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Abstract
The seismic performance assessment of the ancient Temple of Aphaia in Aegina
island, Greece, is presented. The Temple of Aphaia was erected around 500BC
using porous limestone and is one of the most characteristic examples of Doric
architecture. The assessment is performed within a performance-based frame-
work using state-of-the-art tools of earthquake engineering. In the first part,
the seismic hazard of the site was calculated using the European Seismic Haz-
ard Model and hazard-consistent records were selected. Then, the Temple was
scanned by drone and the point cloud was used to develop the numerical struc-
tural model. The Temple was analyzed using the discrete element method.
Appropriate engineering demand parameters and limit state thresholds were
defined. Fragility curves for the structural elements, namely, columns and archi-
traves, of the Temple were computed via multi-stripe analysis. Finally, the
seismic risk of the Temple was evaluated using long-term estimates in terms of
return periods of exceeding limit states and total loss. The outcomes of the study
offer valuable information to engineers, architects, and archaeologists regarding
the current status of the monument in terms of identifying its most vulnera-
ble elements and allowing the prioritization of short- and long-term restoration
actions.

KEYWORDS
ancient temple, discrete element method, earthquake engineering, fragility analysis, perfor-
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1 INTRODUCTION

The protection and conservation of cultural heritage (CH) assets is a duty for modern societies because monuments
are part of history and reflect continuous human activity and creativity. There is, also, heightened public awareness
on the topic, and thus international policy documents are in effect, such as the European Framework for Action on
Cultural Heritage1 and the Council of Europe’s Technical Co-Operation and Consultancy Programme.2 It is generally
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acknowledged that monumental structures are continuously exposed to natural and man-made hazards. Among the
natural hazards, earthquakes are the most prominent for Greece, in terms of threatening the structural integrity.
The seismic assessment of CH assets is a tricky exercise due to non-negligible difficulties and uncertainties on material

properties, numerical modeling, and representation of the contact between structural elements. At this point, it should be
noted that there is significant research effort on masonry buildings, churches, towers, etc.3–7 On the other hand, when it
comes to ancient monuments that are spinal structures without mortar connecting the elements, research can be limited.
It is a difficult objective due to the highly non-linear dynamic behavior of these structures when subjected to earthquake
excitation. In such a case, the structural elements respond by experiencing mainly rocking and secondary sliding, rather
than more conventional modes of deformation. Several researchers have studied the rocking response of rigid bodies, for
example,8–15 while testing has confirmed that even trivial changes in the geometry, for example, due to local fracture of
the element’s edge, may significantly modify the response.16
The seismic analysis of ancient temples has almost exclusively focused on the assessment of single free-standing

columns, given their significant vulnerability to earthquakes, for example.16–24 Contrarily, studies of large temple sub-
assemblages and/or an entire temple are scarce. For example, Dasiou and Psycharis25 have examined the seismic response
of a part of the Temple of Hephaestus in Athens, Greece, while Dasiou et al.26 have numerically analyzed the response
of the Cella Walls of the Parthenon in Athens, Greece. These studies, as well as those dealing with single columns and
colonnades, either focus on the development of the numerical model or go one step forward to calculate the fragility
curves.
Herein, a seismic assessment of the Temple of Aphaia on the island of Aegina in Greece is presented, featuring all stages

of a Performance-BasedEarthquakeEngineering27 study: (a) seismic hazard assessment and selection of hazard-consistent
natural ground motion records, (b) photogrammetric survey, (c) numerical modeling of the structure, (d) definition of
engineering demand parameters, limit states, and capacity thresholds, (e) seismic response of the Temple under single
ground motions, (f) seismic fragility assessment, and (g) seismic risk assessment in the form of element-by-element long-
term estimates of limit-state occurrence.

2 HISTORY AND TYPOLOGY OF THEMONUMENT

A temple dedicated to the mother-goddess Aphaia was built around 560BC within a sanctuary complex on the island
of Aegina, Greece, located southwest of Athens. It was made of limestone and was demolished around 500BC after it
suffered significant damage caused by fire. At the same location, a new Temple of porous limestone (porolite) was erected
and used until it was abandoned during the 2nd century BC. In modern times, archaeological excavations were carried
out around 1810, when the sculptures were removed, which are now exhibited at the Glyptothek in Munich, Germany.
Systematic excavations were also performed in 1901 and during 1964−1981 by the German Archaeological Institute of
Athens. Historical reports on the excavations during the 19th and 20th centuries are provided by Webster,28 Gill,29 and
Furtwängler et al.30
From the archive of the German Archaeological Institute of Athens it is evident that during the period of 1805−1875,

the walls of the Cella, the inner colonnades and some columns of the outer colonnade were not preserved in place and
that on a number of columns the strengthening technique of steel rings was applied. The most extensive interventions
and restoration works were carried out under the supervision of A. Orlandos and E. Stikas during 1952−1960, when the
templewas restored to the form foundnowadays by removing the steel rings and restoring parts of the internal and external
colonnades and the Cella. A small intervention on the monument took place in 2010, when the architrave on the portal
wall of the Cella, which was initially reinstalled in 1957, was strengthened. Today, the Ephorate of Antiquities of Piraeus
and Islands of the Ministry of Culture, Hellenic Republic, is responsible for the preservation of the monument.
The Temple of Aphaia (Figure 1) is considered one of the most important and well-preserved monuments of

archaic architecture. The Temple is founded on a three-layered crepidoma (i.e., stone foundation) and consists of the
Opisthodomos (posterior), the Cella (central), the Pronaos (anterior), and the external colonnade. It is a peripteral Doric
order temple with 12 columns on the long side and 6 on the short side (corner columns are double-counted). The side
views of the temple are shown in Figure 2. The dimensions of the stylobate (base) are 30.55 m × 15.50 m and the Cella is
approximately 22.50 m long and 8.00 m wide. Initially the external colonnade of the temple consisted of six columns at
the narrow sides and twelve on the wide. Nowadays, on the north and south side, nine and seven columns respectively
can be found, while on the west side only three remain intact. On the east side of the temple all columns are still standing.
The total height of the columns of the external colonnade is 5.30 m and the diameter at the base is 1.00 m. The columns
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DASIOU et al. 3

F IGURE 1 The Temple of Aphaia [courtesy of the authors and the Directorate of Restoration of Ancient Monuments, Ministry of
Culture, Hellenic Republic].

North view

South view

East view West view

F IGURE 2 Side views of the Temple of Aphaia [courtesy of the authors and the Directorate of Restoration of Ancient Monuments,
Ministry of Culture, Hellenic Republic].

are tapering towards the top with the diameter decreasing at the top to 0.70 m. The average dimensions of the architraves
are 2.57 × 0.52 × 0.83 m (length x width x height).
The remains of the Temple nowadays include free-standingmonolithic columns (Figure 3A), free-standingmulti-drum

column (Figure 3B), a colonnade of four columnswith architraves (Figure 3C), colonnades of two columnswith architrave
(Figure 3D), a multi-drum column connected to a part of the Cella wall with an architrave (Figure 3E), corner colonnade
with architraves (Figure 3F), and two-level colonnades with architraves in the Cella (Figure 3G). These sub-assemblages
are structurally independent. All columns are monolithic unless otherwise stated and the architraves consist of two parts
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4 DASIOU et al.

F IGURE 3 Sub-assemblages of the Temple of Aphaia: (A) free-standing monolithic columns, (B) free-standing multi-drum column, (C)
a colonnade of four columns with architraves, (D) colonnades of two columns with architrave, (E) a multi-drum column connected to the
Cella wall with an architrave, (F) corner colonnade with architraves, (G) two-level colonnades with architraves in the Cella.

(one internal and one external) without connections. There is evidence that connectors were used in the architraves but
today they are not found. Remains of the frieze (upper part of the entablature) can be found in the corner colonnade
(Figure 3F). As an interesting remark, the Temple of Aphaia is one of the very few where the two-level colonnade of the
Cella has survived till today. Overall, the monument is in a moderate level of preservation and its remnants have suffered
non-negligible damage due to natural and man-made actions and hazards. Cellular or cavernous erosion of the material
by environmental factors, cracks due to mechanical stress, material damage, and calcification can be observed.

3 SEISMIC HAZARD

The seismic hazard at the site of the Temple of Aphaia, with coordinates N 37 45.274 and E 23 32.018, was computed using
the OpenQuake engine31 of the Global EarthquakeModel Foundation. The probabilistic seismic hazard analysis (PSHA)32
calculations were carried out using the 2013 European Seismic Hazard Model (ESHM13) developed within the SHARE
project.33 To reduce the computational burden, only the area source model and the ground motion prediction equation of
Boore and Atkinson34 were used. As the temple is founded directly on rock, a shear wave velocity in the top 30 m of the
ground of 𝑉𝑠,30 = 800 m∕s was considered in the calculations.
The intensity measure (IM) allows the seismic hazard information to flow from the seismological analysis to the struc-

tural analysis. 𝐴𝑣𝑔𝑆𝑎 is selected as IM and is defined as the geometric mean of the spectral accelerations over a range
of periods,35,36 herein set from 0.1 to 1.5 s. Rocking rigid bodies, such as the structural elements of an ancient temple, do
not possess natural modes in the classic sense because the period of vibration is amplitude-dependent.8 Thus, the fun-
damental period of vibration cannot be defined. Nevertheless, the selected range of periods is a reasonable engineering
assumption as lower period ordinates affect early damage, while longer periods are better correlated with overturning.37
Moreover, 𝐴𝑣𝑔𝑆𝑎 is proposed by Lachanas et al.38 as an efficient and sufficient IM for the case of rocking structures, still
having the disadvantage of selecting the proper period range per block case. By employing PSHA with 𝐴𝑣𝑔𝑆𝑎 as IM, the
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DASIOU et al. 5

F IGURE 4 Mean hazard curve for the site of the Temple of Aphaia.

TABLE 1 Hazard levels considered for the multi-stripe analysis and for selection/scaling of ground motions.

Hazard level 𝝀𝑨𝒗𝒈𝑺𝒂
𝑷𝟓𝟎 Return period (years) 𝑨𝒗𝒈𝑺𝒂 (g)

1 0.0045 20% 225 0.18
2 0.0021 10% 475 0.25
2a 0.0009 4.13% 1145 0.35a

3 0.0004 2% 2475 0.48
4 0.0002 1% 4975 0.63

aScaled records of Hazard Level 2.

computed mean hazard curve is shown in Figure 4, presenting the mean annual frequency (MAF), denoted as 𝜆𝐴𝑣𝑔𝑆𝑎
, of

exceeding any level of 𝐴𝑣𝑔𝑆𝑎.
Four hazard levels are considered for the record selection process and for performing multi-stripe analysis (MSA).39

They are listed in Table 1 where the probability of exceedance in 50 years (𝑃50), the corresponding return period, and the
𝐴𝑣𝑔𝑆𝑎 value per level for the site of the Temple are presented. Hazard Level 2 corresponds to a 𝑃50 of 10%, which is the
hazard level that is employed for the design of conventional structures.40 The rest of the selected hazard levels correspond
either to more frequent (Hazard Level 1) or less frequent (Hazard Levels 3, 4) ones in order to cover the full range of
structural response via MSA. Then, the Conditional Spectrum-based ground motion record selection using 𝐴𝑣𝑔𝑆𝑎, as
developed by Kohrangi et al.,41,42 was performed. In particular, the algorithm of Jayaram et al.43 was employed and 11
ground motions from the PEER-NGA database44 were selected per hazard level, each one corresponding to the 𝐴𝑣𝑔𝑆𝑎 of
the predefined hazard level after being multiplied with a proper scale factor. During later analysis, an improved coverage
was found to be useful between Hazard Levels 2 and 3. Therefore, an additional stripe (Hazard Level 2a) was employed
by taking the ground motions of Hazard Level 2 and applying a minor rescaling to reach the level of𝐴𝑣𝑔𝑆𝑎 = 0.35 g. This
frugal selection of five hazard levels and 11 records is dictated by the complexity of the structural model, with a single run
needing almost 24 h of computer time. Still, this is considered adequate to offer a reliable representation of themonument
response.

4 STRUCTURALMODEL

4.1 Numerical modeling

Ancient Greek temples consist of independent building stones that are placed on top of each other without any connecting
material (e.g., mortar). Due to this modular configuration, their seismic response differs significantly from that of modern
structures and is characterized by rocking and/or sliding of the stones independently or in groups. Particularly in cases
of columns and colonnades, rocking is the dominant form of response to strong seismic excitations, while sliding of the
drums is usually limited to the upper part of the columns, where significant accelerations develop, capable of overcoming
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6 DASIOU et al.

F IGURE 5 3D isometric view of the numerical model of the Temple of Aphaia.

F IGURE 6 South view of the numerical model of the Temple of Aphaia.

frictional forces. Thus, the calculation of their response to seismic excitations cannot be carried out using conventional
finite element software; previous research studies and comparisonswith experimental results have shown that theDiscrete
Element Method (DEM) can predict the response of modular structures with sufficient accuracy.22,26,45 In the current
study, the code 3DEC by Itasca Consulting Group, Inc.46 was employed. It is based on DEM and was originally developed
for the analysis of rock masses, which are considered as a set of distinct solid bodies with boundary conditions simulating
a discontinuity state; large displacements and rotations are allowed, including sliding between bodies, the opening of
cracks, and complete detachment of bodies thatwere initially in contact. As the calculation process continues, the software
detects new contacts, while in the areas where the rigid bodies are in contact, shear and axial force are calculated from
the equilibrium equations of each body. Normal and shear stiffness were assigned at the joints using values obtained from
literature test data on ancient multi-drum columns.26,45 As a remark, it is noted that the examined ancient Temple is
founded on rock and therefore soil-structure interaction does not affect the monument’s response.
In order to obtain an accurate numerical model of the Temple in its present state, a photogrammetric survey was carried

out. In specific, an Unmanned Aerial Vehicle (UAV) equipped with an ultra-high-definition camera (resolution 5472 ×

3648 pixels) was deployed to take 2457 photos in total. The aerial photos were processed with reference to 24 GPS (Global
Positioning System) photostable points and 57 photostable points set with a Total Station. Identification algorithms were
applied to successive photographs in order to automatically detect homologous characteristic points on the surface of
objects and render 3D coordinates on them. To this end, the 3D point cloud of the structure was constructed and was used
for developing the numerical model. In specific, the point cloud obtained from the photogrammetric survey was used to
create several sections of the Temple in horizontal and vertical planes in CAD software. The coordinates of each block
were obtained and imported in 3DEC via appropriate input files. An overall 3D view of the developed numerical model is
presented in Figure 5, while the four side views, namely, south, north, west, and east are shown in Figure 6–9, respectively.
The model was developed using the geometry obtained from the photogrammetric survey in order to consider the current
state of themonument. Inmore detail, missing parts of the stone blockswere cut of in themodel, while the actual positions
of the blocks were considered, that is, taking into account any measured dislocation of drums/columns and architraves,
which are actual geometric defects. It is noted that minor cracks were not included in the model. In addition, the reliefs
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DASIOU et al. 7

F IGURE 7 North view of the numerical model of the Temple of Aphaia.

F IGURE 8 West view of the numerical model of the Temple of Aphaia.

F IGURE 9 East view of the numerical model of the Temple of Aphaia.

of the architraves, the frieze, and the cornice, which are not structural elements and do not affect the dynamic behavior
of the monument, were not simulated.
The Temple is made of porolite and since no experimental data was available, the material properties were obtained

from the literature, where actually a large dispersion of values appears regarding the modulus of elasticity and Poisson’s
ratio. In our work, we statistically evaluated these values and adopted the average values for themodulus of elasticity (𝐸 =

70 GPa), the Poisson’s ratio (𝜈 = 0.25) and density (𝜌 = 2750 kg∕m3). As mentioned previously, the 3DEC code locates
the contacts between the rigid bodies and calculates the forces developed between them based on the elastic constants at
the interfaces (coefficient of friction, stiffness modulus, etc.). For the simulation of the joints, the stiffness 𝑘 of the contact
elements was determined based on previous research26,45: 𝑘𝑛 = 5 × 109Pa∕m in the direction perpendicular to the joint
and 𝑘𝑠 = 1 × 109Pa∕m parallel to the joint. In addition, a 10% mass-proportional damping at 𝜔 = 0.3 Hz was considered.
This damping value has been verified Dasiou et al.26 using experimental measurements.
Despite the identification of distinct and structurally independent sub-assemblages that may comprise multiple ele-

ments, the seismic performance of the Temple was evaluated at the level of each structural element, namely, each column
and architrave, each of which was assigned a unique identifier, as presented in Figure 10 and listed in Table 2. The deliber-
ate decision to treat in structural terms each column and architrave separately offers higher fidelity, allowing us to define
appropriate engineering demand parameters (EDPs), as well as respective demands and capacities, at the local element
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8 DASIOU et al.

F IGURE 10 Nomenclature of (A) columns and (B) architraves in plan view (see also Table 2) [plot plan is courtesy of the authors and
the Directorate of Restoration of Ancient Monuments, Ministry of Culture, Hellenic Republic].

TABLE 2 Nomenclature of structural elements.

Element Notation Element Notation
Column of external colonnade K Architrave of external colonnade E
Columns of Pronaos KP Architrave of Pronaos EP
Column of Opisthodomos KO Architrave of Opisthodomos EO
Column of internal colonnade – first level KI1 Architrave of internal colonnade – first level EI1
Column of internal colonnade - second level KI2 Architrave of internal colonnade – second level EI2

level, rather than at an entire sub-assemblage. As a final remark, it was revealed from the analyses that the rigid stone
blocks comprising the Cella walls were only subject to minor displacements. Thus, they were exempted from further
examination.

4.2 Engineering demand parameters

EDPs are structural response values that can be used to evaluate the performance and estimate the damage of the struc-
tural and nonstructural components. In the case of ancient temples, where no connecting material is present, their
seismic response is characterized by rocking and/or sliding of the columns and sliding of the entablature (i.e., mainly the
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DASIOU et al. 9

F IGURE 11 Definition of EDPs for (A) monolithic columns and (B) multi-drum columns. Blue vertical lines indicate the initial position
of the blocks while red lines their displaced (peak or residual) position [drawings are courtesy of the authors and the Directorate of
Restoration of Ancient Monuments, Ministry of Culture, Hellenic Republic].

architraves). In more detail, two EDPs in terms of displacement were introduced for the columns, namely, (a) the max-
imum value obtained during the dynamic excitation (𝛿𝑚𝑎𝑥) and (b) the residual value (𝛿𝑟𝑒𝑠) at the end of the excitation.
It is noted that for both monolithic and multi-drum columns, the capital was treated as part of the column and not as
an independent structural element. Thus, the normalized displacement 𝛿 (both in terms of 𝛿𝑚𝑎𝑥 and 𝛿𝑟𝑒𝑠) for monolithic
columns was calculated as:

𝛿 = max
(
𝑑capital; 𝑑top

)
∕𝐷base for monolithic column (1)

where 𝑑capital is the displacement of the capital, 𝑑top is the displacement of the top of column, both with respect to their
initial position, and 𝐷base is the base diameter of the column (Figure 11A).
The normalized displacement 𝛿 (both 𝛿𝑚𝑎𝑥 and 𝛿𝑟𝑒𝑠) for the multi-drum columns (Figure 11B) was calculated as:

𝛿 = max

⎛⎜⎜⎜⎜⎜⎜⎜⎝

𝑑capital

𝐷drum,u
;

⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝑑drum,𝑁

𝐷drum,𝑁,u

⋮
𝑑drum,2

𝐷drum,2,u
𝑑drum,1

𝐷drum,1,u

⎫⎪⎪⎪⎬⎪⎪⎪⎭

;
𝑑capital

𝐷base

⎞⎟⎟⎟⎟⎟⎟⎟⎠

for multi-drum column (2)

where 𝑑drum,𝑖 is the displacement of the i-th drum and 𝐷drum,𝑖,u is the diameter of its respective underlying drum, 𝑖 =
1, 2, …𝑁, with 𝑁 being the total number of drums of the column.
Following the concept discussed for the columns, two EDPs were introduced for the entablature, namely, the transverse

maximum (𝛿𝑚𝑎𝑥) and residual (𝛿𝑟𝑒𝑠) values of the dislocation of the block normalized by the architraves’ bearing length
(half width of the capital’s abaqus). The normalized transverse displacement (both 𝛿𝑚𝑎𝑥 and 𝛿𝑟𝑒𝑠) was computed as:

𝛿 = 𝑑arc∕𝐴𝑏 for architraves (3)

where 𝑑arc is the transverse displacement of the architrave with respect to its initial position and 𝐴𝑏 is the architrave
bearing length that is equal to the half width of the capital abaqus𝑊𝑎 (Figure 12).

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.4032 by C

ochrane G
reece, W

iley O
nline L

ibrary on [04/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 DASIOU et al.
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F IGURE 1 2 Definition of EDPs for architraves. Blue vertical lines indicate the initial position of the blocks while red lines their
displaced (peak or residual) position.

TABLE 3 Performance criteria and associated limit states for columns and architraves; exceedance of either EDP threshold signifies
violation of the respected LS.

Limit state
(LS)

Monolithic column Multi-drum column Architrave Performance
level𝜹𝒎𝒂𝒙,𝑳𝑺 𝜹𝒓𝒆𝒔,𝑳𝑺 𝜹𝒎𝒂𝒙,𝑳𝑺 𝜹𝒓𝒆𝒔,𝑳𝑺 𝜹𝒎𝒂𝒙,𝑳𝑺 𝜹𝒓𝒆𝒔,𝑳𝑺

LS1 0.25 0.15 0.25 0.15 0.25 0.15 Minor damage
LS2 0.50 0.30 0.50 0.30 0.50 0.35 Significant damage
LS3 1.00 1.00 1.00 1.00 1.00 1.00 Near collapse

F IGURE 13 Typical dislocation of drums in a multi-drum column in case of exceeding (A) LS1 and (B) LS3.

4.3 Limit states

Three performance levels were defined for each vulnerable structural element (monolithic column, multi-drum column,
architrave). In the first level (LS1) that corresponds to minor damage, a seismic response with negligible rocking and slid-
ing during the excitation is observed and no significant dislocation and damages of the blocks are expected at the end. The
second level (LS2), corresponding to significant damage, pertains to significant normalized displacements, while the third
level (LS3) is paired to a near collapse condition, corresponding to excessive displacement. The performance criteria and
the associated limit states for monolithic and multi-drum columns, as well as architraves, are listed in Table 3. The values
of the EDP thresholds were selected through a multiparametric investigation, including (a) engineering judgment, (b)
assessment of the analysis results, (c) the work of Psycharis et al.,17 and (d) previous published experimental results.16,45,47
To provide a better understanding for the adopted EDP thresholds, the typical dislocation of drums in a multi-drum col-
umn is shown in Figure 13A for LS1 and in Figure 13B for LS3, while indicative conditions for the architraves with respect
to the three LSs are depicted in Figure 14 in terms of residual transverse displacements.
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DASIOU et al. 11

< 0.15 > 0.35 > 1.00

(A) (B) (C)

F IGURE 14 Typical dislocation in terms of residual normalized transverse displacement (𝛿𝑟𝑒𝑠) of architrave for the three limit states:
(A) non-exceedance of LS1, (B) exceedance of LS2 signaling significant damage of the elements, (C) exceedance of LS3 denoting a near
collapse situation.

(A) (B)

F IGURE 15 MSA results for 𝛿𝑚𝑎𝑥 as EDP (A) for the free-standing monolithic column K1 of the external colonnade and (B) the
architrave EP1/2 of the Pronaos. Red stars indicate the analyses for which the response of the entire Temple is shown in Section 5.1.

5 SESMIC RESPONSE ASSESESMENT

MSA39 was employed for assessing the seismic response of the Temple by using the site-consistent groundmotions selected
for the hazard levels of Table 1. Indicative MSA results considering 𝛿𝑚𝑎𝑥 as EDP are illustrated in Figure 15A for the free-
standing monolithic column K1 of the external colonnade and in Figure 15B for the architrave EP1/2 of the Pronaos (for
the nomenclature of elements see Figure 10).

5.1 Seismic response under single ground motions

To gain some intuition regarding the overall performance of the Temple, two characteristic examples of response under a
single event are examined, namely, the Chi-Chi (1999) and the Northridge (1994) earthquakes properly scaled to the pre-
defined Hazard levels of Table 1. In more detail, the state of the Temple at the end of the Chi-Chi (1999), CHY035-station
ground motion scaled to Hazard Level 2 ( 𝑃50 = 10% and return period equal to 475 years) is shown in Figure 16, where
it is observed that all free-standing columns have been rotated, there are some misalignments of the architraves, but in
general the colonnades have not suffered significant damage; any displacement and rotation of elements can be reversed
in practice.
Then, for the excitation of Northridge (1994), Westmoreland station groundmotion, scaled to Hazard Level 4 ( 𝑃50 = 1%

and return period equal to 4975years), the resulting condition of the Temple is shown in Figure 17. The main observation
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12 DASIOU et al.

F IGURE 16 Condition of the Temple of Aphaia after it has been subjected to Chi-Chi (1999), CHY035 station ground motion scaled to
Hazard Level 2 ( 𝑃50 = 10% and return period equal to 475years).

F IGURE 17 Deformed structural elements of the Temple of Aphaia subjected to the Northridge (1994), Westmoreland station ground
motion scaled to the Hazard Level 4 ( P50 = 1% and return period equal to 4975).

is that the colonnades are seismically resilient. Contrarily, the two-level colonnades of the Cella have suffered significant
damage; in particular, the upper part of the south two-level colonnade (see Figure 10) has collapsed. The K25 monolithic
free-standing column (see Figure 10 and Figure 3A) has significantly rotated, while the KO1 free-standing multi-drum
column [see Figure 10 and Figure 3B] has suffered rotation, as well as, dislocation of the drums. It is worth noting that
the two latter damages are significant but not catastrophic and can be essentially reversed. The KO2 multi-drum column
connected to the Cella wall with architraves (see Figure 10 and Figure 3E) has undergone rotation and dislocation of
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DASIOU et al. 13

TABLE 4 Percentage of columns and architraves that exceed the predefined LS thresholds for two ground motions scaled to correspond
to specific hazard levels.

Seismic event Hazard level
Columns Architraves
LS1 LS2 LS3 LS1 LS2 LS3

Chi-Chi 1999 10% in 50 years 3% 3% 0% 0% 0% 0%
Northridge 1994 1% in 50 years 27% 8% 11% 25% 3% 1%

TABLE 5 Range of the median𝐴𝑣𝑔𝑆𝑎 , or 𝜇50, and the dispersion, 𝛽, of the lognormally fitted fragility curves for columns and architraves.

Parameters
Columns Architraves
LS1 LS2 LS3 LS1 LS2 LS3

𝜇50 (g) 0.09−0.64 0.15−0.76 0.30−1.00 0.21−0.68 0.37−0.76 0.54−0.89
𝛽 0.17−0.60 0.20−1.00 0.30−0.77 0.23−0.68 0.26−0.71 0.26−0.81
𝛽𝑡𝑜𝑡 0.26−0.65 0.27−1.05 0.32−0.80 0.30−0.71 0.33−0.74 0.33−0.83

drums. Moreover, slight transverse displacement of the architraves is in generally detected, as an opening can be observed
between the two parts of the architraves in several locations (see example of Figure 12).
As a final remark, the percentage of columns and architraves that have exceeded the predefined LS thresholds for the

two ground motions examined is listed in Table 4. Comparing the results obtained from the Hazard Level 2 ( 𝑃50 = 10%)
event to the very rareHazard Level 4 one (𝑃50 = 1%), the damage in the Temple differs significantly. Specifically, in the first
case, practically all the structural elements of the Temple remained undamaged with only 3% of the columns exceeding
the “Minor Damage” limit state and another 3% reaching Significant Damage. On the other hand, for the stronger ground
motion, damages appear both in the columns and the architraves. Indicatively, it is obtained that ~25% of architraves
exceeded the “Minor Damage” limit state, whereas ~11% of the columns suffered near collapse (exceedance of LS3).

5.2 Seismic fragility assessment

Once the demand and capacity of the structural elements of the Temple have been evaluated, the next step is the fragility
evaluation. Fragility curves are used to quantify the damage potential of a structure and are a key part of a seismic risk
assessment study. More formal definitions of the seismic fragility can be found in48,49; it is essentially a function of the
IM and provides the probability of exceeding a specific Limit State. Since both EDPs of 𝛿𝑚𝑎𝑥 and 𝛿𝑟𝑒𝑠 are employed to
determine each LS, violation is defined at the exceedance of any of their respective thresholds, per Table 3:

𝐹𝐿𝑆 (𝐼𝑀) = 𝑃
[
𝛿𝑚𝑎𝑥 > 𝛿𝑚𝑎𝑥,𝐿𝑆 OR 𝛿𝑟𝑒𝑠 > 𝛿𝑟𝑒𝑠,𝐿𝑆 | 𝐼𝑀]

(4)

A single empirical fragility curve is thus calculated per structural element (column or architrave), in the form of an
empirical cumulative distribution function (CDF). The resulting curves are presented in Figure 18 for some indicative
elements of the Temple. Typically, an appropriate fitting is desired for the fragilities in order to facilitate the treatment of
the problem and to extrapolate (within reason) the fragility beyond the IM-limit of analysis. Herein, amaximum likelihood
estimation (MLE) lognormal fit50 is applied to the empirical CDFs. The range of the median 𝐴𝑣𝑔𝑆𝑎 values (𝜇50) and
the dispersion (standard deviation of the lognormal distribution, 𝛽) of the fitted fragilities per LS for the columns and
the architraves of the Temple are presented in Table 5. The most vulnerable elements are the free-standing monolithic
columns, K1 (shown in Figure 18A) and K25, indicating the beneficial contribution of the added weight by the architraves
on the seismic stability of columns within colonnades (e.g., see51).
Τhe resulting 𝛽 only accounts for the record-to-record variability. Additional uncertainty should be introduced, for

example, to account for the effects of the expert-opinion-based determination of Table 3 capacity thresholds or the use of a
single “best-estimate” model for the structure under investigation. Lacking a careful quantification, which is beyond the
scope of our study, literature values can be adopted. For conventional structures, recommended values can be found in
pertinent guidelines (e.g., FEMA P5852). Contrarily, for the case of monumental structures no such guidance is available.
Thus, for simplicity, an extra dispersion of 0.20 is assumed uniformly for all the elements and LS cases. This additional
uncertainty is added to the 𝛽 of the lognormally fitted fragilities per a first-order approximation, that is, assuming that it
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14 DASIOU et al.

(A) (B)

(C) (D)

(E) (F)

F IGURE 18 Indicative fragility curves of structural elements of the Temple of Aphaia: (A) free-standing monolithic column K1 of the
external colonnade, (B) the architrave EP1/2 of the Pronaos, (C) column KI1-4 of the internal colonnade – first level, (D) column KI2-9 of the
internal colonnade – second level, (E) architrave E2/3 of the external colonnade (columns in a row) f) architrave E11/12 of the external
colonnade (corner assemblage). Empirical fragility CDFs per LS are shown in solid lines, whereas the corresponding maximum likelihood
lognormal fitted fragilities per LS are shown in dashed lines.

does not affect the mean and only inflates the dispersion:

𝛽𝑡𝑜𝑡 =

√
𝛽2 + 0.202 (5)

As the 𝛽 values are considerably higher than 0.20 formost elements and LS cases, this added dispersion only has aminor
impact on the total dispersion (𝛽𝑡𝑜𝑡), as observed in Table 5. The lognormally fitted fragilities constructed using 𝜇50, 𝛽𝑡𝑜𝑡

for indicative elements of the Temple are depicted in Figure 18. It is observed that the adopted lognormal assumption is
a fairly good fit in most cases. However, some differences can be identified in the lower tails of the fitted fragilities (low
𝐴𝑣𝑔𝑆𝑎 levels) between the empirical and the fitted fragility CDFs. These are to be expected since the empirical CDFs are
calculated by using limited sets of 11 records for a low number of hazard levels. For instance, no numerical analysis was
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DASIOU et al. 15

performed for 𝐴𝑣𝑔𝑆𝑎 values between 0 and 0.18 g. Hence, a linear interpolation between 0 g and the first point of the
empirical CDF at 0.18 g is employed, a choice that inevitably lowers accuracy. Accounting for more records per stripe
or more hazard levels would certainly improve the empirical fragility CDFs at significant computational cost. Instead,
we chose to accept this compromise and employ the lognormal fit to better capture the tails. The resulting differences,
however small, will still tend to affect the estimated risk as they correspond to low IMswith high frequency of exceedance,
𝜆𝐴𝑣𝑔𝑆𝑎

(see Figure 4).
As a final remark, the fitted fragilities were constructed by adopting a two-parameter lognormal model and thus some

intersections between the lognormally fitted fragilities of different LSs can occur. To work around this issue, the worst LS
result was adopted for any given level of 𝐴𝑣𝑔𝑆𝑎, resulting to some lower fragilities coinciding with their higher LS ones
for part of the IM range. For example, this is the case of the LS2 and LS3 fragilities for 𝐴𝑣𝑔𝑆𝑎 > 0.6 g in Figure 18F.

6 SEISMIC RISK ASSESSMENT

The final step for the seismic performance assessment of the Temple is the assessment of risk. Herein, we focus on the
long-term risk. Thus, the MAF of violating the i-th discrete limit state, 𝜆𝐿𝑆𝑖 , of Table 3 and the corresponding return
period of exceedance 𝑇𝑟,𝑖 were calculated by integrating the seismic fragility with the seismic hazard27 by employing the
lognormally fitted fragilities:

𝜆𝐿𝑆𝑖 = ∫
𝐼𝑀

𝐹𝐿𝑆𝑖 (𝐼𝑀) ⋅ |d𝜆 (𝐼𝑀)|with 𝑖 = 1, 2, 3 (6)

𝑇𝑟,𝑖 =
1

𝜆LSi
with 𝑖 = 1, 2, 3 (7)

A lower limit of 𝐴𝑣𝑔𝑆𝑎 = 0.001 g as set for the computation of the MAF in order to avoid recording damages for exces-
sively low intensities. The long-term estimates in terms of return periods as obtained from Equations (6) and (7) are
illustrated in Figure 19. Therein, the obtained return periods were grouped in order to offer a visual overview of the seis-
mic risk. The return periods of exceeding LS1, which corresponds to minor damage, are shown in Figure 19A, while the
return periods of exceeding LS3, which corresponds to the near collapse condition, are shown in Figure 19B. In both cases,
the darker the color, the lower the return period for exceeding the corresponding LS and, consequently, the more prone to
seismic damage the structural element is. In that sense, it is observed that the most vulnerable components are the free-
standing columns (monolithic, multi-drum, and upper part of the internal colonnade) and the architraves of the internal
colonnade, with return periods in the order of 20−500 years for LS1 and 300−2000 years for LS3. On the other hand, the
external colonnade on the east part (i.e., the Pronaos, see Figure 3F), appearing in the back of Figure 19, will in general
experience some low-level damage: return periods for LS1 of more than 2500 years, and for LS3 higher than 6000 years.
In general, the return period for LS3 exceedance is of the order of hundreds or thousands of years for most elements.
Moving a step further in long-term risk, theMAF of exceeding percentages of total loss per group of elements (columns,

architraves) was assessed. This was performed at the level of the MSA results, working on a record-by-record case to
calculate the percentage of elements of the same type (columns, architraves) that exceed LS3. The total loss ratios of
the columns and architraves are shown in Figures 20A and B, respectively, for the total number of the 5 × 11 records
considered. In Figure 20, the corresponding 16/50/84% quantiles of the total loss ratio per IM level are also presented. On
average, the architraves are less seismically vulnerable than the columns since the median total loss ratio is lower than
that of the columns for all𝐴𝑣𝑔𝑆𝑎 levels. On the other hand, the total loss for the architraves shows higher dispersion than
that of the columns.
Finally, the probability of exceeding the x loss level, denoted as 𝑃[𝑙𝑜𝑠𝑠 > 𝑥|𝐼𝑀], is calculated for given total loss ratio

levels ranging from 0 to 1. Thus, the MAF of exceeding the x total loss ratio level is calculated as:

𝜆𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠 (𝑥) = ∫
𝐼𝑀

𝑃 [𝑙𝑜𝑠𝑠 > 𝑥|𝐼𝑀] ⋅ |d𝜆 (𝐼𝑀)| (8)

Again, for the integration with the hazard, the lower limit of 𝐴𝑣𝑔𝑆𝑎 = 0.001 g was employed for the integration per
Equation (8). Figure 21 presents the MAF of the total loss ratio (𝜆𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠) via Equation (8) for the columns and the
architraves of the Temple. These estimates offer valuable information for prioritizing short- and long-term restoration
actions. For example, for a return period 𝑇𝑟 = 475 years, matching the design return period for ordinary structures per
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16 DASIOU et al.

F IGURE 19 Range of the return periods (𝑇𝑟) for exceeding: (A) LS1 (𝑇𝑟,1) and (B) LS3 (𝑇𝑟,3) for the elements of the Temple. Darker
colors indicate lower return periods and consequently increased vulnerability.

(A) columns (B) architraves

F IGURE 20 Total toss ratio per group of elements for the 5 × 11 ground motions employed and the corresponding 16/50/84% quantiles
of total loss.
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DASIOU et al. 17

F IGURE 2 1 MAF of total loss for the columns and the architraves of the Temple.

EN 1998-1:2004,40 the total loss ratio is 3% for columns and 0% for architraves. Instead, for a return period 𝑇𝑟 = 4975 years,
or the design return period for high-importance structures, the total loss ratio increases to 37% for columns and 30% for
architraves.

7 CONCLUSION

A seismic performance study of the ancient Temple of Aphaia in Aegina island, Greece has been presented. The rem-
nants of the Temple today include free-standing columns, external colonnades, two-level internal colonnade, and walls.
The numerical model of the Temple sub-assemblages was developed based on a point cloud obtained from UAV scan-
ning. It was revealed that modeling ancient temples remains a challenge, even with advance Discrete Element Method
software since the definition of the interface parameters requires judgement and some testing data that is not always
available. Multi-stripe analysis was performed using a suite of appropriately selected hazard-consistent natural records.
The fragility curves of the monument’s structural elements were computed after proper engineering demand parameters
and capacity thresholds were defined. The latter is a demanding task because the structural elements are not connected
between them, due to their spinal configuration. A blend of criteria was employed for the definition of capacity thresh-
olds, including among other previous studies, engineering judgment, test results, etc. Moreover, using a frugal assessment
with few hazard levels and records is possible, but the construction of the fragilities may require some flexible fitting and
careful post-processing to curtail the tails and remove any intersections. Finally, the long-term seismic risk of the indi-
vidual structural elements was computed by convolving the seismic hazard with the fragility curves, revealing that the
free-standing columns are the most seismically vulnerable elements, contrary to the colonnades. This process resulted in
defining the return period of exceeding each Limit State for every structural element of the Temple. Such information is
of significant importance for the Ephorate of Antiquities, which can prioritize the restoration actions and redistribute the
financial sources for actions towards protecting the most vulnerable elements. Towards this direction, the mean annual
frequency of exceeding percentages of total loss per group of elements, namely, columns and architraves, was assessed,
revealing that architraves are more seismically resilience than columns.
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