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Abstract

Existing heritage buildings can be especially vulnerable to earthquakes. They were
designed only considering gravity loads and some of them are located in earthquake prone
areas, such as the southwestern Iberian Peninsula. Besides, there is a high uncertainty in
the definition of their constructive parameters and complex geometry. Due to that, it is
paramount to develop accurate numerical models to obtain a reliable assessment of their
seismic behaviour. Given this, the main objective of this manuscript is to analyse the
seismic behaviour of the Giralda tower, located in Seville (Spain). It was declared as a
Word Heritage Site of Outstanding Universal Value by the UNESCO in 1987. Seville has
a moderate seismic hazard, but it has been shown that the soft alluvial strata amplify the
seismic action. The tower has a brick and stone masonry structure, which was constructed
in several construction phases. A 3D Finite Element Model of the tower has been devel-
oped using OpenSees software, employing a 3D CAD model. Modal analyses and nonlin-
ear static analyses have been applied to calibrate and to assess the tower’s seismic behav-
iour. The results showed significant differences in function of the load pattern. It should be
remarked that the boundary conditions have a notable effect upon getting a good calibra-
tion of the model. Regarding the damage, it has been found to match the historic records:
the ramps would be ruined and, in the outer wall, it would be concentrated near the open-
ings, especially close to the belfry.

Keywords Seismic performance - Cultural heritage - Brick masonry buildings - 3D finite
element model - Geometry model - Tower

Abbreviations

Parameter

p Density

E Young’s modulus

v Poisson ratio

o Compressive elastic limit
Jep Peak compressive strength
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Sor : Residual compressive strength

f; Tensile strength

G, Tensile fracture energy

G, Compressive fracture energy

len Characteristic length of the element

Type of analyses

NLSA Nonlinear static analysis

FE Finite element

FEM  Finite element model

NDT  Non-destructive test

OMA  Operational modal analysis

EFDD  Enhanced frequency domain decomposition
SSI Stochastic subspace identification

1 Introduction

Europe has a vast Cultural Heritage, which produces a significant economic and cul-
tural activity. Built heritage located in urban centres are in this set of valuable cultural
assets. Therefore, preserving its cultural heritage is a current and challenging issue for the
European Union (EU). In that sense, all the countries are committed to preserving and to
improving their cultural heritage through policies and programmes. The structural security
assessment of heritage buildings is a paramount task. This is especially relevant in seismic
areas such as the Iberian Peninsula (Amaro-Mellado et al. 2017a).

Seville is located in the southwestern Iberian Peninsula. It has a moderate seismic
activity, but it is located on soft alluvial strata that are known to increase the effects of
earthquakes (Amaro-Mellado et al. 2017b; Requena-Garcia-Cruz et al. 2022). The city is
affected by large earthquakes (Mw > 7) of long-return periods, which makes the population
unacquainted with them (Fazendeiro S4 et al. 2016). The seismic hazard of the region is
due to the contact between the Eurasian and African tectonic plates (Amaro-Mellado et al.
2017a) and it has been affected by several historic earthquakes, such as the 1755 Lisbon
(Mw =8.5) and the 1969 earthquake (Mw =38) (Sa et al. 2018).

The city has a great cultural heritage, which affects its historic and social identity. In
this context, the Giralda tower is the most representative building of the city. Originally, it
was built as a minaret for the Islamic major mosque in 1198 (Jiménez Martin 1998). The
tower has undergone different construction phases and significant modifications over time.
It was declared as a Word Heritage Site by the UNESCO in 1987, with the maximum level
of protection: Outstanding Universal Value. In relation to its seismic risk, it is known that
it was affected by several historic earthquakes in the past. For example, it was recorded that
the 1755 Lisbon earthquake (Gentil 1989) seriously damaged the tower.

The structural assessment of architectural heritage buildings is a complex task that
requires a multidisciplinary approach. Knowledge about the evolution of the building in
its history is essential: geotechnical properties, phases of construction, rehabilitation inter-
ventions, materials and the geometry of the structure. Whit this in mind, the seismic vul-
nerability has been studied in a vast number of research works due to the uncertainties
in the performance and in the complexity of this type of buildings (Degli Abbati et al.
2019). Seismic assessment plays an important role in the preservation and in the safety
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of architectural heritage, allowing the development and implementation of appropriate ret-
rofitting strategies. These buildings were not constructed considering seismic actions and
they are very vulnerable to lateral loads. In this respect, ancient towers are very remarkable
case studies because they have some geometrical features that increment the seismic vul-
nerability (Sarhosis et al. 2018; Valente and Milani 2018). Furthermore, past earthquake
damage assessments have shown that ancient buildings are very vulnerable during a seis-
mic event (D’Ayala and Paganoni 2011; Parisi and Augenti 2013; Cattari et al. 2014; Saisi
and Gentile 2015).

The main difficulty in the structural assessment of ancient buildings is to obtain the
mechanical properties of the materials, especially in masonry buildings, due to their het-
erogeneous properties and the numerous parameters (Krzan et al. 2015; Cattari et al. 2021).
Because of the uncertainties in the mechanical parameters of ancient masonry buildings,
an in situ survey campaign is required to calibrate the numerical model (Ponte et al. 2021).
These surveys campaigns are composed of a Non-Destructive Test (NDT) given the high
level of protection of the ancient buildings. In this regard, the NDT have been discussed
and illustrated in the literature (McCann and Forde 2001; Boschi et al. 2019). The ambient
vibration test is the main experimental method used to evaluate the dynamic behaviour of
the structures and to calibrate the numerical models (Gentile and Saisi 2007; de Silva et al.
2018; Nohutcu 2019). Moreover, several research works analyse the different mechanical
properties of masonry walls with the aim of their being able to be used as reference values.
In (Boschi et al. 2019) the results of 105 in situ tests performed in a great number of brick
masonry typologies were shown. In (KrZan et al. 2015), a range of mechanical properties
reference parameters was provided for a great variety of stone and brick masonry, based on
experimental tests and data from the literature.

The numerical modelling of historic monuments, generally characterised by large
dimensions and complex and irregular geometric features, is a difficult task. In this vein,
the nonlinear Finite Element Method (FEM) is one of the most advanced strategies to sim-
ulate masonry structural behaviour (Requena-Garcia-Cruz et al. 2023). Considering this,
different modelling approaches and analysis methods are considered for the seismic assess-
ment depending on the characteristics of the structure and the level of accuracy of the anal-
ysis and the results: micro-modelling, macro-modelling and homogenisation (Paloma et al.
2010; D’Altri et al. 2020; Cattari et al. 2021). In that sense, the correct definition of the
modelling strategy is essential. Macro-modelling is more commonly used for the global
behaviour of a full-scale structure. Moreover, this is applied in the case of solid thick walls
so that the stress across or along the macro length will be fundamentally uniform (Pineda
2016). In this regard, the masonry is modelled as an isotropic or anisotropic homogene-
ous continuum (Degli Abbati et al. 2019). One of the most complex tasks in this type of
modelling is to define the material’s anisotropic inelastic behaviour (Petracca et al. 2017b).
Employing a solid 3D Finite Element (FE), which represents the mechanical behaviour of
the masonry in a continuous form, enables the maintenance of cost-effective computational
efficiency (Tiberti et al. 2016). In this context, there are a great number of research works
in which different types of modelling are applied (Milani et al. 2012; Malcata et al. 2020;
Milani and Clementi 2021).

The seismic vulnerability of ancient buildings is generally performed considering non-
linear analyses: static pushover and/or incremental dynamic, e.g., (Lagomarsino and Cattari
2015a). Furthermore, the different failure mechanisms can be assessed applying the kin-
ematic limit analysis approach (Milani 2019). Static and dynamic analyses have been widely
used in research and engineering works. Furthermore, the different seismic codes propose
both as valid test methods for the analysis of existing buildings (European Union 2005a;
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Ministerio delle Infrastrutture e dei Trasporti 2018). The implementation of the NLSA in
3D numerical models is a proper, and commonly used, method to correctly predict the global
damage in the numerical model and active failure mechanisms (Milani and Clementi 2021).
There are some research works that compare the application and the results obtained for both
methods in ancient buildings (Milani et al. 2012; Lagomarsino and Cattari 2015b; Milani and
Valente 2015). The NLSA results represent the envelope of all possible structural responses
and it is possible to apply in case of global behaviour analysis, taking into account the inher-
ent limitations (Milani et al. 2012). The NLDA are more accurate methods to simulate the
structural behaviour of ancient masonry buildings (Ferrante et al. 2021). It should be noted
that dynamic excitation activates a higher vibration mode, which could be associated with
damage in the weak upper levels of the tower, especially in towers with large hollows at the
top (Valente and Milani 2018). However, the NLDA needs a high computational effort and
calculation time, compared to the NLSA. Taking into account all issues and addressing the
main objective of this work, the NLSA has been used to validate the upgrade FE model.

The seismic behaviour of masonry towers is an important issue due to the large number
of structures of this typology in the built heritage around the word. In this respect, many
works employ the FEM for the analysis of masonry towers, such as (Valente and Milani
2016), where eight masonry towers were analysed, using a detailed 3D FEM. This work
showed a good agreement between the results of the nonlinear pushover and the dynamic
analyses. However, the results of the pushover analysis are more conservative. In (Torelli
et al. 2020), the seismic assessment methods proposed by the Italian codes for the assess-
ment of the seismic vulnerability in cultural heritage buildings were analysed in a masonry
tower. In (Shehu 2021), the limitations and the possibilities of the pushover analysis with
the FEM, using three masonry towers as a case study, were discussed. In (Peiia et al. 2010),
three different numerical FEMs of old masonry towers were carried out with several com-
plexity levels, to compare the results.

The different reference seismic codes provide a relevant framework for structural analy-
sis. In this context, the European reference standard for assessing earthquake resistance
structures is the Eurocode-8 Part 3 (European Union 2005b). In the same way, the Euroc-
ode-6 (European Union 2005¢) and the Italian code NTC-2018 (Ministerio delle Infrastrut-
ture e dei Trasporti 2018) provide valuable data about masonry material, which are impor-
tant to consider in the numerical definition. What is more, the Spanish seismic standards
have also been considered in this work (Spanish Ministry of Public Works [Ministerio de
Fomento de Espafia] 1998, 2002; Gobierno de Espaifia 2009).

The main aim of this manuscript is to numerically model the Giralda tower by applying
a 3D FEM for its seismic assessment. For this purpose, the OpenSees open-source software
(McKenna et al. 2000) and the STKO software (Petracca et al. 2017a) have been used.
The 3D FEM has been developed applying macro-modelling elements (D’Altri et al. 2020)
due to the complexity and to the size of the tower. A specific method has been applied to
resolve the uncertainties which are present in the modelling of complex heritage build-
ings. Besides, a sensitivity analysis has been performed to define the mesh size, mechani-
cal properties, and the pushover load pattern. The modal and the nonlinear static analy-
ses (NLSA) have been carried out to obtain the seismic behaviour of the tower. This type
of study is an important opportunity to offer useful information and knowledge related to
complex heritage buildings. Despite the conservation projects carried out on the building,
this is the first advanced numerical modelling work for its seismic behaviour assessment.
Although the tower has a great cultural value and it is exposed to seismic hazards, this
study has not yet been completed, but important highlights about the numerical model-
ling have already been provided, that can be useful for future research works and for the
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conservation projects done in the monument. Furthermore, it is worth highlighting that,
according to the authors’ knowledge, this is the first time that the OpenSees framework,
with macro-mechanical modelling has been used for the seismic assessment of a complex
masonry heritage building. This study has: (1) implemented advanced numerical meth-
ods to study the structural characteristics of the tower for the first time; (2) developed an
updated FE model for future assessments on the ancient building; (3) made it possible to
depict, for the first time, the damage pattern of the building.

The paper has been structured as follows. The methodology followed has been described
in Sect. 2. In Sect. 3 the historic data, the geometry and the structural characteristics of the
tower are presented. Then, Sect. 4 includes an analysis of the uncertainties and the in-situ
test campaign. The numerical modelling of the building has been presented in Sect. 5. In
Sect. 6, the modal and the nonlinear static analyses are performed. Later, the results and
the discussion are set out. Finally, the conclusions are drawn (Sect. 7).

2 Methodology

In this section, the methodology followed to develop the research is presented. The flow-
chart is shown in Fig. 1.

Firstly, the building information has been gathered. In this connection, a historic anal-
ysis of the tower and its surroundings has been developed. During this phase, different
research documents and projects (Jiménez Martin 1998)(Barrios Padura et al. 2012)(Jimé-
nez Martin and Cabeza Méndez 1988) have been consulted and evaluated. This phase is
important to understand the historic evolution of the building, detecting the different con-
struction phases and interventions carried out.

Secondly, the geometrical information available of the tower (Jiménez Martin and
Cabeza Méndez 1988; Almagro and Zuiiga 2007) has been compared with several in situ
surveys, in order to build an accurate geometry model of the building. For this purpose, a
visual inspection, a laser measurement and a digital image analysis, have been performed.
Also, an ambient vibration test campaign has been done to obtain the dynamic characteri-
sation of the building. Furthermore, an accurate analysis of the different uncertainties has
been developed. In this step, different variables have been identified to be applied in the
sensitivity analysis and in the calibration of the numerical model.

Historical Field CAD Modal Nonlinear
Analysis Surveys model Analysis static analysis
Research works Visual inspection Rhinoceros software Main vibration shapes Load patterns
Documentary studies Laser measurement Simplified geometry i Frequencies & Periods (Uniform; Pseudo-
Rehabilitation projects Sclerometer Split of the solid i OMA vs numerical triangular)
Archaeological project Ambient vibration test Structural elements Capacity curves
Previous laboratory test: ¢ t t i Damage patterns
’ X
+ Uncertainties 3D FEM FE model
Analysis calibration
Graphic info. Geometry STKO software and B
Materials Opensees software Sensitivity v
Blueprints Structural elements Damage TC3D analysis Results analysis
Historical photographs Boundary conditions Tetrahedron mesh

Fig. 1 Schematic diagram of the method
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Then, a simplified 3D CAD model has been worked out to make the numerical model
for the structural assessment. Rhinoceros software v7 (McNeer 2021) has been used for
this. Then, the 3D CAD model has been exported to the STKO Software (Petracca et al.
2017a) to obtain the base geometry of the building. In this software, the definition of the
3D FEM model has been performed. The solid mesh, the boundary conditions and the
properties of the materials have been defined in it. Lastly, the OpenSees open-source soft-
ware (McKenna et al. 2000) has been used for the calculations.

Afterwards, a modal analysis has been carried out. This has been employed to compare
and to analyse the main dynamic characteristics of the tower with other similar research
works and in situ surveys. In fact, the results of the in situ ambient vibration tests have been
used to check that the definition of the FEM model is adequate and to calibrate it. Then,
nonlinear static analyses have been done in both directions, to obtain the capacity curves
of the building, applying different load patterns. In addition, a sensitivity analysis concern-
ing the mesh size and mechanical properties of the numerical model has been conducted.
Finally, the different capacity curves and the damage patterns have been analysed and com-
pared to identify the global seismic behaviour of the tower.

3 The case study of Giralda tower
3.1 Historic data

The Giralda tower is the most emblematic building of Seville. Furthermore, it is one of the
most visited monuments in Spain. It is an excellent example of the different cultures and
periods during which the city has lived throughout its history. Originally, it was built as a
minaret for the Islamic major mosque from 1184 to 1198. It is important to highlight that
it was the tallest minaret built during the Islamic period, even considering other prominent
ones such as the Marrakech and Rabat mosques (Jiménez Martin 1993).

The construction of the Major Mosque of Seville was started in 1172 by Almad ibn
Basu. Seville was the capital of Al-Andalus during the Almohad period (1147-1248). The
Major Mosque was inaugurated in 1182 by the caliph Abt Ya’qub. This caliph enclosed
the building and built its minaret. The foundation of the minaret was built in 1184. Then,
the construction of the alminar started in 1188 after four years of non-construction. The
alminar was concluded with four golden spheres (Yamur) on its top in 1198 by the caliph
Abu Ya’qub Yasuf (Jiménez Martin 2007) (Fig. 2).

The Christian Cathedral was built on the site of the former Islamic Mosque. It was
designed in Gothic and Renaissance styles, and it is the largest Gothic building in Europe.
The minaret and the yard of the ancient Islamic building are the only parts that are pre-
served today. The tower has undergone different construction phases and relevant modifica-
tions. The most important was the Renaissance style construction of the Bell tower in by
Hernan Ruiz in 1568 (Jiménez Martin 1998). The building thus acquired a similar appear-
ance to its current one (Fig. 1b). The tower was affected by several historic earthquakes,
such as the 1356 earthquake, when the four Islamic golden spheres fell and the Lisbon
earthquake in 1755 (Mw =8,9), when it was severely damaged (Gentil 1989).

In the UNESCO declaration, it was highlighted that the Giralda tower is a masterpiece
of architecture, which is an important example of cultural syncretism (https://whc.unesco.
org/en/list/383). Moreover, it influenced the construction of many towers in Spain and
around the world.
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Fig.2 Evolution of the tower. a Three stages of the Giralda (made by Chichot) and b a current image

3.2 Geometrical and structural features

The tower was designed with two parallel brick ceramic masonry walls. The floor has a
square form of 13.60x13.60 m and it is 94.69 m in height. Compared to other masonry
towers, the masonry wall increases its thickness at the upper levels. The outer wall is
around 2.00 m thick in the lower levels, and around 2.30 m thick in the upper levels. The
inner body has a square floor of around 6.15 m side, and its wall thickness changes depend-
ing on the tower’s height, ranging from 1.30 m on the lower levels to around 1.50 m on the
upper levels. In the core of the tower, several brick masonry vaults define seven different
rooms (Fig. 3). It is important to highlight that the walls are entirely made of solid ceramic
brick, as it has no filling or other materials inside. This was tested in 1985 when several
boreholes were done in different areas of the walls (Pérez 1985).

The connection between both walls is made through the ascent ramps. These are como-
sed of several brick masonry vaults and compact limestone concrete, with incremen-
tal thickness in order to build the slope. The thickness of the ramps ranges from 1.10 to
1.40 m.

Finally, the foundation of the tower is formed by four courses of calcarenite blocks,
which make a total thickness of around 2.50 m. This rests on a foundation slab with a
greater thickness in its centre (around 3.00 m in the centre and 1.00 m in the perimeter
(Romero Sanchez et al. 2022).

@ Springer



4676 Bulletin of Earthquake Engineering (2023) 21:4669-4701

l
a3 =l a

1227 1.351.48 340 1.481.35 2.27 |

Belfry
Hemin
Ruiz

Outer
masonry wall

165,208,

Ascent ramps

Inner
masonry wall

6.14
13.60

Room

Cathedral

,2.08 165,

1208165, 614 41.65,2.08 |

1360 Islamic

Minaret
Cane

S |

133,165, 2.08

¥

)
2
K|

Outer |

Inner
masonry wall

Outer
masonry wall

masonry wall
Ascent ramps

Rooms
masonry wall
Ascent ramps

a)

=2
-

Fig.3 Schematic configuration of the Giralda tower. a Floor and b section of the different structural ele-
ments and the inner rooms

4 Analysis of the uncertainties

The analysis of a building of cultural heritage has several uncertainties due to numerous
issues: its complex geometry, the boundary conditions, the localisation of the materials
and the characterisation of their mechanical parameters. In this work, these uncertain-
ties have been faced by applying several methods and tools that are described hereafter.

4.1 Complex geometry

Firstly, this issue has been developed by an accurate historical analysis of the literature
(Jiménez Martin and Cabeza Méndez 1988), the images and the blueprints (Almagro
and Zudiga 2007). Then, the information gathered was completed and compared with
several in situ measurements (a laser measurement, images analyses and a visual inspec-
tion of the building). A precise geometry model of the building has been elaborated
with this information.

Then, the geometry has been simplified to compute a 3D CAD model (Fig. 7). This
model has been developed considering several issues for the exportation of the FEM.
For this purpose, the Rhinoceros software (McNeer 2021) has been used. In this regard,
it should be observed that the Giralda’s outer wall is formed by the structural wall and
a non-structural wall in the openings to carry out the decorations (Fig. 4). Only the
hollows in the structural wall have been considered in this analysis. The definition of
the different openings has been done after field surveys and an analysis of the hollow
configuration.

@ Springer



Bulletin of Earthquake Engineering (2023) 21:4669-4701 4677

- Structural wall

- Non-structural walls

b)

Fig.4 Openings configuration: a Outer wall profile b 3D view. Photographs opening configuration taken by
the authors

Generally, the towers have some main typological features, such as slenderness, inclina-
tion, and presence of openings and belfry. These geometrical properties could affect in its
structural behaviour. The influence of some geometrical properties on the seismic response
of the towers is quantitatively investigated in (Valente and Milani 2018). These geometrical
features have been considered in the analysis of the modal and the NLSA results.

4.2 Different materials and location.
Ancient buildings were built using several types of materials with irregular locations. In

this context, an accurate analysis of the historic documentation and the literature is impor-
tant. In this phase, the different construction stages and the materials employed have been
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identified and analysed. Besides, the past characterisation project executed in the building
(Pérez 1985) has been consulted to identify the type of materials, their physical properties,
the composition of the structural elements and their characteristics. Finally, the information
collected has been analysed and compared with a visual inspection of the building and the
image analysis.

Hence, four samples were extracted in different locations: three in the brick masonry
walls and one in the fourth ramp (vertical sample). The retrieved samples had a diameter
of 10 cm and a length of 1.20 m. These samples helped to identify the composition of the
walls and the ramps. Also, several laboratory tests were carried out with the aim of iden-
tifying the materials. In this vein, the composition of the ceramic brick masonry and the
lime mortar was analysed (Pérez 1985).

The raw material of the ceramic bricks is composed of mica, quartz, feldspar and cal-
cium carbonate. This is the composition of the alluvial clays of this area. There are two
types of ceramic brick, each with a different concentration of illite and carbonates. Differ-
ent tonalities (reddish and light) have been identified because of the concentration of the
chemical elements and the baking temperature of the brick. A small amount of gypsum has
been identified in both. Lime mortar is composed of lime (53%) and sand (47%). It should
pointed out noted that the lime is 80.8% pure.

4.3 Constructive details of the structural elements.

It is important to simplify some aspects to build an accurate numerical model with a cost-
effective computational efficiency. In this regard, the first step was to identify the different
structural elements for their modelling to reproduce their adequate structural behaviour. In
this sense, it is important to organise an NDT campaign (McCann and Forde 2001) to iden-
tify the composition of the structural elements. For this purpose, thermography and geo-
radar can collect some valuable information about wall composition (Ponte et al. 2021).
In that case, an accurate analysis of the literature (Esbert et al. 1988.; Jiménez Martin and
Cabeza Méndez 1988; Tabales Rodriguez 1998; Barrios Padura et al. 2012) and the previ-
ous characterisation project (Pérez 1985) has been done. Furthermore, this information has
been compared and completed with a visual inspection of a building and a digital image
analysis.

In this context, the samples analysed in the past project (1985) (Pérez 1985) provided a
fundamental information about the composition of the brick masonry walls and ramps. It
should be remarked that the masonry walls are made up of a single leaf of solid clay brick
and lime mortar. Their composition has been shown in Sect. 4.2. The dimension of the clay
bricks is 32X 15x5.5 cm. It is important to note that the thickness of the bricks varies from
3 to 6 cm. The dimension of the mortar joints ranges between 2.5 and 4 cm. This dimen-
sion is higher in the core of the wall, with the aim of regularising it.

It should be mentioned that the wall was built entirely of brick masonry. It presents a
homogeneous composition in the visual inspection, due to which its structural behaviour
is considered uniform. Furthermore, the wall has a great rigidity due to its high thickness
(2.00-2.30 m outer wall and 1.30-1.50 m inner wall). Therefore, the presence of out-of-
plane failures is very difficult.

The base of the ramps is a brick masonry vault, on which the slope formation was built
(Fig. 5). The upper layer of the ramps is made up of clay bricks and lime mortar with a
thickness of 10 cm. Below, there is a layer of compact limestone concrete with a thickness
of 12 cm. This concrete is composed of gravel, slice clay bricks, rubble, clay, etc., all of
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Fig.5 Constructive details of the ramps

them conglomerated with lime. The next layer is a less compact limestone concrete. This
concrete is made up of ceramic elements, pipe clay and organic material, all of them mixed
with lime. The thickness of this layer is 15-17 cm. The next layer is composed of silty sand
with lots of organic material. This last layer has different thickness with the aim of creating
the slope of the ramps. Finally, the vault was created with brick masonry.

4.4 Mechanical parameters of the materials

The definition of accurate and reliable mechanical properties of the masonry material is
a challenging task. In the case of ancient structures, this becomes even more complicated
because destructive and semi-destructive in situ testing is limited or often prohibited. In
that sense, the characterisation of the mechanical properties of the materials has been car-
ried out based on reference values proposed in codes, in other similar research works and
in the results of previous tests done in the building.

In this work, the reference parameters for the mechanical properties have been obtained
from different sources. First, the values of a previous characterisation project, performed in
1985 in the tower (Pérez 1985), have been collected. In this project, several brick masonry
samples were analysed by applying compressive laboratory tests. These values have been
used as a reference to compare with other research works and codes (Table 1). Further-
more, masonry units (ceramic brick and lime mortar) were independently identified and
analysed. In addition, the compressive strength has also been determined by means of the
equations provided in the Eurocode 6 (European Union 2005¢), f., = K-f,*"-f,*3. Where f,,
is the characteristic compressive strength, K is a constant depending on the type of unit and
mortar, f;, and f,, are the compressive strength of the masonry unit and the mortar, respec-
tively. The tensile strength (f,) has been obtained in function of the compressive strength f,,
(f,=6%f,,), where f,, is the peak compressive strength. In Table 1, the reference prelimi-
nary mechanical properties of the materials used, based on other research works and codes,
are shown. These are mechanical properties of the masonry, which have been defined first
in the numerical model.

4.5 Dynamics of the building

Due to the uncertainties in the mechanical parameters of ancient masonry buildings, it
is necessary to carry out an in situ survey campaign to calibrate the numerical model.
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An ambient vibration test is one of the main experimental methods used to evaluate the
dynamic behaviour of large-scale structures (Ponte et al. 2021). The extraction of modal
parameters (natural frequencies and modal shapes) from the experimental data was done
by applying an Operational Modal Analysis (OMA). The ambient vibration test is pre-
ferred for analysing historic buildings because it is non-destructive. In carrying this out,
the vibration of the structure is caused by the environmental excitations without the
necessity of equipment to force the vibration. This type of test has been widely used
to assess the dynamic behaviour of ancient buildings (Gentile and Saisi 2007; Nohutcu
2019; Malcata et al. 2020).

The free ambient vibration has been carried out on the rooftop, in the belfry and
in the 6™ floor interior room. The accelerometers were located at the corners of these
levels in order to obtain the main vibration modes of the tower. The reference acceler-
ometer was located on the rooftop to correlate the set-ups (Fig. 6 a blue mark). A force-
balance triaxial accelerometers GMSplus measuring system from GeoSIG Inc. has been
employed for this test (Fig. 6). The sensor has a high sensitivity and can reach low-noise
individual 24-bit A — X ADC per channel.

S

-"tlll!llﬂ!ll/”///

Fig.6 Location of the triaxial accelerometers for the ambient vibration test: a rooftop, b belfry and ¢ 6th
floor room. The sensor fixed has been depicted in blue and the different measurement set-ups in red
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4.6 Adjacent buildings iteractions

The interactions with adjacent buildings are an important issue in the seismic behav-
iour of ancient buildings (Degli Abbati et al. 2019). Normally, these types of buildings
have undergone several construction phases, and so have the buildings around them.
Originally, the tower was built as an isolated building. It was built on the north side of
the old Islamic Mosque. There was a structural joint between both buildings. However,
this condition changed with the construction of the Gothic Cathedral. In this respect,
two walls of the Cathedral are in contact with the west and south facades of the tower
(Fig. 7a). This iteration would affect the tower’s dynamic behaviour.

This issue has been analysed in this work in order to check the change in the dynamic
behaviour of the tower. With that in mind, some equivalent portions of its adjacent walls
have been introduced into the model (Fig. 7b and c), like (Castellazzi et al. 2018). It
should be observed that for modelling the boundary conditions that there is a struc-
tural joint between the Tower and the Cathedral (Fig. 7). The only structural elements
in contact are the two walls modelled. These walls have been modelled with the same
thickness and hight. However, they have been developed with an equivalent length
(Fig. 7a). This fact allows reproducing the boundary condition, keeping a low computa-
tion effort and a simple model. Nevertheless, the stiffness of these adjacent walls has
been calibrated, applying an iterative process. In this regard, the elastic modulus (E)
of this masonry material has been changed in order to fit the result of frequencies (Hz)
between numerical model and in-situ measurements (Sect. 6.1). The results are analysed
and compared with the isolated tower condition.
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Fig. 7 Numerical model of the tower with its boundary conditions
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5 The numerical model of the building

In this section, the steps followed to perform the numerical model of the Giralda tower are
described in detail.

5.1 Geometrical CAD model in Rhinoceros

The 3D CAD model of the building geometry has been developed according to the avail-
able information and in situ measurement surveys (Fig. 8). This model has been done with
the Rhinoceros v7 software (McNeer 2021), which is a NURB-based 3D modelling tool.

Several items have been considered to develop an in-detail geometry model. As a first
step, an accurate geometrical analysis of the tower has been performed, considering the
historic and available information about the tower. Furthermore, the historic drawings pub-
lished in (Jiménez Martin and Cabeza Méndez 1988) and the architectural atlas of Seville
Cathedral (Almagro and Zaiiiga 2007) have been used. Then, in situ measurements and
image analysis have been performed to complete and to adjust the geometry survey. In this
regard, several items were considered: the wall thickness, the openings dimension, the dif-
ferent parts of the tower described above, the areas of different materials, the location of
the ramps, etc.

The complex geometry of the tower was simplified to prepare the geometrical model.
The 3D layout (Fig. 8) has been defined as follows: (1) the inner body, considering its
levels and its openings; (2) the ramps, which have been modelled as horizontal planes, that

QRARAAMA

a) b) c) d) atb+c+d)

Fig.8 Layout of the 3D geometry model: a inner body, b ramps, ¢ outer wall, d belfry and upper level
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reach the belfry; (3) the outer wall, considering its openings and its thickness (increases in
height); (4) the belfry and the upper body level have been modelled considering the differ-
ent structural elements and the different materials. In this connection, the brick masonry
vaults have been modelled as horizontal elements with equivalent thickness. This simplifi-
cation is accepted in the study (Castellazzi et al. 2018). In the literature, some simplifica-
tion of the complex geometrical features is commonly accepted with the aim of obtaining
efficient FE models without excessive complexity (Milani et al. 2012; Valente and Milani
2018).

With the aim of improving the exportation and the definition of the FEM in the pre-
processor and the analysis of the results in the post-processor of the STKO software, the
model has been divided into different parts. First, it has been divided into four symmetric
parts in plan to easily access the central nodes of the different floors. Second, it has been
divided according to the different levels of the inner rooms (Fig. 8).

5.2 Finite Element Model (FEM) generation

The definition of the 3D FEM (Fig. 9) has been done using the pre- and post-processor
STKO for OpenSees. The simplification of the geometry has been performed to limit the
computational effort and the meshing problems. In past research works, it is adopted and
accepted to do some model simplifications to carry out a global behaviour assessment of
a structure (Lagomarsino and Cattari 2015a; D’Altri et al. 2020). The X and Y axes of
the numerical model correspond to the west—east and to the south-north cardinal direc-
tions, respectively. The 3D FE meshes have been generated from the CAD-based geometry
model developed in Sect. 3.2.1. The 3D FEM has been modelled as a macro-modelling
approach with solid elements, due to the complexity and to the size of the tower. These

a) b) ©) d)

Fig.9. 3D FEM model: a inner body and ramps; b west and south fagade; ¢ east and north facade; d belfry
and upper level
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elements are generally the most suitable for modelling historic masonry structures that are
characterised by massive elements.

The macro-modelling approach has been meshed as a non-structured tetra mesh, apply-
ing four-node tetrahedron solid elements (Fig. 9). The mesh has been developed to repro-
duce the global behaviour of the tower. A mesh-sensitivity analysis was analysed, by mod-
elling the tower with the same solid models but different structured mesh sizes (Fig. 10).
The structural element size and the number of tetrahedron solid elements in the thickness
of the outer wall have been considered to define these mesh sizes. The coarse mesh size has
been defined to deal with at least three tetrahedron elements in the outer wall thickness, as
in (Castellazzi et al. 2018).

The materials have been defined in the numerical model by applying the specific mate-
rial implemented in the OpenSees software (Sect. 3.2.3). As mentioned above, four differ-
ent materials have been considered: the unreinforced ceramic brick masonry wall, the stone
masonry located at the base of the tower, the stone masonry of the belfry and the upper
body, and another for the ramp’s elements.

5.3 Material model

The definition of the non-linear material model for the masonry is an important and com-
plex issue in the seismic analysis of ancient masonry buildings. The masonry is a com-
posite heterogeneous material with an anisotropic behaviour, which depends on several
features, such as, texture, typology of units, regularity, presence of multi-layer walls, etc.
Despite that, in the macro-modelling approach, the material is defined applying advanced
homogeneous and damage models to reduce the computational time of the analyses. Fur-
thermore, the use of this type of material models, adjusting the parameter for the masonry
behaviour is commonly accepted in the literature (Valente and Milani 2016). In the latter
approach the mechanical behaviour of the masonry has two main features: its low tensile
strength and its compression behaviour.

To that effect, the nonlinear mechanical behaviour of the masonry has been defined
using the 3D Tension—Compression damage model (Petracca et al. 2017¢, b), which is
implemented in the STKO and the OpenSees software. This constitutive model, based on

L.

Mesh 80 Mesh 70 Mesh 60 Mesh 50 Mesh 40 Mesh 30

198,026 elements 240,112 elements 337,120 elements 446,335 elements 678,141 elements 1,365,186 elements
33,964 nodes 41,325 nodes 57,773 nodes 77,320 nodes 118,945 nodes 236,664 nodes

Fig. 10 Different mesh sizes applied in the sensitivity analysis (number of elements and nodes)
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continuum damage mechanics, is used to simulate the behaviour of quasi-brittle materials,
such as masonry, in the nonlinear analyses. It reproduces the nonlinear behaviour of the
masonry material under shear and controls the dilatancy. This material model develops two
independent failure criteria for the tensile and for the compressive parts, assuming different
damage parameters. Besides, it has independent values of the ultimate stress and strain. In
this context, this material reproduces two damage parameter indexes d* and d™: one for the
positive part of the strain tensor (tension) and the other for the negative part (compression)
(Eq. 1). Each of these affects the positive (") and the negative (¢ ) component of the
effective stress tensor (o). The results of these damage indexes are plotted in the range of O
(intact material) to 1 (completely damaged material).

o= (1-d")o" +(1+d)5 (1)

The failure criteria of this material model have been described in (Petracca et al. 2017b).
In this regard, equivalent stresses T+ and t- have been defined to identify the reciprocating
loads conditions. The failure criteria, in compressive and in tensile conditions, are calcu-
lated in Eqgs. 2 and 3, respectively. These are based on the plastic-damage concrete model
defined by (Lubliner et al. 1989).

T= H(_Emin) [1 i a <ai1 + 3‘72 + K1ﬂ<gmax> + J/<_Emax)>] (2)
tt = H(—0 ) [1 ia <ai1 +1/37,+ ﬁ<Emax>>]{T;:| (3)

The variables a and f are obtained from:

k-1
T 2, -1 “)

£
ﬂ=7”(1—a>—(1+a) (5)

t

where:

I, is the first invariant of the effective stress tensor.

J, is the second invariant of the effective deviatoric tensor.

O max 18 the maximum effective principal stress.

K, changes the size of the compression surface to control the shear behaviour of the
material. This ranges from O (Drucker-Prager’s criterion) to 1 (Lubliner’s criterion).

K, is the ratio of the bi-axial strength to the uniaxial strength in compression.

v > 0 define the strength increases, in case of the stress state of the triaxial compres-

sion.

In Fig. 11a, the surfaces of the tensile and the compressive damage have been plotted
in the 2D plane-stress scenario. It should be pointed out that the compression and the
tensile surfaces are defined for any stress state, so, they must be deactivated under cer-
tain conditions. The compressive surface can be only developed when at least one of the
main stresses is negative. The tensile surface can only evolve if at least one of the main
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Fig. 11 Tensile and compressive 10
damage surfaces in 2D, adapted it
from (Petracca et al. 2017b) 7
5 e
0
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_‘[+
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sk (ki = 1.00)
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stresses is positive. These conditions are implemented in the definition of each surface
with the Heaviside function H (x) (Eqgs. 2 and 3) (Petracca et al. 2017b).

Furthermore, the tensile and the compressive surfaces might be active when the prin-
cipal stresses have different signs. In that case, the positive and the negative stresses
are affected by the tensile damage and the compressive damage, respectively. In this
damage model, an anisotropic scaling of the effective (elastic) stress tensor is applied to
obtain the damage stress tensor, as demonstrated in a previous work (Pela et al. 2011).

In the case of pure shear distortion, the d +/d- damage model’s damage stress ¢ has
a different evolution law, in the case of compressive and tensile stress. The increase in
compression damage is smaller than that of the tensile damage. Furthermore, the tensile
and the compressive damage indexes do not have the same value due to the existence of
two different failure surfaces.

This material model has implemented a formulation that includes the possibility of
calibrating the dilatancy behaviour under shear stress. In this regard, the size of the
compressive surface in the tension/compression quadrants (Fig. 11a) is controlled by the
parameter k/ (Eq. 2). Therefore, this parameter implicitly controls the dilatancy of the

4 L
c c
Jop 2 3
fi Jeo
1 Gce/ly,
4
G/l
Jer
€ e Ecp € "
a) b)

Fig. 12 Tensile a and compressive b uniaxial laws suggested by (Petracca et al. 2017b)
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model, considering that the larger compressive surface (compared to that of the tension
surface), the higher the dilatancy.

Figure 12 shows the stress—strain diagrams for this material model in uniaxial tension (a)
and compression (b). This constitutive law is like other damage-plasticity material imple-
mented in other research works about ancient towers (Valente and Milani 2018; Milani and
Clementi 2021). On the one hand, the tension uniaxial law is characterised by the exponen-
tial softening curve shown in Fig. 12a. This constitutive law shows a linear elastic until the
ultimate tensile strength (f?) is reached. Then, a softening phase is developed. On the other
hand, the compressive uniaxial law is defined by a hardening/softening law (Fig. 12b). This
curve is composed of several parts: (1) a linear elastic part, (2) a hardening part until the
peak strength (f,,) point is attained, (3) parabolic softening, (4) softening transitions to the
residual strength (f,,) and (5) a final constant residual stress part. Parts 2, 3 and 4 are quad-
ratic Bezier curves, each having three control points. These control nodes define the shape
of the curve and its tangents at the end position (Petracca et al. 2017c).

It is important to highlight that the compressive fracture energy (G,) is not the total area
under the uniaxial compressive curve. Hence, Gc is only the part after the peak-strength,
that needs to be regularised (Petracca et al. 2017b). In this work the following equations
have been used to obtain the real fracture energy values of the material (G,=0.073:f,,"0.18;
GC=((fq/f,)’\2) - G,)) from (Comité Euro-International du Béton 1990), where Gt is the
tensile fracture energy, f,,, is the compressive strength and f; is the tensile strength. Further-
more, the different consideration about that in (Lourenco 2013) has been applied.

The total energy dissipation is proportional to the FE size (Petracca et al. 2016). There-
fore, the energy dissipated by the elements is dependent on their size. In this vein, the
energy dissipated is higher when the size of the mesh element is larger. However, this
material model has implemented the fracture energy-based regularisation to consider the
characteristic length of the FEM. In that sense, it is important to define the regularisation
of the material in order to make the numerical model be mesh size independent. In this
model, the regularisation of the fracture energy is calculated by dividing the input real frac-
ture energy by the characteristic length of the element (1) (Petracca et al. 2017c). There-
fore, the stress—strain curves of the material are adapted based on the mesh size of the
FEM. With this, the global response of the material will be independent of the mesh size.

6 Results and discussions
6.1 Modal analysis

First, a modal analysis has been performed to obtain the main vibration modal shapes and
the periods to analyse them. In this respect, three fundamental global modal shapes have
been identified in the numerical analysis. Modes 1 and 2 are translational in the X and the
Y direction, respectively. The third vibration mode is rotational (Fig. 13 and 14). The 3D
FEM of the tower has been calibrated using the results of the in situ survey. With this aim
in mind, the values of the periods and frequencies of the numerical FEM have been com-
pared with the ambient vibration test, described in Sect. 4.4.

The calibration of the FEM model has been carried out by applying an OMA test. For
this purpose, the Artemis Modal Pro software (Structural Vibration Solutions A/S 2019)
has been used. The experimental dynamic parameters of the tower have been extracted
employing the Enhanced Frequency Domain Decomposition (EFDD) and the Stochastic
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Fig. 13 Frequencies of the first three vibration modes. Experimentally OMA (ARTeMis) and numerically
FEM (OpenSees). B (Boundary) and I (Isolated)

Mode 1 Mode 2 Mode 3
Translational X Translational Y Rotational

ARTeMis
Modal

L

Frequency [Hz]

OpenSees + STKO e
Isolate -

Frequency [Hz] 0.66 0.67 2.48
Difference [%)]

OpenSees + STKO
Boundary

Frequency [Hz] 0.66 0.68 2.28
Difference [%] 0.0 -2.9 11.9

Fig. 14 Main vibration modes of the tower. Experimental OMA analysis (up); numerical analysis (down)
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Subspace Identification (SSI) technique. The vibration modes are determined by selecting
peaks in the response spectral density functions for the set of performed tests. The differ-
ent modal shapes obtained in the OMA test have been compared with the numerical ones
in order to calibrate the 3D FEM (see Figs. 13 and 14). Three global modal shapes have
been identified in both analyses: two bending modes and a torsional mode. With a view to
calibrating the numerical model, the three vibration modes have been compared (Figs. 13
and 14).

An iterative process has been applied to calibrate the numerical model. For this,
Young’s modulus (E) and the density (p) of the different masonry materials have been
modified iteratively to match the results with the in situ measurement. The main objective
is to minimise the difference in the natural frequencies (or the periods) (Fig. 13). Further-
more, several variations of the Elastic modulus have been considered in the calibration pro-
cess, based on the results of the previous characterisation project (Pérez 1985): (1) apply-
ing to the brick masonry an average value of f,, and (2) considering several f,, in the brick
masonry according to the localisation in the tower (bottom, medium and top).

The E values have been obtained based on the Sep for each masonry material (Table 2).
The masonry stiffness changes significantly in line with its compressive strength, as
shown by the values proposed by several codes (European Union 2005¢; Ministerio delle
Infrastrutture e dei Trasporti 2018) and the literature (Kaushik et al. 2007; Paulay and
Priestley 1992; Mohamad et al. 2007; Costigan et al. 2015). As Eurocode-6 (European
Union 2005¢) described, the elastic module (E) is linearly related to the masonry compres-
sive strength (f,,) (E=k:,,). With that in mind, codes and literature works have applied this
equation with different K values. Several equations to calculate the E, in terms of fcp, have
been tested in the calibration (Table 3). Thus, a set of different models is defined, taking
into account several modifications in the parameters explained above. The value of E has
been varied from 700 to 1000pr and Poisson’s ratio has been set constant (¢v=0.2). What is
more, different configurations in the model have been tested (Fig. 13). Based on the results
reached, it was verified that the numerical model defined with SOOpr, and boundary condi-
tions is the closest to the experimental model. The first modal shape is the same (0.66 Hz).
The second is very similar, with only a 2.9% difference. In addition, the torsional modal
shape (mode 3) is also very similar, with an 11.9% difference.

Figure 14 shows that the calibrated and the experimental frequencies are closely related.
Furthermore, it is important to highlight that the three modal shapes obtained from the cal-
ibrated FEM and the OMA deformed in the same direction (Fig. 14). The first two modal

Table 2 Relations of Young’s modulus in function of £,

References Young’s modulus
E

EC-6 (European Union 2005¢) 1000-fcp

CTE-DB-F (Ministerio de Fomento 2019) 1000-fcp

NTC-2018 (Ministerio delle Infrastrutture e dei Trasporti 2018) 1000-fcp

FEMA 356 (American Society of Civil Engineers (ASCE) 2000) 550-fcp

(KrZan et al. 2015) 82-231-fcp

(Kaushik et al. 2007) 250-1100-fcp

(Paulay and Priestley 1992) 750-fcp
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Table 3 Mechanical properties used in the 3D FEM model

Attribute Brick masonry Stone Masonry Stone Lime con- Units
- masonry crete ramp
Bottom Middle Upper base
Mass
p 1800 1800 1800 2200 2500 2500 kg/m®
Elasticity
E 2.90 2.27 1.81 2.50 2.50 3.00 GPa
v 0.2 0.2 0.2 0.25 0.25 0.2
Tension
fi 218 170.4 134 143.8 130.2 312 KN/m?
Compression
feo 2441 1988 1582 1677 1519 2600 kN/m?
Sop 3630 2840 2260 2396 2170 5200 kN/m?
for 363 284 226 239 217 520 kN/m?

shapes have very similar periods due to the square-shaped plan of the tower. Furthermore,
the third vibration mode is torsional with a period smaller than the first two. These results
are similar to those obtained under several masonry towers in (Valente and Milani 2018).
The updated FEM of the tower has been modelled with the boundary conditions and an
elasticity modulus, obtained from E= 800~fcp, in the masonry brick.

After the calibration of the FE model had been done, the final mechanical properties
used in the updated FE model for each material have been listed in Table 3.

6.2 Nonlinear static analysis

The seismic assessment of the tower has been evaluated applying NLSA (Nonlinear Static
Analysis). This method has been widely used for the seismic analysis of masonry build-
ings (Lagomarsino and Cattari 2015a; Vuoto et al. 2022) and it is proposed in the EC8
(European Union 2005a). It is considered an effective method to analyse the global seis-
mic behaviour of existing buildings (Lagomarsino and Cattari 2015a). It is important to
properly define several parameters for its execution: the location of the control node, the
horizontal load pattern, and the representative displacement in the pushover curve (Lago-
marsino and Cattari 2015a). The NLSA has been carried out in the main direction of the
tower (X and Y) in positive and negative senses, due to its non-symmetric configuration,
which is caused by the ramps and the openings distribution.

In this research, the control node has been set in the centre of the mass in the X and Y
coordinates, and on the top of the building (Z-coordinate). Seismic codes propose locat-
ing the node on the top floor because it is necessary to place it above the level where the
collapse occurs (Lagomarsino and Cattari 2015a). Regarding the horizontal load pattern,
several options have been considered, keeping in mind the recommendations of the seismic
standards (European Union 2005a) and of the literature (Lagomarsino and Cattari 2015a):
proportional to the masses and to the height of the inner levels (pseudo-triangular) and pro-
portional to the masses (uniform).

Firstly, a vertical analysis has been done considering different gravity loads. To that
effect, the material loads and the live loads have been applied. Then, horizontal loads have
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been gradually applied to push the structure up to its collapse. The analysis was performed
until the base shear drops by 20%, which usually represents the collapse state of the struc-
ture (Castellazzi et al. 2018). The model has been calculated with the parallel option in
OpenSees, using multiprocessors. Due to the characteristics of the computer used, the
model has been divided into 24 parts. It has been calculated on a computer with an AMD
Ryzen 9 5900 % 3.70 GHz processor.

Firstly, a mesh-sensitivity analysis has been done. Several mesh sizes have been defined,
as mentioned in Sect. 3.2.2. Figure 15 plots the capacity curves in the X-direction with
different mesh sizes. The numerical models with mesh sizes between 30 and 60 cm have a
stable behaviour. It can be observed that the difference in the results among these is negli-
gible. The 70 and 80 mesh sizes are unstable. Moreover, their capacity has increased pro-
portionally to the mesh size because of its higher dimension. Furthermore, the computation
time increases considerably with the refinement of the mesh size (Fig. 15b). In addition, the
damage distribution has been analysed and compared. As can be seen in Fig. 15, the dam-
age distribution considering the 40 cm mesh (Fig. 16b) is more accurate than the 60 cm
mesh (Fig. 16a). In this regard, the location of the damage in the 60 cm mesh is more irreg-
ular, very dispersed damage appearing near the belfry. Due to that, the 40 cm mesh has
been adopted for this analysis for its balance between accuracy and computational effort.
Furthermore, in the case of the 40 cm mesh, there are, at least, three tetrahedron elements
in the thickness of the inner masonry wall. The average calculation time for the NLSA with
the 40 cm mesh is 1 h and 9 min.

Secondly, different pushover analyses have been carried out in the X and the Y direction
in the positive and negative ranges, applying different load patterns. Also, the tower model
isolated and the model with the boundary conditions have been analysed and compared.
All the capacity curves obtained in the NLSA analysis have been plotted in Fig. 17.

Significant differences have been found between the different load patterns. The
models with a uniform horizontal load have a higher capacity than the pseudo-triangular
models. This is due to the fact that the horizontal load is applied uniformly throughout
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Fig. 15 Sensitivity analysis of mesh size in the numerical model. a Pushover curves, b time required
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Fig. 17 Pushover curves of the model in the X and the Y direction, positive and negative orientation. Trian-

gular (T) (proportional to the mass and the height) and Uniform (U) (proportional to the mass). Isolated (I)
and with boundary conditions (B)

the cane that is more massive than the upper bodies. Furthermore, the resultant of the
triangular load is higher. Generally, the capacity is greater in the X direction than in the
Y direction. This increase is likely caused by the irregular distribution of the hollows
in the outer and the inner walls. In addition, the irregular distribution of the ramps can
also affect it. Despite the difference in the maximum strength between the different load
patterns, it is worth mentioning that in both load patterns, the maximum deformation
capacity is similar (i.e., deformation at the collapse). As can also be observed, the mod-
els with boundary conditions have a higher stiffness in the elastic range in the positive
analysis. Anyway, the capacity is similar in both models (I and B). Nevertheless, in the
case of + X with both load patterns (T and U), the capacity is lower in the case of the
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model] with boundary conditions (B). This may be due to the irregularity in the damage
distributions provided by the boundary conditions. However, the capacity is greater in
the B models than in the I model in the negative range analysis. Thus, the Cathedral
walls provide a higher rigidity in this direction. In these models, the ultimate displace-
ment is higher than in the isolated models.

The different damage patterns obtained from the FEM in the X and Y directions have
been analysed and compared. In this vein, in this manuscript the tensile damage models
have been plotted because they are more severe than those that are compressive (Figs. 18,
19, 20 and 21). These damage patterns have been plotted in the ultimate displacement. It is
possible to identify the areas of damage concentration. Besides, the damages in both FEM
(isolated tower and with boundary conditions) have been compared to identify which is the
most accurate numerical model.

Generally, the greatest damage is concentrated near the belfry because it is weaker than
the cane of the tower. In addition, the damage is located near the openings in the outer
walls as it is its weakest area. The presence of openings is an important issue for local col-
lapse, as demonstrated in (Valente and Milani 2018). The severe and the extensive damage
are concentrated mainly near the openings. In that sense, the main geometrical features of
the bell tower are the large hollows at the top level. This issue causes considerable dam-
age near the openings of the belfry, suggesting that this is the most vulnerable part of the
structure where a local failure could happen. It should be observed that the ramps would be
seriously damaged given that they are weak elements between two rigid bodies. Further-
more, there are greater damages near the belfry in the models with boundary conditions.
These walls are not symmetric (being only located in the south and west facades). There-
fore, they introduce more irregularity into the model. In addition, there is great damage in
the contact between these walls and the tower. As can be seen in Figs. 18, 19, 20 and 21,
the upper body does not show significant damage. However, in the model with boundary
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Fig. 18 Damage pattern. Push+ X direction: a Isolated tower and b tower with boundary condition
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Fig. 19 Damage pattern. Push -X direction: a Isolated tower and b tower with boundary condition
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Fig.20 Damage pattern. Push+Y direction: a Isolated tower and b tower with boundary condition
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Fig.21 Damage pattern. Push -Y direction: a Isolated tower and b tower with boundary condition

conditions Fig. 19b this body presents some damage. The inner wall does not show signifi-
cant damage.

It is important to highlight that these damage patterns are similar to those described
in the testimonies of past earthquakes. In that sense, several testimonies of the 1755
earthquake described that the tower presented the most serious cracks in its upper levels.
Besides, a great number of ramps were in a state of ruin.

7 Conclusions

This manuscript discussed the numerical modelling for the seismic assessment of a com-
plex heritage masonry tower. To do so, the numerical model of the Giralda tower was car-
ried out considering different uncertainties. To this end, a historical analysis and in situ
surveys were developed. The FEM was calibrated using the results of the modal analysis
and the ambient vibration test. Moreover, a sensitivity analysis of the mesh size in the FEM
was done in order to verify the stable behaviour of the numerical model. The numerical
model calibrated was used to perform the NLSA.

These types of studies are an opportunity to provide useful information and knowl-
edge about the seismic security of these complex ancient structures. Yet, this useful data
is important to be applied in future conservation projects and in the scope of scientific
research activity. In this respect, the digital information generated (geometrical and numer-
ical FE model) will be very important for the collection of the data in future works. Addi-
tionally, the numerical FE model calibrated can be used in future analysis of the tower.
Furthermore, this study showed that advanced numerical analysis can provide valuable
information for assessing the damage of existing cultural buildings. This work also aims to
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contribute to numerical modelling and preliminary seismic vulnerability assessment of one
of the most iconic masonry towers in the world.

It is worth highlighting that the analysis of the uncertainties provides outstanding infor-
mation for the analysis of its seismic behaviour. Field surveys carried out in this work were
important for the characterisation and definition of the numerical model. With that in mind,
the ambient vibration test is fundamental for calibrating the numerical model because of
the difficulty of carrying out destructive or semi-destructive in situ surveys. The calibration
of the numerical model is a crucial step to proceed to the seismic assessment of the ancient
building. In addition, it is important to calibrate the mesh size in the FE model due to the
complexity of these ancient buildings. Although the energy regularisation of the material
is defined, it is essential to check its behaviour according to the mesh size. In addition, the
tetrahedral element is better adapted to this type of irregular structures. Furthermore, the
results of this study underlined that the best mesh size must be analysed based on stable
capacity behaviour, the damage distribution, and the number of elements in the thickness
of the masonry wall. It seems advisable to adopt four-node tetrahedron solid elements and
a mesh size of 40 cm for this type of structure, and never higher than 60 cm.

It should be noted that, although the nonlinear analysis of complex masonry ancient
buildings usually requires a high computational effort, the OpenSees software has been
able to perform this analysis in an acceptable computational time. This open-source soft-
ware significantly reduces the computation time.

The results achieved in this work emphasise the importance of analysing the boundary
conditions of ancient buildings to obtain an accurate and updated numerical FE model. It is
important to highlight that the boundary conditions have also modified its global dynamic
behaviour, as has been observed in the modal analysis (see Fig. 14). It should be mentioned
that more precise results have been obtained in the calibration process with the modelling
of the equivalent boundary conditions. The frequencies obtained in the modal analysis of
the FE model are very close to the in situ measurements (OMA) (difference 2-11.9%).
Furthermore, the three modal shapes obtained from the calibrated FEM and the OMA have
deformed in the same direction. In addition, the damage patterns of the tower have var-
ied slightly by considering the effects of the perimetral wall of the cathedral. The damage
located near the bell tower level has increased minimally (Figs. 18, 19, 20 and 21). Like-
wise, the cathedral walls introduce some irregularities in the tower, which should be taken
into account in its seismic assessment.

Tensile damage plots have shown that the main geometric features of the bell towers
increase its seismic vulnerability. Openings are a weak area in which damage is concen-
trated. Therefore, the belfry level is the most vulnerable region due to the large hollows
that may cause the local collapse mechanism.

The NLSA was used to validate and analyse the global behaviour of the Giralda tower
due to its feasibility and limited calculation time. However, future studies should aim to
perform a nonlinear dynamic analysis applying real accelerograms to analyse the damage
distribution.

Although the Giralda tower of Seville is the highest and most emblematic Islamic tower,
there are many other Islamic towers around the word, the most relevant being the Mar-
rakech and the Rabat towers (Jiménez Martin 1993). Therefore, the method developed in
this work can be also applied to the analysis of other ancient Islamic towers.
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