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Local soil conditions can significantly modify the seismic motion expected on the soil surface. In most
cases, the indications concerning the influence of the underlying soil provided by the in-force European
and Italian Building Codes underestimate the real seismic amplification effects. For this reason, numerical
analyses of the local seismic response (LSR) have been encouraged to estimate the soil filtering effects.
These analyses are generally performed in free-field conditions, ignoring the presence of superstructures
and, therefore, the effects of dynamic soil-structure interaction (DSSI). Moreover, many studies on DSSI
are characterised by a sophisticated modelling of the structure and an approximate modelling of the soil
(using springs and dashpots at the foundation level); while others are characterised by a sophisticated
modelling of the soil and an approximate modelling of the structure (considered as a simple linear elastic
structure or a single degree of freedom system). This paper presents a set of finite element method (FEM)
analyses on a fully-coupled soil-structure system for a reinforced concrete building located in Fleri
(Catania, Italy). The building, designed for gravity loads only, was severely damaged during the 26
December 2018 earthquake. The soil was modelled considering an equivalent visco-elastic behaviour,
while the structure was modelled assuming both the visco-elastic and visco-inelastic behaviours. The
comparison made between the results of the FEM analyses and the observed damage is valuable.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

It is well known that the main characteristics of seismic motion
(amplitude, duration, and frequency content) can be modified by
the local soil conditions through the geometry and physical prop-
erties of the soil layers. With this aim, Eurocode 8 Part 1 (EN 1998-1,
2004), as well as the in-force Italian Building Code (NTC, 2018),
define a soil factor, S. For EN 1998-1 (2004), the soil factor depends
on the soil category and the seismic hazard of the site, expressed by
the surface-wave magnitude, Ms; on the other hand, for the NTC
(2018), the soil factor (defined as S ¼ SSST) depends on the strati-
graphic amplification factor, SS, and the topographic amplification
factor, ST. In most cases, the soil factor, suggested by EN 1998-1
(2004) and NTC (2018), underestimates the real soil amplification.
For this reason, in recent decades, the values of the soil factors
reported in Building Design Codes have been modified for many
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times (Anastasiadis et al., 2001; Ansal et al., 2010, 2019; Lanzo et al.,
2011; Ciancimino et al., 2018; Pagliaroli et al., 2020) and new ones
have been proposed based on local seismic response (LSR) analyses
(Pitilakis et al., 2012, 2019; Andreotti et al., 2018; Tropeano et al.,
2018; Aimar et al., 2020; Paolucci et al., 2021).

Numerical analysis of LSR should be more greatly encouraged to
estimate the soil filtering effects (Bardet et al., 2000; Kottke and
Rathje, 2008; Ferraro et al., 2015; Hashash et al., 2020). Neverthe-
less, LSR analysis is generally performed in free-field conditions;
thus, it does not consider the presence of superstructures and how
this can modify the characteristics of seismic motion (FEMA P-
2082-1, 2009). The damage caused by numerous, well-known
earthquakes, i.e. Mexico City 1985, Loma Pietra 1989, Kobe 1995,
Izmit 1999, L’Aquila 2009, Haiti 2010, and Norcia 2016, highlighted
that the safeguarding of existing buildings and infrastructures and
the planning of new ones must necessarily consider the effects of
dynamic soil-structure interaction (DSSI) (Kausel, 2010). Several
studies (Bielak, 1971; Veletsos and Meek, 1974; Luco, 1980) showed
how the deformability of the soil influences the dynamic perfor-
mance of the structure, determining both an extension of the vi-
bration period and a damping increase: the seismic input induces
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. Mt. Etna area and view of the Fiandaca Fault, the epicentre of the 26 December
2018 earthquake and the SVN and EVRN stations. The latitude and longitude are in
degree.

A. Fiamingo et al. / Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 937e953938
energy that can be dissipated not only inside the structure but also
inside the soil (geometric and hysteretic damping). Consequently,
the DSSI effects would be beneficial. Nevertheless, depending on
the soil and seismic input properties, maximum spectral ordinates
have often been recorded at high periods (Mylonakis and Gazetas,
2000). In this case, the effects of the DSSI would be detrimental.

Preliminary analyses of DSSI are useful for estimating the
seismic soil amplification or de-amplification and, consequently,
for developing microzonation maps for a rational use of the terri-
tory. In this case, effortless approaches can be used due to the
numerous structures to be examined (Rovithis et al., 2017; Abate
et al., 2020). For a single structure or a reduced number of struc-
tures one next to the other, interaction effects can be carefully
studied by in situ and laboratory tests (Paolucci et al., 2008; Pitilakis
et al., 2008, 2021; Wang et al., 2011; Maugeri et al., 2012;
Massimino and Biondi, 2015; Abate and Massimino, 2016;
Massimino et al., 2019a; Amendola et al., 2021; Özcebe et al., 2021)
or numerical analyses (Massimino et al., 2019b; Chaudhuri et al.,
2020; Mercado et al., 2021).

DSSI effects can be determined by two approaches, i.e. "sub-
structure" method and "direct" method. The first approach allows
us to study the contribution of kinematic and inertial interactions
(Mylonakis et al., 2006) separately. The direct method allows us to
study the fully-coupled soil-foundation-structure system as a
whole. The analyses are often performed numerically, considering
more realistic initial and boundary conditions and material
constitutive models (Wolf, 1985; Lysmer et al., 1999; Abate and
Massimino, 2016; Abate et al., 2007, 2019). In the past, the direct
method required a degree of computation that was unacceptable in
the design of common structures; nevertheless nowadays, as Muir
Wood wrote (2004) “the power of the computers that are available to
all geotechnical engineers has increased so much that it is quite
reasonable to suggest that numerical analysis tools should be used
much more as part of the routine of geotechnical design, incorporating
the constitutive models of today and recognising the inadequacy of
some of the simplifying assumptions that have been imposed in the
past for reasons of calculational expediency”.

Many existing numerical analyses on soil-structure systems are
characterised by a sophisticated modelling of the structure and an
approximate modelling of the soil, using springs and dashpots at
the foundation level (Jarernprasert et al., 2013; Elwardany et al.,
2019). Other numerical analyses are characterised by a sophisti-
cated modelling of the soil and an approximate modelling of the
structure, considered as a simple linear elastic structure or a single
degree of freedom system (Abate et al., 2008, 2010, 2016; Abate and
Massimino, 2016; Pistolas et al., 2020). For all the above-mentioned
reasons, it is advisable to study structures using the “direct”
method, including the significant volume of soil interacting with
the structures and an appropriate material model (e.g. inelastic
behaviour). Furthermore, according to the best of the authors’
knowledge, the conventional numerical analyses on soil-structure
systems are performed on “ideal” structures, without the possi-
bility of checking the real damage suffered.

This paper presents a set of numerical analyses, performed by
the ADINA finite element code (Bathe, 1999), on a fully-coupled
soil-structure system for a reinforced concrete building designed
for gravity loads only. The building, located in Fleri (Catania, Italy),
was severely damaged during the 26 December 2018 earthquake.
For the building, two different behaviours are considered: linear
elastic and nonlinear. For the soil, an equivalent visco-elastic
behaviour is considered, and both rigid and deformable bedrock
conditions are investigated. The case study presented examines the
seismic performance of the building and the effects of the soil
behaviour on the seismic system response. The results of the finite
element method (FEM) analyses are compared with the real
damage observed. Therefore, the present paper furnishes an
interesting case study for the analysis of fully-coupled soil-struc-
ture systems.

2. Setting and earthquake data

Along the eastern flank of Mt. Etna, the largest volcano in
Europe, many faults (belonging to the Timpe Fault System) cause
frequent and diffuse seismic events with considerable damage
despite their moderate magnitude (Azzaro, 2004; Azzaro et al.,
2012; Alparone et al., 2013). The strongest earthquakes, reported
in the seismic catalogue (CMTE Working Group, 2008), are char-
acterised by a mean recurrence time of about 20 years, an epicen-
tral intensity, according to the European Macroseismic Scale (EMS),
of VIII � I0 � IXeX EMS (corresponding to a local magnitude (Ml)
range of 4.3 � Ml � 5, Azzaro et al. (2011; 2014)) and a shallow
hypocentral depth (<5 km (Patanè et al., 2004; Alparone et al.,
2015)). On 26 December 2018, an earthquake with Mw ¼ 4.9
(Ml ¼ 4.8, epicentral intensity of VIII EMS) located at a depth of less
than 1 km struck the south-eastern flank of Mt. Etna. The epicentre
(latitude 37.64�N and longitude 15.12�E, Fig. 1) was located along
the Fiandaca fault, a 13 km-long late Quaternary fault in the Timpe
Fault System (QUEST-WG, 2019). The earthquake produced severe
damage (Civico et al., 2019; QUEST-WG, 2019), with Zafferana Etnea
(550 m above sea level, Fig. 1) and its neighbouring village, Fleri,
suffering the most.

In older reinforced concrete buildings, the seismic shaking
induced the crushing and/or spalling of bricks in the partition and
infill walls with, in some cases, in-plane or out-of-plane global
collapse of the wall and cracks in the columns (Fig. 2a). Cracks
occurred in many masonry buildings with filled, squared or hollow
bricks and, in some cases, buildings suffered partial collapse
(Fig. 2b) while many old, crumbling, rough stone buildings
collapsed entirely. Religious buildings suffered severe damage, with
widespread partial collapses. Part of the facade and apse collapsed
in the church in Fleri, restored after the 1984 earthquake (Fig. 2c).

The accelerometer stations named as “SVN” and “EVRN”, about
1 km apart, were the closest to the epicentre, respectively 4.5 km
and 5.3 km away (Fig. 1b). The building investigated in this paper is
in Fleri, 2.65 km from the epicentre, 4.04 km from the SVN station
and 4.9 km from the EVRN station (Fig. 1b).

Acceleration time histories and elastic response spectra for the
three components of the seismic motion (North-South “N-S”, East-



Fig. 2. Damage caused by the 26 December 2018 earthquake in Fleri (Zafferana Etnea): (a) Breakage of partitions in reinforced concrete buildings; (b) Partial collapse of a masonry
building; and (c) Details of the damage to the facade of the church in Fleri restored after the 1984 earthquake.
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West “E-W”, Vertical “V”) recorded at each station are provided
(Fig. 3). All the time histories are referred to soil type A, for which
the weighted average value of the shear wave velocity (Vs,eq) up to
the bedrock is greater than or equal to 800 m/s (Luzi et al., 2019)
and each response spectrum is calculated for a damping ratio equal
to 5%. In Fig. 3, the acceleration time histories of the EVRN station
are translated to those of the SVN station given the mutual distance
of the stations. The difference between the accelerations recorded
Fig. 3. Seismic motion: (a) Acceleration time histories recorded at the SVN station (black) an
the elastic response spectrum in the Italian Building Code (NTC, 2018) for a return period o
at the two stations can be explained by the significant rock het-
erogeneity in the area. The E-W acceleration time histories recor-
ded by both stations provide the greatest peaks: 0.56g and 0.3g,
respectively, where g is the acceleration of gravity. Therefore, the
numerical analyses (Section 4) will refer only to the E-W acceler-
ation time histories recorded at the SVN station. The N-S, E-Wand V
response spectra were compared with those provided by the NTC
(2018) for soil type A, for a return period of 475 years. The
d EVRN station (red); and (b) Elastic response spectra (5% damping) in comparison with
f 475 years.
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spectral acceleration peaks for the SVN station are all above the
elastic response spectrum provided by the NTC (2018), while, for
the EVRN station, the peak occurs for a period greater than the one
of the plateau of the NTC (2018) response spectrum. More specif-
ically, the E-W response spectrum related to the SVN station shows
the peak (1.4g) at T ¼ 0.26 s, while for the EVRN station, the peak
(0.58g) occurred at T ¼ 0.38 s. Note that the period range of 0.2e
0.4 s is critical for reinforced concrete or masonry structures having
one-to-three elevations, such as the one investigated in this paper.
For these structural categories, more significant structural damage
is expected. These records confirm the high level of hazard on the
eastern flank of Mt. Etna and that local seismicity deserves to be
taken into due consideration as indicated by previous studies for
the same return period, 475 years (Azzaro et al., 2008; 2013), with
respect to the current NTC (2018) seismic zoning.

3. Case study

3.1. Soil profile

The dynamic soil characterization can be appropriately obtained
by performing borehole investigations, such as cross-hole, down-
hole and Marchetti seismic dilatometer tests. Alternatively, multi-
channel analysis of surface waves (MASW) surveys can be per-
formed. It is important to stress that the latter are non-intrusive
and indirect investigations. MASW surveys, despite their limita-
tions, are frequently performed when there is a lack of funds, as in
the present case history, because they are fast, and low-cost tests.
The building investigated is highlighted in red in Fig. 4a. MASW
geophysical surveys were carried out 30 m from the building (see
the yellow area in Fig. 4a), and given the reduced distance between
the two, the stratigraphic profile obtained in this area (Fig. 4b) was
used to characterise the soil underneath the building.

The MASW surveys were carried out to identify the shear wave
velocity (Vs) along the soil profile, using 24 vertical geophones 1 m
equidistant from each other. Recording of signals was performed by
generating waves at two points placed at opposite ends of the
geophones, with an offset of 2 m, for a total length of 27 m. The
measurements were repeated three times to obtain more accurate
information. The results are summarised in Fig. 5. From the profile
of Vsez, the weighted average value of the shear wave velocity up to
the bedrock (Vs,eq) is equal to 365.7 m/s (Fig. 5). Thus, according to
Fig. 4. In situ geotechnical tests: (a) Location of the building under study (red area) and the
(2021), and (b) Soil profile at the site of MASW surveys (unit: m).
NTC (2018), the subsoil is of type B (characterized by a Vs,eq, be-
tween 360 m/s and 800 m/s) and the peak horizontal ground ac-
celeration ag concerning a probability of exceeding 10% in 50 years
is equal to 0.225g. The stratigraphic amplification coefficient (SS),
equal to 1.16, is evaluated using the equation SS ¼ 1.4e0.4F0ag/g,
where F0 is the spectral amplification coefficient, and ag is the
design ground acceleration on soil type A (see Fig. 5 for the values
of F0 and ag). As the site has a flat surface, the topographic category
T1 was attributed and, consequently, the topographic amplification
coefficient (ST) is equal to 1. The mechanical properties of the soil
are shown in Table 1. The shear modulus at small strain, Gs0, was
obtained using Eq. (1) while the corresponding Young’s modulus
Es0 was obtained by Eq. (2).

Gs0 ¼ rs0n
2
s (1)

Es0 ¼ 2Gs0ð1þ nsÞ (2)

where rs is the density and ns is the Poisson’s ratio of the soil.
It is possible tomodify the values of the soil shear wave velocity,

shear modulus and the damping ratio according to Eurocode 8 Part
5 (EN 1998-5, 2004) to consider the soil nonlinearity in the absence
of specific dynamic laboratory tests. The modified values, indicated
with the symbols V*

s , G
*
s and D*

s , depend on the strain level, which in
turn depends on value of agS. According to EN 1998-5 (2004), using
the value of agS ¼ 0.26g, reduction factors equal to 0.64 and 0.42
were estimated for Gs0 and Vs, respectively, and D*

s ¼ 8.5% was
established. In the numerical analyses (Section 4), V*

s , G
*
s and D*

s
were used (Table 1).

3.2. Building

The typical Italian building investigated in this study is a rein-
forced concrete framed structure with three elevations designed
according to the 1976 Italian Building Code (D.M., 1976) for gravity
loads only. The layout of one typical floor and a structural section
are shown in Fig. 6. The landings of the winding staircase are sus-
tained by supporting beams belonging to the outer frame close to
the street (Fig. 6b), which was damaged during the earthquake:
cracking produced by shear forces occurred in the infills and col-
umns close to the staircase (Fig. 7). The most significant damage
occurred in the columns between the 2nd stair beam and the 2nd
site for which the MASW surveys were carried out (yellow area) shown in Google Earth



Fig. 5. MASW survey results and evaluation of maximum acceleration expected at the soil surface according to NTC (2018).

Table 1
Main geotechnical properties of the soil.

Soil parameter Value

Layer 1 Layer 2 Layer 3 Bedrock

gs (kN/m3) 18 18 18 22
40 (�) 33 33 33 40
c (kPa) 0 0 0 0
ns 0.3 0.3 0.3 0.45
h (m) 2.4 4.6 12 11
Vs (m/s) 209 320 460 953
Gs0 (kPa) 78,625 184,320 380,880 1,998,060
Es0 (kPa) 204,427 479,232 990,288 5,594,567
Ds0 0.02 0.02 0.02 0.01
V*
s (m/s) 135 207 460 953

G*
s (kPa) 32,875 77,068 380,880 1,998,060

E*s (kPa) 85,475 200,378 990,288 5,594,567
D*
s 0.085 0.085 0.085 0.01

Note: Shear wave velocity (V*
s ), elastic modulus (E*s ), shear elastic modulus (G*

s ) and
damping ratio (D*

s ) were modified according to EN 1998-5 (2004) to take into ac-
count soil nonlinearity; 40 is the friction angle; c is the cohesion; h is the soil layer
thickness; Ds0 is the soil damping ratio at small strain.
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floor. The present paper presents the results of the DSSI analyses for
the frame highlighted by the red box in Fig. 6b.

A simulated design was carried out in line with the D.M. (1976)
provisions to define beam and column cross-sections and re-
inforcements, based on the allowable stress method. In accordance
with the Italian construction practice in the 1980s, the deck of the
building under consideration is characterised by a top concrete slab
with a thickness of 4 cm and reinforced concrete joists (with base
bj ¼ 8 cm and height hj ¼ 20 cm) arranged along one direction. The
distance between two consecutive joists is equal to 25 cm and was
carried out assuming concrete with a characteristic cylinder
strength fck equal to 20 MPa and a steel grade of FeB38k for rebars.

According to the D.M. (1976), these design assumptions lead to
allowable stresses for concrete sc, and steel ss equal to 8.5 MPa and
215 MPa, respectively. The dimensions of the cross-sections of
members were determined based on the available design drawings
(Fig. 6): 30 cm � 60 cm for the superstructure beams;
50 cm � 70 cm for the foundation beam; 30 cm � 50 cm and
50 cm � 30 cm for the inside and outside columns on the first and
second elevations, respectively; and 30 cm � 40 cm and
40 cm � 30 cm for the inside and outside columns on the third
elevation, respectively (Fig. 8). The characteristic values of the
permanent and variable loads (gk and qk) are equal to 4 kN/m2 and
2 kN/m2 for the deck, 6.1 kN/m2 and 4 kN/m2 for the stairs, and
4 kN/m2 and 4 kN/m2 for balcony, respectively. A characteristic
permanent load equal to 6.83 kN/m is considered for infills.

The area of rebars was determined based on internal forces in
beams and columns evaluated considering gravity loads only
calculated as

As ¼ max
�
0:003Ac
0:006Ac;req

(3)

where Ac is the actual cross-sectional area of concrete of the column
and Ac,req is the minimum required cross-sectional area of the
column calculated by

Ac;req ¼ N
�
0:7scð1þnrlÞ (4)

whereN is the design axial force of the column evaluated according
to the tributary area concept, n is the homogenisation coefficient
for steel rebars (equal to 10), and rl is the ratio of the longitudinal
rebar area As to Ac,req assumed equal to theminimumvalue required
by the code (0.006).

Rebars with a diameter of 14 mm and 8 mm were used for
longitudinal reinforcements and stirrups, respectively. According to
the D.M. (1976), the spacing of stirrups and columns should not
exceed the value 15 times the minimum diameter of longitudinal
rebars. Thus, a spacing of 200 mm was defined. As concerns the
beams, the minimum reinforcement ratio for the tension zone is
equal to 0.0015. The required longitudinal reinforcement and stir-
rups for each span and each support at the typical floor were
designed to sustain the maximum bending moments and shear
forces determined assuming a simplified continuous beam. Rebars
with a diameter of 14 mm or 20 mm were used for longitudinal
reinforcements and of 8 mm for stirrups. The spacing of the stirrups
was 100 mm at the ends of the beams, and 200 mm at midspan. A
concrete cover of 2.5 cm was considered for all sections of the
columns and beams. Fig. 8 shows the structural cross-sections of
the columns and beams.

It should be noted that even if the building was not designed to
sustain seismic action, the dimensions of the column cross-sections
are much larger than those strictly required to sustain gravity loads.
Becauseof this, the axial load ratio on the columns, strongly related to
the ductility of the cross section, is moderate. Thus, even if it is ex-
pected to have poor inelastic capacity when compared to structures
properlydesignedanddetailed to sustain seismic action, the lowaxial
load ratio improves the local ductility of these members slightly.
4. Numerical model

4.1. Fully-coupled soil-frame system (Models 1 and 2)

The ADINA code (Bathe, 1999) was used for all the FEM analyses
both considering and ignoring the soil (Sections 4.1 and 4.2). Firstly,
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the soil-frame system was analysed considering two two-
dimensional (2D) models, i.e. Models 1 and 2, as shown in Fig. 9,
to consider the role of the soil in filtering the seismic waves and the
possible DSSI effects. In both models, a visco-inelastic behaviour for
the frame was assumed; for the soil elements, a visco-elastic
equivalent constitutive model was used according to the "modi-
fied" parameters (see Table 1). Bedrock deformability was assigned
as rigid for Model 1 and deformable for Model 2; in this last case,
the bedrock deformability was modelled by dashpots (Lysmer and
Kuhlemeyer, 1969). The beams and columns of the frame were
modelled by elastic members with finite length plastic hinges at the
two ends. The length of the hingeswas set equal to the height of the
member cross-section. Within the hinge region, the moment (M)e
curvature (q) curves were assigned, details of which will be dis-
cussed in Section 4.2. The beam horizontal displacements along the
Fig. 6. The investigated building: (a) Typical floor plan, (b) View of th
y-direction were linked by “constraint equations” that impose the
same y-translation to reproduce an axial rigid diaphragm.

The soil mesh had a total depth of 19 m, according to the soil
profile discussed in Section 3.1. The length was fixed equal to
100 m; a distance was obtained through an iterative procedure to
reduce boundary effects as far as possible. Plane-strain four-node
2D-solid elements for the soil and two-node Hermitian beam ele-
ments for the structure were adopted, respectively. Along the
lateral boundaries of the soil, constraint equations were defined to
have the same y- and z-translations at an equal depth (see lines A-B
and A0-B0 in Fig. 9). The z-translation was fixed at the base of the
dashpots, allowing only the y-translation (see line B-B0 in Fig. 9).
Contacts between the foundation and the soil were defined to
simulate potential foundation sliding and uplifting. The
foundation-soil friction angle (d) was fixed equal to 240=3.
e building from the street, and (c) Structural section AB (unit: m).



Fig. 7. Structural damage in the investigated building due to the 26 December 2018 earthquake: (a) Shear failure of the column (green shape) and breakage of infill panels (red
shape), and (b) Subsequent demolition of infill panels.

Fig. 8. Frame investigated and cross-sections adopted (dimensions of the sections in
cm and rebars in mm). Ø is the diameter of the steel bars.
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To obtain satisfactory numerical results, the maximum length of
the mesh elements, hmax, must be computed according to the
following equation (Lanzo and Silvestri, 1999):

hmax ¼ V*
s
�ðnfmaxÞ (5)

where fmax is the maximum significant frequency of the dynamic
input (equal to 25 Hz), and n represents a value in the range of [6, 8].
Then, considering the smallest value of V*

s , which is equal to 135m/
s (Layer 1, Table 1) the smallest value of hmax is equal to 0.675 m.
The authors chose a length of 0.4m for all the soil elements far from
the frame, and 0.25 m for those near the frame.

The Rayleigh damping coefficients were estimated according to
the following well-known equations (Chopra, 1995):

a ¼ 2Du1u2=ðu1 þ u2Þ (6)

b ¼ 2D = ðu1 þu2Þ (7)

where a is the first Rayleigh damping factor, b is the second Ray-
leigh damping factor, D is the damping ratio, u1 is the first natural
angular frequency, and u2 is the second natural angular frequency.

For the soil, the first natural angular frequency was estimated by

u1 ¼ 2pVs;av
�ð4HÞ (8)

where H is the total thickness of the soil mesh and Vs,av is the
weighted average of the modified shear wave velocities of the
whole soil mesh. The second frequency of the soil was assumed to
be three times the first (Kwok et al., 2007). The Rayleigh damping
coefficients for the structure were estimated according to Eqs. (6)
and (7), where the fundamental frequencies were evaluated
through the modal analysis of the inelastic fixed-base frame. The
damping ratio D was assumed to be equal to D*

s for the soil and
equal to 5% for the frame. Table 2 shows the values obtained.

Distributed loads in the seismic design combination were
applied to the beams. Furthermore, vertical forces were applied to
the columns to consider gravity loads sustained by beams orthog-
onal to the frame. The mass of all the elements was also considered.
The seismic input was set to the bedrock, using the E-W accelera-
tion time histories recorded at the SVN station (see Section 2).
Concerning the seismic input applied to the bedrock, for Model 1, it
was directly applied to the base of the soil mesh, while for Model 2,
it was applied to the dashpots located at the base of the soil mesh.
Fig. 9 shows the free-field alignment and the four soil-structure
alignments (DSSI) investigated in the following section.
4.2. Fixed-base frame (Models 3 and 4)

Secondly, the dynamic behaviour of the frame was analysed
assuming the fixed-base condition and thus allowing only the y-
translation (Fig. 10). Three FEMmodels, i.e. Models 3, 4 and 5, were
developed.

The seismic motion applied to the foundation of Models 3 and 4
was the horizontal acceleration time history estimated in free-field



Fig. 9. FEM model of the entire soil-frame system (Model 1 and Model 2). FF is short for free-field.

Table 2
Evaluation of the Rayleigh damping coefficients a and b for the soil deposit and the
visco-inelastic frame.

Parameter Value

Soil Frame

Frequency, f1 (Hz) 3.52 1.37
Frequency, f2 (Hz) 10.55 4
Rayleigh damping coefficient, a 2.82 0.64
Rayleigh damping coefficient, b 0.0019 0.0029
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conditions in Model 2 (see Section 4.1). In addition, the SVN seismic
motion, scaled to the value of agS according to NTC (2018), was
applied to the foundation of Model 4, thus developing a fifth FEM
model, i.e. Model 5. For Model 3, the beams and columns were
modelled by elastic elements, while for Models 4 and 5, they were
modelled by elastic members with finite length plastic hinges at the
two ends. The length of the hinge was set equal to the height of the
member cross-section, which was modelled using the M-q curves
preliminarily determined by the M-q analysis carried out by the
OpenSees (Mazzoni et al., 2006) computer program.

The concrete part of the cross-sectionwas subdivided into fibres
with a depth of 2 mm and a width equal to the width of the cross-
section. The Mander constitutive law (Mander et al., 1988) defines
this in OpenSees as ‘Concrete04’ uniaxial material, assigned to
concrete fibres.

The values of the material parameters (elastic modulus Ec, mean
compressive strength fcm, concrete strain εc0 at maximum strength,
concrete strain εcu at crushing strength, and mean tensile strength
fctm) are different for concrete fibres constituting the cover or the
core of the cross-section (Table 3). Based on the values of strength
directly obtained from cores extracted from about 400 buildings in
Italy (Masi et al., 2014), an average compressive strength fcm was
assumed equal to 20MPa for the cover region. The properties of the
confined concrete were obtained by considering the confinement
effectiveness factor for each cross-section, Eurocode 8 Part 3 (EN
1998-3, 2004). The value of compressive strength in the core re-
gion was only slightly larger than that in the cover region (ranging
from 21.2 MPa to 24.3 MPa) because of low values of the confine-
ment effectiveness factor.

For all the cross-sections analysed, a large concrete strain at
crushing strength was assumed (5 � 10�2) to avoid numerical
instability. Single fibres enclosed in the cross-section were used to
model rebars. An elasto-plastic constitutive law (‘Steel01’ uniaxial
material in OpenSees) was assigned to the fibres. In line with the
database provided in Simeone (2018), the average value of the
yielding strength fymwas set equal to 480MPa. Fig. 11 shows theM-
q curves for the sections of the columns and beams. For columns,
the curves were determined considering bending about either the
strong or weak axis of the cross-section and for eight prefixed
values of the axial force. Instead, for the beams, they were evalu-
ated only about the strong axis for each cross-section.
5. Results of the FEM analyses

5.1. Results in free-field conditions

The LSR of the soil in free-field conditions was evaluated ac-
cording to Models 1 and 2 along the free-field alignment (Fig. 9).
Fig. 12a shows the acceleration time histories at the soil surface for



Fig. 10. FEM model of the fixed-base frame (Models 3 and 4).
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Model 1 (rigid bedrock) and Model 2 (deformable bedrock)
compared with that recorded at the SVN station. Fig. 12b shows the
variation of the peak horizontal acceleration (PHA) with the soil
depth (z). The PHAez profiles obtained along the free-field align-
ment were also compared with the PHAez profile obtained from
one-dimensional (1D) site response analysis using the well-known
1D STRATA code (Kottke and Rathje, 2008). The comparison be-
tween 1D and 2D analyses is satisfying.

The rigid bedrock condition led to significant amplification of
the seismic motion, with a peak value equal to 1.32g at the soil
surface, corresponding to an amplification ratio Ra ¼ PHAsurface/
PHAbedrock equal to 2.43. On the other hand, the deformable bedrock
condition led to a reduced increase of the motion amplitude equal
to 0.86g (Fig. 12a and b) at the soil surface, corresponding to
Ra¼ 2.22. Fig.12b also displays the PHA expected at the bedrock and
the soil surface according to the NTC (2018). In the present case, Ra
had the same meaning as the stratigraphic amplification factor (Ss)
reported in the NTC (2018), according to which the Ra expected at
the soil surface (Ss¼ 1.16, see Fig. 5) is significantly lower than those
obtained from the 2D analyses in other studies (Ferraro et al., 2015,
2018) for the same area. The different site seismicity, between that
in the NTC (2018) and that recorded, underlines the need to identify
the zones that are more exposed to seismic shaking (Azzaro et al.,
2008; 2013), while the filtering role played by the soil between
the bedrock and the above-ground structures must be a key aspect
when evaluating their seismic response.

Fig. 13 shows the pseudo-acceleration response spectra (Se(T))
referred to the soil surface in free-field conditions for a structure
damping ratio equal to 5%. ForModels 1 and 2, themaximumvalues
of Se were equal to 5.91g and 2.81g, respectively, and both reached
at T ¼ 0.22 s. As previously noted, in terms of the expected accel-
eration on the surface, the numerical results of Model 2 were more
consistent with physical reality as the dynamic bedrock properties
were considered. A pseudo-acceleration of 5.91g was out of scale.
For both models, the elastic response spectra obtained from 1D and
2D modelling were also significantly higher than that given by the
NTC (2018). It can be noted that the behaviour of the soil
determined a significant increase in the pseudo-accelerations
compared to the one recorded at the SVN station. No consider-
able translation of the frequencies at which the peaks themselves
occurred was observed.

Fig. 14 demonstrates the amplification functions obtained
considering the real soil stratigraphy (see 2D ADINA free-field
analysis or 1D STRATA analysis) and a soil stratigraphy charac-
terised by Vs,av, i.e. by a homogeneous soil (see 1D STRATA analysis,
Vs,av).

The fundamental frequencies and the damping ratio of the soil
were evaluated, employing the half-power bandwidth method for
the latter. The first fundamental frequency of the soil was about
5 Hz, while the soil ratio damping was 8.5%. Considering Vs,av, i.e. a
homogeneous soil, the amplification function obtained shows a
first fundamental frequency equal to 3.48 Hz and a damping ratio
equal to 8.5%. On the basis of these results, soil heterogeneity
determined an increase in the amplitude of the amplification
function and the first natural frequency, which is not taken into
account by the NTC (2018) and Eurocode 8 Part 1 (EN 1998-1, 2004)
that refer only to homogeneous soil, thus their proposed soil
amplification factors are still questionable (Pitilakis et al., 2012,
2019; Andreotti et al., 2018; Tropeano et al., 2018; Aimar et al.,
2020; Paolucci et al., 2021). As these analyses highlight, a careful
geotechnical characterization of soil is a key aspect for evaluating
the real seismic input at the soil surface. Local site response (LSR)
analyses and detailed DSSI fully-coupled analyses should be always
encouraged.

5.2. Results for the fixed-base frame

In this section, the results of the fixed-base frame (Models 3 and
4) are presented, highlighting the effect produced by its inelastic
behaviour. These results will then be compared in Section 5.3, with
those obtained for the soil-frame system to investigate DSSI effects.

Fig. 15a shows the PHA profiles along the fixed-base frame. The
values are the same for each of its columns. At the top of the frame,
the elastic and inelastic models provided a peak acceleration of



Table 3
Main concrete parameters for the investigated building.

Type Ec (MPa) fcm (MPa) εc0 εcu fctm (MPa)

Unconfined concrete 22,360 20 2 � 10�3 3.5 � 10�3 1.57
Confined concrete 30 cm � 40 cm 23,380 21.9 2.93 � 10�3 8 � 10�3 1.57
Confined concrete 30 cm � 50 cm 23,027 21.2 2.61 � 10�3 7.1 � 10�3 1.57
Confined concrete beam 24,651 24.3 4.15 � 10�3 1 � 10�2 1.57
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3.01g and 0.94g, respectively. This result confirms the importance
of considering a nonlinear behaviour of the structure to obtain a
more realistic estimate of its seismic behaviour. Indeed, an accel-
eration of 3.01g is incompatible with the real damage to the frame.

It is possible to evaluate the natural frequencies and the
damping ratio of the frame compared to those in themodal analysis
(Table 2), according to which, the first natural frequency and
damping ratio are 1.37 Hz and 5%, respectively. In the amplification
function shown in Fig. 15b (FAS at the top/FAS at the foundation), the
first natural frequency is 1.33 Hz and the damping ratio is 20%. The
latter produced a decrease in the amplitude of the seismic motion
recorded on the frame itself (Fig.15a) due to the nonlinear response
of the structure. In all cases, there were no resonance effects, the
first predominant frequency of the input applied at the foundation
being equal to 4.44 Hz (T ¼ 0.22 s, see Fig. 13).

Due to a lack of available structural data for old buildings, it is
often necessary to execute a simulated design to reproduce the real
behaviour of the structure. Uncertainty about the parameters used
affects the characteristics assigned to the plastic hinges and,
therefore, the numerical results. Thus, in situ tests should be per-
formed to limit uncertainties. Despite these additional costs, unless
Fig. 11. Moment-curvature (Meq) curves: (a)e(d) for the major and minor axes of 30 cm � 5
fragile behaviour of members is expected to cause premature fail-
ure, a model that considers inelastic behaviour is recommended to
obtain results that are closer to physical reality.
5.3. Results for the fully-coupled soil-frame system

In this section, the results obtained for Model 2 (deformable
bedrock and an inelastic frame behaviour) are examined and
compared with those obtained for Model 4.

Fig. 16 shows the PHA along the free-field alignment, the four
alignments passing through the frame columns (Model 2) and the
PHA expected at the soil surface according to the NTC (2018). The
PHAez profiles along the structure are quite different from those for
the fixed base frame shown in Fig. 15a (Model 4). This result de-
pends on the behaviour of the soil and foundation, which can
modify the seismic input transmitted to the frame (Massimino
et al., 2019b; Chaudhuri et al., 2020; Mercado et al., 2021). For
the 4th DSSI alignment, the PHA is 0.99g at the soil-surface level
and 0.85g at the foundation. Hence, the seismic motion was not
fully transmitted from the soil to the foundation and this result
0 cm and 30 cm � 40 cm column sections, and (e) for the 30 cm � 60 cm beam section.



Fig. 12. Response of the soil in terms of acceleration: (a) Acceleration time histories obtained at the soil surface along the free-field alignment reported in Fig. 9, for Model 1 (rigid
bedrock) and Model 2 (deformable bedrock) and E-W acceleration time history recorded at SVN station; and (b) Maximum accelerations along the vertical depth (z) of the soil
deposit. The green circles report the acceleration expected at the bedrock and at the soil surface according to the in-force NTC (2018).

Fig. 13. Pseudo-acceleration response spectra in free-field conditions compared to the elastic response spectrum by the Italian Building Code (NTC, 2018) now in force: (a) for Model
1 (rigid bedrock) and (b) for Model 2 (deformable bedrock).

Fig. 14. Amplification function for 2D ADINA free-field analysis (magenta line) and 1D
STRATA analysis for the case of heterogeneous (cyan line) and homogeneous soil
(green line). f is the frequency.
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suggests that there was foundationesoil sliding. For the remaining
alignments, the values of PHA at the soil surface and foundation are
the same, approximately equal to 0.85g. In this case, the peak ac-
celeration on the foundation is lower than that observed in free-
field. This is a typical result for structures of this type which rest
on medium stiffness soil (Karatzetzou and Pitilakis, 2017). The
amplification ratios (Ra) are equal to 2.44, 2.11, 2.16 and 2.18 for the
4th, 3rd, 2nd and 1st alignments, respectively, compared to
Ra ¼ 2.22 for the free-field alignment.

Fig. 17 shows the time histories of y- and z-displacements (u,
w) and soil-foundation relative horizontal (Du) and vertical dis-
placements (Dw) for points 4, 3, 2 and 1 in Model 2. The hori-
zontal and vertical displacements for each column were
evaluated at the foundation node and the soil node just below it.
Evidence of foundationesoil sliding was observed only at point 4,
as indicated by the slightly different y-displacement time



Fig. 15. Seismic response of the structure for Models 3 and 4: (a) Maximum acceleration along the fixed-base frame for the elastic frame (Model 3) and inelastic frame (Model 4),
and (b) Amplification function for the inelastic frame (Model 4). FAS represents the Fourier amplitude spectrum and hc represents the height of the reinforced concrete column.
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histories. The vertical displacement time histories of the foun-
dation node and the corresponding soil node were quite
different. In particular, the foundation node at point 4 has
uplifted by about 1 cm from the soil surface, as can be seen from
the soil-foundation relative vertical displacement Dw. This
caused a reduction of the stress at the corresponding column, as
will be commented on later.

In Fig. 18a, it is possible to analyse the effects of DSSI on the
frame observing the pseudo-acceleration response spectra for the
horizontal component. The response spectrum was evaluated for
the foundation and top nodes of the 4th column, comparing the
results for Models 2 (soil-frame system) and 4 (fixed-base frame). It
is useful to remember that the seismic motion applied to the
foundation of Model 4 was the horizontal acceleration time history
estimated in free-field conditions in Model 2 (see Sections 4.1 and
4.2). For the frame foundation, DSSI does not induce an increase in
Fig. 16. Maximum acceleration profiles along the soil in free-field condition (FF alignment)
Model 2. The green circle represents the expected acceleration according to the in-force N
the spectral acceleration peak or a significant translation of the
predominant period. At the same time, a slight decrease in the
spectral acceleration peak was recorded at the frame top as
compared to the fixed-base frame, suggesting that in this case the
sliding and lifting effects of the foundation were modest.

Fig. 18b shows the amplification function of the soil, the whole
soil-frame system, and the frame over the soil. It can be noted that
the first frequency of the frame over the soil and soil-frame system
are the same (f z 1.11 Hz). The latter frequency is lower than the
first fundamental frequency of the same fixed-base frame, equal to
1.37 Hz (T ¼ 0.73 s), obtained from the modal analysis. Depending
on the characteristics of both the soil-frame system and the seismic
motion, the fundamental soil frequencies decrease. The maximum
spectral acceleration of the E-W response spectrum for the SVN
station took place for a period of 0.225 s, which is far from the
fundamental period of the soileframe system, thus no resonance
and under each column’s frame (DSSI alignments) and along each column’s frame for
TC (2018).



Fig. 17. Time histories of y-displacement (u), z-displacement (w), soil-foundation relative horizontal displacements (Du), and soil-foundation relative vertical displacements (Dw)
for points 4, 3, 2 and 1 (Model 2).
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phenomena occurred. Employing the half-power bandwidth
method, the frame placed on the soil showed a damping ratio lower
than the fixed-base frame (13% versus 20%).
5.4. Comparison between the FEM results and the actual damage to
the frame

Finally, the numerical results obtained for Models 2, 4 and 5
are compared with the actual damage to the frame in terms of
the dimensionless ratio Vmax/VRd, being Vmax the maximum shear
force and VRd the resistant shear force for the four frame col-
umns, evaluated for each floor and the staircase beams (Fig. 19).

VRd was calculated as the minimum between the shear force
which can be sustained by the yielding shear reinforcement and the
shear force which can be supported by the member, limited by
crushing the compression struts. The average resistance of concrete
(fcm) and steel (fym) are divided by the relevant partial safety factors
required by Eurocode 8 Part 3 (EN 1998-3, 2004). No tests on the
effective resistance of materials were available. Due to the uncer-
tainty of the resistance parameters, the occurrence of shear failure
was established when Vmax/VRd � 0.9.



Fig. 18. Seismic response of the soil and the structure: (a) Pseudo-acceleration
response spectra for inelastic fixed-base frame and the entire soil-frame system
(data for column 4), and (b) Acceleration transfer function.
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Fig. 19 indicates the occurrence of shear failure (Vmax/VRd � 0.9)
only for the 3rd column, being the one damaged by the seismic
event. Model 2 provides values near Vmax/VRd � 0.9 in the 3rd
column close to the 2nd and 3rd stair beams and Model 4 shows
Vmax/VRd � 0.9. The Vmax/VRd versus h furnished by Model 2 agrees
with the most significant damage that occurred in the columns
between the 2nd stair beam and the 2nd floor during the
Fig. 19. Dimensionless ratio Vmax/
earthquake. Both models furnish large shear forces in the columns
close to the 2nd and 3rd stair beams; but in Model 4, the damage to
the 2nd floor is not markedly highlighted.

Except for columns 4 and 3, for which sliding and uplifting soil-
foundation phenomena were observed in Model 4, for columns 2
and 1, the results ofModels 2 and 4 are similar. Nevertheless, overall
Model 2 showed results more consistent with the real damage.

Model 5 shows much smaller values of Vmax/VRd than those
corresponding to the shear failure for all the columns. A compari-
son between Models 4 and 5 clearly shows that the soil contribu-
tion is not captured by the stratigraphic amplification coefficient
reported in the NTC (2018). The conventional analysis in line with
the NTC (2018) (Model 5) would not have shown any damage. The
results confirm that earthquake damage is not necessarily a
"physical" process for such buildings and can be captured only by
considering the local soil amplification phenomena.
6. Conclusions

This paper presents a set of numerical analyses on a fully-
coupled soil-structure system for a reinforced concrete building,
located in Fleri (Catania, Italy) in the eastern area of Mt. Etna. The
building, designed for gravity loads only, was severely damaged
during the 26 December 2018 earthquake. Italy has a wealth of
structures designed without seismic criteria, thus it is a priority to
investigate the seismic behaviour of these buildings and highlight
the fundamental role of the soil. The aim of this paper was to
examine the seismic performance of the building and the effects of
the soil behaviour on the structure response, including the effects
of the bedrock deformability and the inelastic structure behaviour.
The FEM analyses performed allow us to underline the following
aspects:

(1) The importance of seismic hazard, especially for built-up
areas. During the 26 December 2018 earthquake, the PHA
recorded on soil type A by the stations (SVN and EVRN)
VRd along the frame columns.
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nearest to the building investigated was 0.56g and 0.3g,
respectively. These records confirm the high level of hazard
in the eastern part of Mt. Etna, characterised by earthquakes
of low recurrence time, high epicentral intensity, and
shallow hypocentral depths (Patanè et al., 2004; Azzaro
et al., 2011, 2014; Alparone et al., 2015). This highlights
the important role of hazard maps to indicate the zones that
are more exposed to seismic shaking, in order to establish
retrofit actions for urban areas. Nevertheless, the current
seismic zoning (NTC, 2018) does not fully acknowledge the
real hazard level of this area. For the same soil condition, the
NTC (2018) furnishes a design ground acceleration of
0.225g.

(2) It is necessary to consider the real stratigraphy of the soil
and its geotechnical properties. The amplification and de-
amplification of the seismic motion due to soil filtering
phenomena, together with the site seismicity, are key as-
pects when evaluating the seismic response of structures.
In this case study, the amplification ratio expected at the
soil surface according to the NTC (2018) (SS ¼ 1.16) was
significantly lower than those obtained from the 2D ana-
lyses (Ra ¼ 2.43 for rigid bedrock and 2.22 for deformable
bedrock). According to other studies (Ferraro et al., 2015,
2018) for the same area, the stratigraphic amplification
coefficients reported in the NTC (2018) were not
completely appropriate, suggesting the need for a possible
review. LSR analysis should be more greatly encouraged,
also in routine design.

(3) The importance of reliable numerical modelling. The nu-
merical modelling of the soil cannot ignore the dynamic
properties of the bedrock. The modelling of the structure
cannot be performed in the elastic range, especially for se-
vere seismic events. Results that consider both the bedrock
deformability and the inelastic behaviour of the structure are
closer to the experimental reality in terms of pseudo-
acceleration response spectra and maximum acceleration
along each floor. Accurate data of the soil conditions and
parameters, as well as reliable and well accepted M-q curves
for structural elements can also be obtained with a reason-
able degree of computation and economic outlay. Nowadays,
FEM analyses of fully-coupled soil-structure systems must
also be encouraged for all buildings thanks to the tremen-
dous development of calculation power. In this case, the DSSI
analyses allowed us to evaluate modest uplifting and sliding
between the foundation and the soil. The peak acceleration
on the foundation deserves particular attention as it could be
different to that in free-field conditions. For the type of
structure and medium stiffness soil profiles under analysis,
the peak acceleration at foundation level was higher than
that observed in free-field.

(4) The comparison between the results of the FEM analyses and
the real damage observed confirm that the damage after an
earthquake is not necessarily a "physical" process for
vulnerable buildings. Even though the building under
investigation in these analyses is a non-seismically designed
structure, it was demonstrated that the damage observed
could be captured only by a careful analysis of the local soil
amplification phenomena. The building under investigation,
subjected to the SVN seismic motion on 26 December 2018
scaled to the value of agS according to the NTC (2018), would
not have suffered damage.

(5) The present paper furnishes an interesting approach for
studying fully-coupled soil-structure systems, for the retro-
fitting of existing structures and the design of new ones, with
a reasonable amount of computation, comparing the results
of the FEM analyses of the building with the real damage
observed, including soil filtering phenomena and inelastic
structure behaviour.
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List of symbols

a Acceleration
Ac Actual cross-sectional area of concrete of the column
Ac,req Minimum required cross-sectional area of the column
ag Design ground acceleration on soil type A
As Longitudinal rebar area
bj Base of the reinforced concrete joint
c Cohesion
D Damping ratio
D*
s Modified soil damping ratio

Ds0 Soil damping ratio at small strain
Ec Concrete elastic modulus
E*s Modified soil elastic modulus
Es0 Soil elastic modulus at small strain
f Frequency
F0 Spectral amplification coefficient
f1 First natural frequency
f2 Second natural frequency
fck Characteristic value of concrete cylinder compressive

strength
fcm Mean value of concrete cylinder compressive strength
fctm Mean value of concrete tensile strength
fmax Maximum significant frequency of the dynamic input
fym Mean value of steel yield stress
g Acceleration of gravity
gk Characteristic values of the permanent loads
G*
s Modified soil shear modulus

Gs0 Soil shear modulus at small strain
H Total thickness of the soil mesh
h Soil layer thickness
hc Height of the reinforced concrete column
hj Height of the reinforced concrete joint
hmax Maximum length of the mesh elements
I0 Seismic intensity according to EMS
M Bending moment
Ml Local magnitude
Ms Surface-wave magnitude
Mw Moment magnitude
N Design axial force of the column
n Homogenisation coefficient for steel rebars
Ø Diameter of the steel bars
qk Characteristic values of the variable loads
Ra Amplification ratio
S Soil factor
Se Spectral acceleration
SS Stratigraphic amplification factor
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ST Topographic amplification factor
T Period
t Time
u Horizontal displacement
V Vertical component of the seismic motion
Vmax Maximum value of the shear force
VRd Resistant shear force
Vs Shear wave velocity
V*
s Modified shear wave velocity

Vs,eq Weighted average value of the shear wave velocity up to
the bedrock

Vs,av Weighted average value of the modified shear wave
velocities for the whole soil

w Vertical displacement
z Vertical depth
a First Rayleigh damping factor
b Second Rayleigh damping factor
40 Friction angle
gs Soil unit weight
d Friction angle between the foundation and the soil
Du Soil-foundation relative horizontal displacement
Dw Soil-foundation relative vertical displacement
εc0 Concrete strain at maximum strength
εcu Concrete strain at crushing strength
q Curvature
ns Soil Poisson’s ratio
rl Ratio of the longitudinal rebar area As to Ac,req

rs Soil density
sc Concrete allowable stress
ss Steel allowable stress
40 Friction angle
u1 First natural angular frequency
u2 Second natural angular frequency
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