when convolved with
on-site real-time monitoring.

Aiming to provide a practical example, a set of cultural heritage sites of classical antiquity
is considered in Attica, and a simple approach for assessing the ensemble seismic risk is
presented. Three different monuments are investigated: The Temple of Aphaia in Aegina
(Southwest Attica), the Temple of Olympian Zeus (centre of Athens), and the Temple of
Poseidon in Sounio (Southeast Attica). In all cases, one single column per temple is
adopted per site as the asset of interest. Rather than performing structural analysis,
fragility functions are constructed via the expressions of Kazantzi et al. (2021), which
provide the parameters of the lognormal fragility function for rocking blocks. The seismic
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risk per asset is offered both in terms of the long-term averages as well as under different
potential scenario events of varying magnitudes and epicentre location.

2. Seismic hazard calculations

Event-based Probabilistic Seismic Hazard Analysis (PSHA, Weatherill et al. 2015) with
spatial correlation (Jayram and Baker 2009) was employed to calculate the seismic hazard.
This is performed by considering a stochastic event set of potential ruptures during a
predefined time period on a one-by-one basis. Each event corresponds to an Intensity
Measure (IM) field (Fig. 1). The OpenQuake open-source platform (GEM 2016) was used
to perform the PSHA calculations for a grid of sites along Attica (Fig. 1) using the
European seismic source model (ESHM13, Woessner et al. 2015). Of the available logic
tree branches provided, only the area source model and the Boore and Atkinson (2008)
ground motion prediction equation were employed. A uniform “rock” soil-type was
assumed (V530=800m/s). The geomean (geometric mean of the two horizontal components)
peak ground acceleration, PGAgn, was employed as IM. An effective investigation period
of 10,000 years was adopted; this was found by Lachanas et. al 2022 to be adequate for the
case of Attica for calculating the Mean Annual Frequency (MAF) of exceeding PGAgm
(Ape; Ag,,,) when compared to the classical PSHA approach (Cornell 1968, Bommer 2002).

Fig. 2, presents the location on map of the three cultural heritage assets under investigation
(Fig. 2a) and the corresponding hazard curves (Fig. 2b). As presented, seismic hazard is
reduced when moving from West to East Attica. In addition, event-based PSHA for an
investigation period of 10,000 years leads to hazard curves that match those of the classical
approach within an acceptable range. In other words, both methods capture equally well

the frequent events (low PGAgn — high 2, ., ) that mostly matter for assessing loss and

damage, whereas for the rarer ones longer investigation periods are needed.

(b)

Fig. 1 — Example of IM fields representing: a) a possible rupture in the Northwest and b) a possible rupture in
the East (spectral colormap from red to blue referring to the higher to the lowest IM values per field)
(map background from Google Earth, IM field plotted using QGIS)
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Fig. 2 — a) Location of the monuments under investigation (map background from Google Earth, location of
the assets plotted using QGIS), b) Mean hazard curves for PG4,y at the sites of interest (solid line: Event-
based PSHA for an effective investigation period of 10,000 years, dashed lines: Classical PSHA)

3. Structural modelling

Fig. 3a presents the typical planar model of a rectangular rigid block standing freely on a rigid
support base and subjected to horizontal excitation #,(¢). The geometry of the block can be

defined by the slenderness angle o =tan'(2b/2h) and the half-diagonal R=+h>+b".

Assuming that the coefficient of friction between the block’s base and its support surface is
high enough to prevent sliding, the block undergoes rocking when the horizontal acceleration
is strong enough to trigger uplift. After uplift, the block rocks between its pivot points O-O’.
Housner (1963) proposed the rocking equation of motion. Afterwards, many studies (e.g., Yim
et. al 1980, Ishiyama 1982, Zhang and Makris 2001, Makris and Konstantinidis 2003,
Dimitrakopoulos and De Jong 2012, Makris and Vassiliou 2013 and references therein) have
thoroughly investigated the dynamics of rocking. The oscillation frequency of a rocking block
is not constant since it depends on the vibration amplitude (Housner 1963). However, in the
rocking equation of motion (Housner 1963) the characteristic frequency p, which for a

rectangular block is expressed as: p = «/(3g) / (4R) , represents the dynamic characteristics of
the block. Under only horizontal excitation, uplift occurs when #i, >gtana (Zhang and

Makris 2001), whereas nominally overturning is captured when the tilt (rocking) angle 6
exceeds the slenderness angle a.

Fig. 3b captures the geometric and dynamic characteristics of the ancient columns at the three
sites that are investigated herein. Specifically, column AC1 resembles a two-dimensional (2D)
analogue of a monolithic column of the Temple of Aphaia, while AC2 and AC3 are 2D
analogues of columns of the Temples of Olympian Zeus and the Temple of Poseidon,
respectively. Although AC2 and AC3 refer to multidrum columns, herein they are treated as
equivalent monolithic blocks. This assumption usually leads to more conservative results
(higher values of the peak rocking angle) than analyzing the multidrum column (Konstantinidis
and Makris 2005). However, the assumption of monolithic blocks is preferred for reasons of
simplicity since complex models are needed for assessing the seismic response of multidrum
blocks; this is out of the scope of the present study.
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Fig. 3 — a) Planar rectangular rocking block on a rigid base, b) Dimensions (in meters), geometric, and
dynamic characteristics of the three blocks under investigation

By using the simplified 2D rocking model (Housner 1963) and employing Incremental
Dynamic Analysis (IDA, Vamvatsikos and Cornell 2002, Lachanas and Vamvatsikos 2022)
followed by non-linear regression, Kazantzi et. al 2021 proposed simplified expressions for the
parameters (central value and dispersion) of the lognormal rocking fragility functions under
ordinary (i.e., no pulse-like no long-duration) ground motions. The derivation of these
equations was made by normalizing out the slenderness both in the IM and the engineering
demand parameter (EDP). It was found that the seismic response of blocks of different
slenderness, but equal size (p), tends to be equal to an acceptable degree for practical purposes,
especially when rocking is treated under a probabilistic view. For the case of the dimensionless
PGA,, /(gtanar), denoted here as PGA,,/gtanc, the proposed expressions for the

gm
dimensionless median (/450) and the dispersion (54) of the rocking fragility function given
the normalized peak absolute rocking angle 6, over the slenderness angle a (6=6,_ /a)
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Table 1. Equations and constants used with Eq. (1)—(3) to define median and dispersion values when using

PGAgm as the IM
0.4231p>%™ 0.5980 p**%° 0.9631 1.1398 8.8161
A3 B3 C3

0.0529p° —0.4774p>  0.0292p° —0.2602 p*

0.1763
+0.9416p +0.9226 +0.9622p —-0.2140

Table 2. Median and dispersion via Eq. (1)—(3) for the three columns under investigation at the three LSs

P ACl1 AC2 AC3
IASO ﬂA IASO ﬂA 1A50 IBA
0.15 2.085 0.444 4.248 0.673 2.235 0.470
0.35 3.043 0.607 7.339 0.786 3.344 0.632
1.00 4.360 0.708 11.395 0.753 4.855 0.720
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Fig. 4 — Lognormal fragility curves for the three columns under investigation at the three LSs given PGAgn

Table 1 captures the equations and constants that are used in Eq. (1)-(3). The median and
the dispersion are calculated for three & thresholds that correspond to the Limit States
(LSs) proposed by Psycharis et al. (2013) for classical columns. Specifically, damage
limitation (LS1) is defined for 6 =0.15, significant damage (LS2) for 0 =0.35, and near

collapse (LS3) for & =1.00 . Table 2 presents the median and the dispersion via Eq. (1)~(3)
for AC1-AC3 for the three limit states. 7,,, is converted to PGAgn by multiplying with



gtana per block, offering the denormalized fragility curves presented in Fig. 3. Column

AC?2 is significantly taller than the other two columns (Fig. 3b), thus being more stable and
showing lower probability of exceeding any of the limit states for any given intensity. The
other two columns are of similar slenderness and size (p), showing similar fragility
functions. Still, this is only valid under the monolithic assumption for AC3.

4. Seismic risk assessment

The asset risk is assessed on an event-by-event basis by using the IM-fields from the event-
based PSHA. For the three cultural heritage sites, both the long-term averages in terms of
the MAF of exceeding an LS (Ars) as well as the probability of exceeding an LS on a
scenario-based approach are offered, as detailed in the following.

4.1. Long-term averages

The Ars for the i-th LS is calculated in each case by taking the full set of IM-fields and
summarizing them over the investigation period as:

D> P ILS, [IM,]
j=l1

Ay = 4

teﬁ’

where 7 is the number of the IM-fields produced from the event-based PSHA, IM; the IM
value of the j-th IM-field (herein in terms of PGAgm), F, [LS;|IM,] the probability of

exceeding the i-th LS given the j-th IM value taken from the fragility function (Fig. 3) and
tef the effective investigation period (herein 10,000 years). Eq. (4) should be employed
carefully when multiple logic tree branches are employed for the event-based PSHA.
Results of 4.5 can be expressed in terms of the return period of exceedance (7)) as:

7:;- - (5

Table 3 presents the results in terms of Azs and 7 for the three sites under investigation. As
illustrated, AC1 is of higher seismic risk than the other two columns. This comes from its
location in Southwest Attica and thus closer to the large faults that are located in the
Corinth Gulf in the West, or Parnitha Mountain in the Northwest. On the other hand, for
AC2, the long-term risk of overturning is significantly lower than the other two columns
due to the aforementioned more stable behavior.

Table 3. MAF of violating a LS (Ars) and the corresponding return period T, via Eq. (4)—(5) for the three

columns
LS Aus ! Ty (years)
ACI AC2 AC3
1 0.0029 / 340 0.0018 / 543 0.0016/ 618
2 0.0018 / 545 0.0008 / 1303 0.0009 / 1057

3 0.0011 /903 0.0002 / 4681 0.0005 /1963




4.2. Scenario-based risk assessment

As already mentioned, the main advantage of event-based PSHA is the fact that it
produces hazard results that correspond to specific events, offering a view of simultaneous
consequences over a spatially distributed portfolio. As an example, a scenario-based risk
assessment is performed for three characteristic events taken from the full stochastic set.
The epicentres of the selected event are shown in Fig. 5, whereas Table 4 shows per event
the exact location of the epicentre (longitude and latitude), the magnitude (M) as well as
the PGAgn values that are captured at the three assets under investigation. Of the three
events, Event 1 is a potential rupture in the Gulf of Saronikos, Event 2 resembles an
extension of the Fili fault system in the area of Aspropyrgos, and Event 3 is a rupture off
Cape Sounio, in the Aegean Sea.

Event 1, M=6.

Temple of Aphaia

)’emple of Poseidon

Event 3, M=7.10

Fig. 5 — Location of the epicentre for three potential events close to Attica
(map background from Google Earth, location of assets and epicentres plotted using QGIS)

Table 4. Details of the selected events and the corresponding PGAgn per cultural heritage site under

investigation
Epicentre PGAgn (g)
Event lon. lat. Magnitude Aphaia Olympian Zeus Poseidon
(ACI) (AC2) (AC3)
1 23.5383  37.8342 6.90 0.618 0.123 0.256
2 23.6544  38.0141 7.10 0.201 1.076 0.134
3 24.0671  37.5370 7.10 0.054 0.076 0.653

Fig. 6, presents the probability of exceeding each LS per column for the three potential
events. As shown, on a single event basis the seismic risk may be significantly higher for
some columns (e.g., AC3 for Event 3) depending on the location of the epicentre. To this
end, although the calculation of the long-term averages returns the summarized risk for
each site during the investigation period, the scenario-based approach can be employed as
a tool in decision support systems to monitor multiple assets under potential events either
frequent or rare.



-

LS1 1

1
£ LS2 “E ! LS1
<Ul <U’ 1
g 08f 1 S o8t .
a LS3 a !
= = 1 LS2
g 0.6 r g 061 . 1
R 04+ Q 04l e
2 E '
£ £ '
o 02 Event 1 o 0.2 Event 1
o, - - -Event 2 Q, = = ~Event2
I Y /R P Event 3 R N B N L Event 3
O L L L L 0 L L L 1
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
PGA,, (9) PGA_ (9)
(a) ACI1 (b) AC2
1 X ‘ / LS1
£ : LS2
< L ]
g 08r
a ! LS3
; 1
£ 06 ! 1
S .
© 1
Q 04f ]
o 1
C 1
© 1
qE) 0.2 ! Event 1|
=) : - - -Event2
o /S B E Event 3
0 ? . . . !
0 0.2 0.4 0.6 0.8 1 1.2
PGAgm (9)
(¢) AC3

Fig. 6 — Probability of exceeding the three LSs per site for three potential events close to Attica

5. Conclusions

Event-based PSHA offers a powerful basis for portfolio seismic risk assessment since it
can produce IM-fields and capture the per-event spatial variability of ground motion
hazard. Moreover, simplified models or even expressions for the direct estimation of the
distribution parameters for the seismic response offer a fast way for assessing the fragility
functions for multiple assets. Without doubt, structure-specific sophisticated structural
models will offer a higher level of accuracy, but, at the same time, they need considerably
more modelling and computing effort. Hence, either by employing structure-specific
models or by treating the model uncertainty as an extra source of uncertainty, the proposed
methodology can be easily expanded to cover any set of assets and be incorporated within
decision-support systems. This will help the corresponding authorities for prioritizing
immediate actions, funding allocation or post-earthquake damage restoration per asset.
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