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Paola F. Antonietti, Carlo Cauzzi, Ilario Mazzieri, Laura Melas and Marco
Stupazzini

Abstract In this work we present a preliminary study of the seismic response of the
Acropolis and of the Parthenon of Athens to the 1999Mw 5.9 earthquake. The three-
dimensional numerical model includes the surface topography of the Attica region,
the seismogenic fault and the most important geological units in the metropolitan
area of Athens, the Acropolis hill and the Parthenon. The multiscale numerical
model, designed in order to correctly propagate seismic waves up to 5𝐻𝑧, is solved
through a discontinuous Galerkin spectral element method implemented in the open
source library SPEED https://speed.mox.polimi.it. Numerical results show
the effectiveness of this approach and highlights new challenges for dynamic soil-
structure interaction problems at regional scale.

1 Introduction

Understanding the physics of earthquakes and predicting their impact on the human
and natural environment is of crucial importance for delineating and improving seis-
mic risk reduction strategies. Nowadays, the most employed approaches to predict
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ground motion are: (i) empirical models, (e.g., ground motion prediction equations)
and (ii) physics-based approaches (e.g., numerical solution to partial differential
equations encoding the physics of the problem, from the rupture generation to soil
structure interaction effects, cf. [1]). Nowadays, thanks to the ongoing progress of
computational infrastructures, different discretization strategies have been devel-
oped and effectively applied to earthquake dynamics and seismic wave propagation
problems, [2]. In this context, we recall the finite difference (FD) method, cf. e.g.
[3, 4, 5], the Spectral Element Method (SEM), see e.g. [6, 7], the Arbitrary order
DERivative Discontinuous Galerkin (ADER-DG) method, cf. e.g. [8, 9, 10, 11], and
the Discontinuous Galerkin Spectral Element (DGSE) method, cf. e.g. [12, 13, 14].
In the recent years three-dimensional (3D) physics-based simulations, based on the
DGSE method, have been employed for the study of real earthquake ground mo-
tion [15, 16, 17] and, more recently, for seismic risk scenarios in large urban areas
[18, 19, 20]. However, accounting for the multi-scale nature of wave propagation
within a single model poses challenging demands on computational methods and
resources due to the coexistence of very different spatial scales, from few tens of
kilometers, with reference to the seismic fault, up to few meters, or even less when
considering the structural elements.
The aim of this study is to develop a numerical model that allows to correctly sim-

ulate an earthquake event in a source-site-structure mode. In particular, to consider
in the same computational model the description of seismogenic sources, complex
geological structures and soil-structure interactions.
In this way, numerical simulations provide as output the full waveform of ground

motion compatible with the source rupture process, the source-to-site path and
the local geological conditions, but also with the seismic response of the built
environment.
The numerical results presented in this work are obtained using the high-performance
open-source library SPEED, cf. also [21], which is based on high-order DGSE
methods on hexahedral/tetrahedral meshes. SPEED can accurately simulate large-
scale seismic events by including kinematic source models, arbitrarily complex
geological structures and the built environment.
We demonstrate the approach by presenting a numerical simulation of the 1999

Mw 5.9 Athens (Greece) earthquake. The three-dimensional numerical model in-
cludes the surface topography of the Attica region, the seismogenic (Fili) fault, and
the major geological features of the region, such as the Athens Schist, the Acropolis
hill and the Parthenon.
The work is organized as follows. In Section 2 we recall the differential model

and its numerical approximation by the DGSE method. In Section 3 we describe
different geophysical and geological models used for the numerical simulations
of the 1999 Athens earthquake. We discuss our numerical results in Section 4
and finally, in Section 5, we give a summary of the results achieved highlighting
advantages and limitations of the proposed approach. Moreover we discuss possible
future developments.
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2 Mathematical model and its numerical discretization

Here and in the sequel, vectors are typedwith bold letters, while underlined quantities
denote matrices or tensors.
Let Ω ⊂ R3 be an open bounded polyhedral domain (representing the portion

of the ground where we investigate the wave propagation phenomena) and let 𝜕Ω
be its boundary. We suppose 𝜕Ω to be decomposed into two disjoint portions Γ𝑁
and Γ𝑁𝑅, where Γ𝑁 is a traction-free boundary while Γ𝑁𝑅 denotes the portion of
𝜕Ω where non-reflecting boundary conditions are prescribed, cf. [22]. Given a final
observation time 𝑇 > 0, we consider the dynamic equation of a viscoelastic material
described by the following system:

𝜌𝒖𝑡𝑡 + 2𝜌b𝒖𝑡 − ∇ · 𝜎(u) + 𝜌b2𝒖 = 𝒇 , in Ω × (0, 𝑇],
𝜎(𝒖)𝒏 = 0, on Γ𝑁 × (0, 𝑇],
𝜎(𝒖)𝒏 = 𝒕∗, on Γ𝑁𝑅 × (0, 𝑇],
(𝒖, 𝒖𝑡 ) = (0, 0), in Ω × {0},

(1)

where 𝒖 = 𝒖(𝒙, 𝑡) is the displacement field, 𝜎(𝒖) = 𝜎(𝒙, 𝑡) is the stress tensor,
𝜌 = 𝜌(𝒙) is a piecewise constant strictly positive function describing the material
density, 𝒏 = 𝒏(𝒙) is the unit outward normal vector to 𝜕Ω, b = b (x) > 0 is a suitable
decay factor with dimension inverse of time that models the damping effects, and
𝒇 = 𝒇 (𝒙, 𝑡) is a given external load (e.g. the seismic source). On Γ𝑁𝑅 we impose a
fictitious traction 𝒕∗ = 𝒕∗ (𝒖, 𝒖𝑡 ), defined as
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𝑡∗𝒏
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being _ and ` the Lamé parameters, 𝑣𝑃 =
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(_ + 2`)/𝜌 and 𝑣𝑆 =

√︁
`/𝜌 the charac-

teristic compressional and shear wave velocities, respectively, 𝒏 the outward pointing
unit vector from Γ𝑁𝑅 and 𝝉1 and 𝝉2 two arbitrary mutually orthogonal unit vectors
such that {𝝉1, 𝝉2, 𝒏} defines a right handed Cartesian frame, see also [13].We assume
a linear constitutive equation for the stress tensor (Hooke’s law) 𝜎(u) = 𝐷 𝜖 (𝒖) or
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where 𝜖 (𝒖) = (∇𝒖 + ∇𝒖𝑇 )/2 is the strain tensor, and 𝐷 is the fourth order
symmetric and positive definite elasticity tensor. Here, we suppose 𝐷 to be piecewise
constant, i.e. the Lamé parameters _ and ` are piecewise constant in Ω.
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The seismic source 𝒇 in (1) represents a kinematic finite-fault model expressed in
terms of a distribution of double-couple point sources. In particular, we express the
latter through the relation 𝒇 (𝒙, 𝑡) = −∇ · 𝑚(𝒙, 𝑡), cf. [23], being 𝑚(𝒙, 𝑡) the seismic
moment tensor defined as

𝑚𝑖 𝑗 (𝒙, 𝑡) =
𝑀0 (𝒙, 𝑡)
𝑉

(𝑠𝑖a 𝑗 + 𝑠 𝑗a𝑖), 𝑖, 𝑗 = 1, . . . , 3.

In the above equation 𝝂 = (a1, a2, a3) and 𝒔 = (𝑠1, 𝑠2, 𝑠2) are the fault normal and
the unit slip vectors along the fault, respectively, and 𝑀0 (𝒙, 𝑡) is the time history of
the moment release at the source point 𝒙 inside the elementary volume 𝑉 .

Next, we briefly recall the DGSE formulation of problem (1). We refer the reader
to [12, 24] for a detailed analysis of the method and to [21] for its implementation
in SPEED. First, we subdivide Ω into 𝐾 non-overlapping regions Ω𝑘 , 𝑘 = 1, . . . , 𝐾 ,
such that Ω = ∪𝐾

𝑘=1Ω𝑘 , and we define the skeleton S to be the collection of the
interfaces between subdomains. Note that this (macro) decomposition can be geo-
metrically non-conforming. Then, within each subdomainΩ𝑘 , we consider a gridTℎ𝑘
made of hexahedral elements and assign a polynomial approximation degree 𝑁𝑘 ≥ 1.
Notice that mesh generation is performed independently on each subdomain Ω𝑘 and
also the local polynomial degree 𝑁𝑘 can vary subdomainwise. We define Tℎ to be the
union of the (independently generated) grids Tℎ𝑘 , and collect all the element faces
(here a face is the non empty interior of the intersection of two neighboring hexahe-
dral elements that belong to Tℎ) that lie on S in the set F 𝐼

ℎ
. Moreover, we also collect

boundary faces in the set F 𝐵
ℎ

= F 𝑁
ℎ

∪ F 𝑁𝑅
ℎ
, being F ∗

ℎ
= F 𝐵

ℎ
∩ Γ∗, ∗ = {𝑁, 𝑁𝑅}.

implicit in this definition there is the assumption that the mesh respect the decompo-
sition of the boundary 𝜕Ω into the set Γ𝑅 and Γ𝑁𝑅. We denote by V𝐷𝐺 the discrete
space of functions that are elementwise continuous polynomials of degree 𝑁𝑘 in each
coordinate direction in each subdomain Ω𝑘 , and that can be discontinuous across S,
i.e. V𝐷𝐺 = {𝒗 ∈ L2 (Ω) : v ∈ 𝐶0 (Ω𝑘), 𝑘 = 1, ...𝐾, and 𝑣 |𝐸 ∈ P𝑝𝑘 (𝐸) ∀𝐸 ∈ Tℎ𝑘 }.
Then, the semi-discrete DGSE formulation reads as follows: for any 𝑡 ∈ (0, 𝑇], find
𝒖ℎ = 𝒖ℎ (𝑡) ∈ V𝐷𝐺 such that∫

Tℎ
𝜌𝒖ℎ𝑡𝑡 · 𝒗 𝑑𝒙 +

∫
Tℎ
2𝜌b𝒖ℎ𝑡 · 𝒗 𝑑𝒙 +

∫
Tℎ
𝜌b2𝒖ℎ · 𝒗 𝑑𝒙 + Aℎ (𝒖ℎ, 𝒗)

=

∫
Tℎ

𝒇 (𝑡) · 𝒗 𝑑𝒙 +
∫
F𝑁𝑅
ℎ

𝒕∗ (𝑡) · 𝒗 𝑑𝒔,
(2)

for any 𝒗 ∈ V𝐷𝐺 , where

Aℎ (𝒖, 𝒗) =
∫
Tℎ
𝜎(𝒖) : 𝜖 (𝒗) 𝑑𝒙 −

∫
F𝐼
ℎ

{𝜎(𝒖)} : [[𝒗]] 𝑑𝒔

−
∫
F𝐼
ℎ

[[𝒖]] : {𝜎(𝒗)} 𝑑𝒔 +
∫
F𝐼
ℎ

[[[𝒖]] : [[𝒗]] 𝑑𝒔.
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On each face 𝐹 ∈ F 𝐼
ℎ
shared by two neighbouring elements 𝐸𝑖 ⊂ Ω𝑖 and 𝐸 𝑗 ⊂ Ω 𝑗

we define the average {·} and jump [[·]] operators (see [25, 24]) in the following
way:

{v} = 1
2
(𝒗𝑖 + 𝒗 𝑗 ), [[𝒗]] = 𝒗𝑖 ⊗ 𝒏𝑖 + 𝒗 𝑗 ⊗ 𝒏 𝑗 ,

{𝜏} = 1
2
(𝜏
𝑖
+ 𝜏

𝑗
), [[𝜏]] = 𝜏

𝑖
𝒏𝑖 + 𝜏 𝑗𝒏 𝑗 ,

where 𝒂 ⊗ 𝒃 ∈ R3×3 is the tensor with entries (𝒂 ⊗ 𝒃)𝑚𝑛 = 𝑎𝑚𝑏𝑛, 𝑚, 𝑛 = 1, 2, 3, for
all 𝒂, 𝒃 ∈ R3 and 𝒏𝑖 (resp. 𝒏 𝑗 ) is the unit normal vector to 𝐹 pointing outward to Ω𝑖
(resp. Ω 𝑗 ).
The penalty parameter [ is defined as [ = 𝛼{_ + 2`}𝐴 N

2

h , being {𝑞}𝐴 =

2𝑞+𝑞−/(𝑞++𝑞−) the harmonic average of the quantity 𝑞 across 𝐹, 𝛼 a (large enough)
positive constant to be properly chosen, cf. e.g. [25], and N and h defined on each
face 𝐹 ∈ F 𝐼

ℎ
as N = max{𝑁𝑖 , 𝑁 𝑗 } and h = min{ℎ𝑖 , ℎ 𝑗 }.

Well-posedness and stability results and a-priori error bounds for the DGSE for-
mulation (2) can be found in [26, 27, 12, 28, 29].

Next, by introducing a suitable basis {𝚽𝑖}
𝑁𝑑𝑜 𝑓

𝑖=1 for the finite element space 𝑽𝐷𝐺 ,
it is possible to obtain the following second-order system of ordinary differential
equations supplemented with suitable initial conditions:

𝑀 ¥𝑼(𝑡) + 𝐶 ¤𝑼(𝑡) + 𝐾𝑼(𝑡) = 𝑭(𝑡), 𝑡 ∈ (0, 𝑇] . (3)

Here,𝑼 is the vector containing the expansion coefficients𝑈𝑖 with respect to the cho-
sen basis and ¤𝑼 and ¥𝑼 are the vectors of nodal velocity and acceleration, respectively.
The mass, damping and stiffness matrices in (3) are defined as

𝑀 𝑖 𝑗 =

∫
Tℎ
𝜌𝚽 𝑗 ·𝚽𝑖 𝑑𝒙, 𝑖, 𝑗 = 1, ..., 𝑁𝑑𝑜 𝑓 ,

𝐶
𝑖 𝑗
=

∫
Tℎ
2𝜌b𝚽 𝑗 ·𝚽𝑖 𝑑𝒙, 𝑖, 𝑗 = 1, ..., 𝑁𝑑𝑜 𝑓

𝐾 𝑖 𝑗 = Aℎ (𝚽 𝑗 ,𝚽𝑖) +
∫
Tℎ
𝜌b2𝚽 𝑗 ·𝚽𝑖 𝑑𝒙, 𝑖, 𝑗 = 1, ..., 𝑁𝑑𝑜 𝑓 ,

and 𝑭 is the vector of the external applied loads defined as

𝑭𝑖 (𝑡) =
∫
Tℎ

𝒇 (𝑡) ·𝚽𝑖 𝑑𝒙 +
∫
F𝑁𝑅
ℎ

𝒕∗ (𝑡) ·𝚽𝑖 , 𝑑𝒔 𝑖 = 1, ..., 𝑁𝑑𝑜 𝑓 .

To integrate in time (3) we consider the second-order accurate and explicit leap-frog
scheme as proposed in [24].



6 Paola F. Antonietti et al.

3 Computational setting for the September 7, 1999 Athens
earthquake

On September 7, 1999 at 14:56:50 (local time) an earthquake of magnitudeMw 5.9
struck Attica region (Greece) within a few kilometers from the center of the city of
Athens, cf. [30]. Major damages were observed, especially in the north–northwest
part of the city, close to the earthquake rupture. 143 people were killed, more than
2000 were injured and over a hundred buildings collapsed. On the other hand, histor-
ical monuments were nearly untouched except for small permanent displacements
observed at some columns [31, 32, 33, 34, 35, 36]. The Acropolis of Athens, a world-
wide renowned symbol of the cultural and historical heritage of Greece within the
context of western civilization, hosts the Parthenon, one the most important surviv-
ing buildings of Classical Greece, generally considered the apotheosis of the Doric
order. Within the last two decades extensive restoration and conservation works have
been carried out in the Acropolis of Athens, focusing on the Parthenon, that also
include a seismic monitoring network [37, 38].

We present physics-based simulations of the ground shaking generated in Athens
(Greece) by the September 7 1999 earthquake occurred on in the proximity of the
metropolitan area (see https://esm-db.eu/#/event/GR-1999-0001) based on
employing the model introduced in Section 2. The computational domain comprises
the earthquake source, the crustal layering, the major geological features of the Athe-
nian basin, the Acropolis and a simplified model of the Parthenon. The complexity
of the problem at hand requires adopting a multi-scale approach. In particular, all
the components of the numerical model were designed to account for: (i) the large
variations of the characteristic dimensions of the computational mesh across the
computational domain which encompasses the source region and the city of Athens
(Attica region 45𝑘𝑚×39𝑘𝑚×30𝑘𝑚, Athens city 1.2𝑘𝑚×1.4𝑘𝑚×0.6𝑘𝑚 andAcrop-
olis hill area 580𝑚×380𝑚×40𝑚, cf. also Figure 3); and (ii) the need of propagating
relatively high frequencies through the computational domain in order to study the
dominant features of the site response of the Acropolis and the Parthenon. The sim-
ulations have been carried out based on employing the open-source library SPEED
which can handle sharp changes of the mesh size and locally varying polynomial
approximation orders [12] allowing for an accurate and flexible description of the
spatial variation of mechanical parameters and characteristic physical dimensions.
[21].
A first set of simulations was carried out to ensure that the large-scale regional

model assembled for this study could yield results consistent with the previous
findings reported in [39], who investigated the seismic response of the Acropolis
using a local model and high-frequency ( 𝑓𝑚𝑎𝑥 = 30𝐻𝑧) plane-wave excitation.
Encouraged by the good outcome of this preliminary check, we proceeded with two
advanced numerical simulations of the 1999 Athens earthquake:

(a)ground shaking across the metropolitan area including the Acropolis hill;
(b)soil-structure interaction of the Acropolis and of the Parthenon.
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3.1 Numerical model of the seismic source, regional crustal properties
and geological setting

We adopted the kinematic representation of the seismic fault proposed in [33],
where broadband seismograms recorded at regional distances are used to estimate
the source features of the Athens 1999 𝑀𝑤 5.9 mainshock, occurred on 7 September
1999. The earthquake had a normal faulting style, and most likely occurred on the
Fili fault [40], one of the major tectonic features in the area [41]. In our study the
total fault length and width are considered to be about 25𝑘𝑚. The average slip across
the rupture area is 0.16𝑚, while the maximum slip approaches 1𝑚 in the proximity
of the hypocenter (Figure 1). The rise time is equal to 0.3𝑠, while the rupture velocity
is 2.7𝑘𝑚/𝑠. Strike, dip and rake of the fault plane are 115°, 57°, −80° respectively.
Consistent with [33], we use the hypocenter location of [32], at 8𝑘𝑚 depth. The
geophysical properties of the 1D layered regional crustal model are the same used
by [42] and [31]. The shear-wave velocity increases with depth, from 1.5𝑘𝑚/𝑠 at the
free surface to 3.6𝑘𝑚/𝑠 at the bottom of the numerical model. The free surface of the
model follows the regional geomorphology, smoothed starting from Shuttle Radar
Topography Mission (SRTM) 1 Arc-Second (30𝑚) global data. Water bodies are
not included. Since a detailed representation of the complexity of the geological and
seismotectonic settings of the regions of Attika andAthens is beyond the scope of this
study, the model comprises only the dominant regional geological features, besides
those crucial to the development of the case study at hand. In the Athensmetropolitan
area the model includes simplified representations of the Athenian Schist formation
- a slightly metamorphosed series of Cretaceous marls and shales with lenses of
sandstone and limestone - and of the recent deposits of the Athens basin, along with
a high-resolution model of the limestone outcrop of the Acropolis. The geometry of
the contact between recent deposits and bedrock was obtained from [43]. The extent
of the Athenian Schist formation was derived merging information from [43, 44] and
the 1:50,000 geological map of Greece (Athinai, Piraieus sheet). Our representation
of the Athens Schist formation is necessarily gross and only aims at representing
the overall footprint of the formation and its likely depth in the metropolitan area.
The Acropolis hill is a block of late Cretaceous limestone resting on the Athenian
Schist. The Acropolis ridge is well approximated by an ellipse elongated in the EW
direction with major axis length ∼ 250𝑚 and minor axis length ∼ 150𝑚. The hill is
characterized by very steep topography on the northern, eastern and southern edges,
where the geomorphology is dominated by a 30 − 35𝑚 thick limestone outcrop and
the average slope of the hill flanks exceeds 30°. Large portions of the Acropolis
are covered by anthropic infill overlaying the limestone unit. The anthropic infill
unit was not included in the model because the dominant frequencies (> 10𝐻𝑧,
see [45]) of its dynamic response are beyond the maximum frequency for which
the computational grid was designed. The Parthenon and its foundation are made of
porous-stone blocks with dry masonry structure, cf. [38]. The geophysical properties
of the geomaterials as included in the numerical model are given in Table 2. Each ID
block number of the computational model refers to a geophysical layer in which we
assign the material and numerical parameters, see also Figure 3. In particular, given
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𝑧𝑞 , 𝑞 = 0, 1, 2, 3, that represent the projection of a generic point with coordinate 𝑧
into the topografical surface, outcrop of the Acropolis, the Athenian basin and Schist,
respectively, the properties of the first layer are described in Table 1 and Figure 2,
where the different velocity profiles are in [𝑚/𝑠] and the soil density in [𝑘𝑔/𝑚3].

Fig. 1: Distribution of the slip amplitude values on the fault plane adapted from [33]
and location of the hypocenter (star) adapted from [32].

Table 1: Properties of the first layer.

Sublayer 𝑣𝑠 [𝑚/𝑠] 𝑣𝑝 [𝑚/𝑠] 𝜌 [𝑘𝑔/𝑚3 ]
𝑧1 < 𝑧 ≤ 𝑧0, 𝑧 ≤ 𝑧3 1500 2670 2500

𝑧2 < 𝑧 ≤ 𝑧0 380 760 1800
𝑧3 < 𝑧 ≤ 𝑧0, 𝑧 ≤ 𝑧1, 𝑧 ≤ 𝑧2 700 1250 2300

3.2 Computational models setup

In order to be able to propagate accurately waves with a frequency content up to
𝑓𝑚𝑎𝑥 = 5𝐻𝑧, cf. [12, 21], we built a non-conforming mesh with size of 5 − 20𝑚
on the Acropolis hill, and of 70𝑚 in the metropolitan area of Athens. Outside the
city and in the source region, the mesh size ranges from 200 − 300𝑚 within the
topmost layer to 700𝑚 at depth, see Figure 3. The model consists of 1.319.941
hexahedral elements and, by using a polynomial approximation degree 𝑁𝑘 varying
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Fig. 2: Vertical cross-section along the East-West (EW) direction (see horizontal
red line 𝐴 − 𝐵 in Figure 3). 𝑧𝑞 , 𝑞 = 0, 1, 2, 3 represent the surfaces that delimit the
sublayers with different material properties. 𝑧1 outcrops of the Acropolis, 𝑧2 and 𝑧3
denote the Athenian basin and Schist, respectively.

from 1 to 4 (Tables 2 and 3), it has 253.599.612 degrees of freedom. We fixed the
total observation time 𝑇 = 30𝑠 and we used a time step Δ𝑡 = 10−4𝑠. The wall-time
for the simulation was around 50 hours on 1024 cores on the Marconi cluster at
CINECA, Italy (https://www.hpc.cineca.it/hardware/marconi).
In the second simulation we considered the previous computational model with

the following simplification: homogeneous geophysical properties for the topmost
layer (𝑣𝑠 = 1500𝑚/𝑠, 𝑣𝑝 = 2670𝑚/𝑠 and 𝜌 = 2500𝑘𝑔/𝑚3) with constant mesh
size of 300𝑚. Then we integrated a simplified model of the Parthenon using a non-
conforming mesh with size of 0.5𝑚 (Figure 4 and Table 4). The numerical model
of this simulation has 738.109 hexahedral elements and, by choosing a first order
polynomial degree for the computational mesh of the Parthenon 𝑁𝑘 = 1, it has
127.900.548 degrees of freedom. The time step was Δ𝑡 = 10−5𝑠. In this case the
wall-time for the simulation was around 210 hours on 512 cores on the Galileo
(https://www.hpc.cineca.it/hardware/galileo) and Marconi–100 cluster
at CINECA, Italy (https://www.hpc.cineca.it/hardware/marconi100).

Table 2: Horizontally stratified crustal model.

Layer ID Depth [𝑘𝑚] 𝑣𝑠 [𝑚/𝑠] 𝑣𝑝 [𝑚/𝑠] 𝜌 [𝑘𝑔/𝑚3 ] b [m𝐻𝑧 ] ℎ𝑘 [𝑚] 𝑁𝑘

1 1–3 top – 1 see Table 1 see Table 1 see Table 1 50𝜋/𝑣𝑠 see Table 3 see Table 3
2 4 1 – 2 2500 4450 2500 62.83 200–300 4
3 5 2 – 5 3200 5700 2840 49.09 700 4
4 6 5 – 18 3370 6000 2900 46.61 700 4
5 7 18 – 30 3600 6400 2980 43.63 700 4
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Fig. 3: 3D computational model for the Attika region with indication of the surface
projection of the Fili fault and of the epicentre of the 1999 Athens earthquake,
(left) and zoom on the Athens metropolitan area and Acropolis hill (right). Numbers
denote ID blocks, see Tables 2 and 3.

Table 3: Horizontally stratified crustal model: zoom on first layer.

ID Block ℎ𝑘 [𝑚] 𝑁𝑘

1 5 – 20 1
2 65 2
3 70 – 300 4

Table 4: Mesh size (ℎ𝑘) and elastic properties of the Parthenon modelled as a single
geophysical unit.

ℎ𝑘 [𝑚] 𝑁𝑘 𝑣𝑠 [𝑚/𝑠] 𝑣𝑝 [𝑚/𝑠] 𝜌 [𝑘𝑔/𝑚3 ] b [m𝐻𝑧 ]
0.5 1 600 1000 2450 261.80

4 Numerical results and comparison with observed records

In the following, we discuss the results of our numerical simulations with emphasis
on the characterization of earthquake ground motion and the seismic response of the
Acropolis hill and the Parthenon.
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Fig. 4: 3D computational meshes of the Acropolis hill and the Parthenon.

4.1 Simulation of the 1999 Athens earthquake

Figure 5 depicts the spatial distribution of peak ground velocity (𝑃𝐺𝑉 , geometric
mean of the two orthogonal horizontal components) generated by simulation (a),
along with the surface projection of the seismogenic fault (dashed polygon) and the
epicentre (star). The largest 𝑃𝐺𝑉 values approach 46𝑐𝑚/𝑠 closed to the source area
and decrease to a few 𝑐𝑚/𝑠 across the metropolitan area. On the Acropolis hill, the
simulated 𝑃𝐺𝑉 values are 6.5 𝑐𝑚/𝑠. The figure shows the locations of seven strong-
motion accelerographs operating at the time of the event. Information about these
stations as retrieved from the Engineering Strong Motion Database [46] is given in
Table 5, including the recorded 𝑃𝐺𝑉 values.
We compare our results with those obtained through the global empirical ground

motion model (GMM) CEA15 [45], as shown in Figure 6. The physics-based syn-
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thetic (PBS) 𝑃𝐺𝑉 values are color-coded according to the surface geology at the
location of the synthetic receivers (the free surface nodes of the numerical mesh):
green–limestone (L), orange–Athenian Schist (AS), blue–Athenian alluvial basin
deposits (AB). We used 𝑣𝑠,30 = 1500𝑚/𝑠 for the GMM, i.e., the 𝑣𝑠 of the topmost
layer of the crustal structure and of the Athens limestone. Consistent with the chosen
GMM, the closest distance to the fault rupture (𝑅𝑟𝑢𝑝𝑡 ) is used on the 𝑥-axis of Figure
6. The agreement with the GMM is remarkable, especially in the near-field region
(𝑅𝑟𝑢𝑝𝑡 ≲ 20𝑘𝑚), where PBS and GMMs often tend to disagree. The comparison
remains very good at larger distances: the rate of attenuation seems to be the same for
the synthetics and the GMM; the median values of the PBS show a rather constant
offset w.r.t. the GMM and are always within the standard deviation ±𝜎 bounds of
the GMM.

Fig. 5: Synthetic peak ground velocity 𝑃𝐺𝑉 obtained as described in the text.
Recorded 𝑃𝐺𝑉 values for the stations in Table 5 have been superimposed.

The comparison of the synthetic waveforms generated by simulation (a) with the
actual recordings of the 1999 Athens earthquake poses some challenges due to the
simplified geological model used in the simulations and to the characteristics of the
contemporary strong-motion monitoring infrastructure and associated data / meta-
data. The exact start time of the recordings is unknown, as are the actual orientation
and polarity of the orthogonal horizontal components of the accelerographs. In spite
of these difficulties, we propose in Figure 7 a comparison at station SGMA, located
on the Athenian Schist formation in the iconic Syntagma Square. All data were fil-
tered in the range [0.5, 5]𝐻𝑧 using a causal Butterworth filter with order 𝑁 𝑓 = 3; the
recorded data retrieved by the Engineering Strong-Motion Database were delayed
by 1.1𝑠. The comparison is overall satisfactory, since the synthetics seismograms
seem to capture well the orientation and polarity at the onset of ground shaking –
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Table 5: List of stations in the area of Athens and comparison of 𝑃𝐺𝑉 values from
ShakeMap𝑎, and SPEED simulation The stations pertain to the seismic networks HI
(ITSAK, 1981)𝑏 and HL (NOA-IG, 1975)𝑐.

ID Code Rec. 𝑃𝐺𝑉 [𝑐𝑚/𝑠] Sim. 𝑃𝐺𝑉 [𝑐𝑚/𝑠] Geology
1 ATH2 8.4 3.0 Athenian schist – limestone
2 ATH3 15.9 4.8 alluvium
3 ATH4 8.9 5.7 alluvium
4 ATHA 7.4 4.2 Athenian schist
5 DMKA 2.4 1.7 limestone
6 SGMA 13.6 4.9 Athenian schist
7 SPLB 21.5 8.1 alluvium

𝑎 https://earthquake.usgs.gov/earthquakes/eventpage/iscgem1655758/shakemap/pgv
𝑏 https://www.fdsn.org/networks/detail/HI/,
𝑐 https://www.fdsn.org/networks/detail/HL/

Fig. 6: Synthetic peak ground velocity 𝑃𝐺𝑉 values compared with the empirical
ground motion model of CEA15 [45] as explained in the text. Colored stars refer to
𝑃𝐺𝑉 values at each receiver with assigned material properties: green–limestone (L),
orange–Athenian Schist (AS), blue–Athenian alluvial basin deposits (AB). Recorded
values for stations in Table 5 have been also superimposed.

the signature of the fault mechanism – and the dominant periods / frequencies of the
recorded data both in the time and frequency domains. The recorded peak amplitudes
are larger on the horizontal components, most likely due to amplification induced
by small-scale geological features that are not included in the numerical models.
The comparison of the Fourier Amplitude Spectra (FAS) of the vertical components
hints a stronger vertical attenuation than in the numerical models.
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Fig. 7: Comparison of synthetic and recorded data at station SGMA (Syntagma
Square ID 6) on Athenian Schist. Waveform data processed as described in the text.
LHS panels: time-domain displacement waveforms; RHS panels: Fourier Amplitude
Spectra (FAS).

4.2 Seismic response of the Parthenon

Simulation (b) was devoted to model at the same time the Athens 1999 earthquake
and the shaking induced by the earthquake on the Parthenon. The Acropolis of
Athens is monitored with a local network of strong-motion accelerographs operated
by the Institute of Geodynamics, National Observatory of Athens (NOA-IG), in
collaboration with the Acropolis Restoration Service (YSMA). The array consists
of 10 strong-motion sensors (Guralp CMG-5TD) recording in continuous mode on
24-bit digitisers, sampling the main geological units constituting the Acropolis and
including two sites devoted to monitoring monumental elements of the Parthenon
(Table 6). In particular, stations C and B are located respectively at the crest and
base of a marble column pertaining to the northern colonnade of the Parthenon.
Even if the Acropolis array was not yet operational in 1999, the recordings of
subsequent earthquakes and ambient vibration acquired since its installation allow
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empirically assessing the key features of the seismic response of the Acropolis and
the Parthenon, as, e.g., in [39]. Figure 8 shows the spectral ratios between station C
and B. The curve shows the ratio (geometric mean of the horizontal components) as
computed in [39] obtained from numerical simulation (b). The dominant frequencies
at ∼ 1.5− 2𝐻𝑧 of the empirical seismic response of the northern colonnade are well
captured by the simulation, in agreement with [39], although the amplitude of the
empirical spectral ratio is lower. Given the simplifications adopted in this to model
the Parthenon as a homogeneous continuous geophysical unit, this result is quite
remarkable and encouraging towards future improvements. To conclude, we report
in Figure 9 some snapshots of the computed displacement field for the Attica region,
including a zoom of the Acropolis and of the Parthenon. The displacement of the
latter has been exaggerated by a factor 300 for visualization purposes.

Table 6: List of stations on the Acropolis hill.

Station code Lat (°) Lon (°) Elevation [𝑚] Location Geology

ACRB 37.9716 23.7265 159.8 Parthenon porous stone blocks
basement on limestone

ACRC 37.9716 23.7265 173.6 Parthenon N (-)colonnade

Fig. 8: Simulated spectral ratio at two stations (C, B), i.e. ACRC/ACRB, located
respectively at the crest and base of a marble column pertaining to the northern
colonnade of the Parthenon.
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Fig. 9: Snapshots of the computed displacement field (absolute value) at four different
time instants: 𝑡 = 7 𝑠 (top-left), 𝑡 = 8 𝑠 (top-right), 𝑡 = 9 𝑠 (bottom-left) and 𝑡 = 10 𝑠
(bottom-right). Displacement of the Parthenon has been exaggerated by a factor 300
for visualization purposes.

5 Conclusions and future developments

In this work we presented a first attempt of studying the seismic response of the
Acropolis and of the Parthenon in Athens under the 1999Mw 5.9 earthquake through
the application of a DGSEmethod previously implemented in the open source library
SPEED. SPEED offers major advantages for modelingmulti-scale seismic scenarios,
by relaxing constraints imposed by standard conforming spectral element methods
and, therefore, reducing the simulation costs while attaining high order accuracy.
To accomplish the multi-physics feature of the problem under investigation, we
described the Athens 1999 earthquake with a set of simulations that try to capture
the main features of the event and associated wave propagation. In order to obtain
a realistic simulation of the physical phenomenon as a whole, the numerical model
must be able to (i) provide a fault-rupture generation able to excite a broadband
frequency spectrum; (ii) accurately propagate waves with a relatively high frequency
content; (iii) to characterize the most important geological formations of the soil,
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i.e. soft soil deposits and the Acropolis hill; (iv) accurately describe the geometry
of major human built structures, such as the Parthenon. Having a computational
model that accounts for all these details leads to enormous advantages from the
modeling point of view, poses several challenges. First, although the grid generation
process is facilitated by the possibility of using non-conforming meshes, it still
requires significant effort tomake sure that all the different spatial scales are correctly
reproduced in the model. Second, the accurate representation of the high frequency
wavefronts (from source to site) requires the use of very large computational domains
(which can reach billions of unknowns). Third, the computational cost, i.e., time to
solution, must be kept under control. In this sense, an implicit or locally explicit
time integration scheme may improve the performance of the overall numerical
discretization. Finally, as a further step to improve the model and to describe in
a more realistic way the seismic response of the structures as well as the soil-
structure interaction, refined geological models and non-linear rheological models
will have to be taken into account. In this sense, the work presented is the first step
in the direction of using three-dimensional multi-scale methods for the study of
soil-structure interaction, from the seismic source to the site. Overall, in spite of the
above limitations, numerical simulations can be considered as a tool for seismic risk
mitigation strategies for cultural heritage.
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