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Abstract

Historical masonry towers shaped by successive construction phases present major chal-
lenges for numerical assessment because of uncertainties in geometry, materials, compo-
nent interaction and boundary conditions. This study develops the first detailed three-
dimensional Finite Element Model (FEM) of the Bell Tower of the Mosque-Cathedral of
Cordoba, explicitly addressing its main historical, geometrical, constructive and boundary-
condition uncertainties. A 3D CAD reconstruction integrating the preserved Caliphal
minaret, subsequent Christian transformations and the adjacent Puerta del Perdén was im-
plemented in STKO/OpenSees using continuous macro-modelling and the DamageTC3D
constitutive model. A mesh sensitivity analysis was performed before modal and non-
linear static analyses in both principal horizontal directions. The first two translational
modes yielded frequencies of 1.361 and 1.508 Hz, while the third, mainly rotational mode
reached 4.062 Hz. Pushover analyses produced peak base-shear values of approximately
850-1100 kN, with comparable lateral capacities in both directions but different post-
peak responses. Tensile damage concentrated around openings, the mid-height shaft,
the Caliphal-Christian interface, the belfry, buttresses and the Puerta del Perdon. The re-
sulting model provides a documented, non-calibrated baseline for future experimental
calibration, sensitivity analyses and conservation-oriented structural assessment of complex
multi-phase masonry towers.

Keywords: structural assessment; historical masonry towers; finite element modelling;
modelling uncertainties; Mosque-Cathedral of Cérdoba

1. Introduction

The structural assessment of built heritage is a key task for the conservation of his-
torical monuments, particularly when they are located in regions exposed to seismic
hazard [1,2]. Masonry heritage buildings were generally conceived to resist gravity loads,
without specific seismic design criteria. Their current structural behaviour is often condi-
tioned by different construction phases throughout their history, material heterogeneity,
previous damage, repairs and later architectural transformations [3]. These aspects make
their assessment especially complex, since the available information is usually incomplete
and several parameters governing their response cannot be directly measured or defined
with certainty [4].
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Historical masonry towers constitute one of the most vulnerable typologies within
this context. Their slenderness, high mass concentration, low tensile strength and frequent
presence of large openings or belfry levels make them particularly vulnerable to horizontal
actions [5,6]. In addition, many towers are not homogeneous structures but the result
of successive construction phases that modify their geometry, stiffness distribution and
load-transfer mechanisms [7]. Previous studies on heritage buildings have shown that
the seismic response of these structures is strongly influenced by modelling assumptions,
including geometry definition, material parameters, boundary conditions, mesh discretisa-
tion, horizontal load pattern, etc. [7,8]. Therefore, developing a 3D Finite Element Model
(FEM) is a necessary first step towards a consistent structural assessment.

Alongside numerical modelling, experimental and non-destructive techniques play
an important role in the structural assessment of historical masonry buildings. Geometric
and crack surveys, material characterisation [9], and Operational Modal Analysis (OMA)
based on Ambient Vibration Testing (AVT) [10,11] can provide information on the actual
condition and structural response of existing structures. In particular, OMA allows the
experimental identification of modal properties, including natural frequencies and mode
shapes, which can subsequently support the calibration and validation of numerical mod-
els. Acoustic Emission (AE) monitoring provides complementary information on active
damage processes, enabling the detection and localisation of cracking and the assessment
of damage evolution [12]. Despite the challenges associated with wave propagation and
signal attenuation in heterogeneous masonry, its non-invasive nature and high sensitivity
make AE particularly suitable for historical structures [12-14]. Its application to medieval
masonry towers [13] has demonstrated its potential for monitoring ongoing fracture pro-
cesses. More recently, AE source localisation has been combined with structural analysis,
as in the Turin Cathedral, where experimentally detected damage was compared with the
internal force paths obtained through Thrust Network Analysis [14]. The integration of
these experimental techniques with numerical analyses could support the future calibra-
tion and validation of the proposed FEM. Numerical modelling has become an essential
tool for understanding the structural behaviour of complex masonry heritage buildings.
Among the available strategies, the finite element method allows the irregular geometry
of historical structures to be represented, while enabling the use of nonlinear constitutive
laws for masonry [3,4]. For large and complex monuments, continuous macro-modelling is
commonly adopted as a compromise between computational efficiency and the level of
detail required to assess the global response [15]. Furthermore, this method allows us to
model the different structural elements with their real thickness. In this approach, masonry
is represented as an equivalent continuum, without explicitly modelling individual units,
mortar joints or interfaces. Its nonlinear behaviour is then described through appropriate
constitutive laws [15,16]. This strategy has been successfully applied to different types of
heritage masonry structures, including palaces, churches, and towers [7,8,17,18].

However, the reliability of FEMs of historical masonry structures depends not only
on the selected constitutive model but also on the transparency with which modelling
assumptions are defined. In heritage buildings, uncertainties are intrinsic to the modelling
process. Historical interpretation, inaccessible internal geometry, unknown material prop-
erties and construction phases may all affect the numerical response [4,7]. In addition,
the interaction with adjacent structural components can significantly influence the seismic
behaviour of complex masonry constructions [19]. For this reason, these uncertainties
should be explicitly identified and translated into consistent modelling decisions before
carrying out structural or seismic analyses.
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The Mosque-Cathedral of Cérdoba is one of the most significant monuments in the
Mediterranean cultural context and has been included in the UNESCO World Heritage
List since 1984 [20]. The monument has undergone a long process of construction, transfor-
mation and adaptation, resulting in an architectural and structural system of exceptional
complexity [21]. Previous studies have addressed different aspects of the building, in-
cluding its architectural configuration and archaeological interpretation [22,23], virtual
reconstruction [24], and foundation system [22,25]. More recently, structural and seismic
assessments of specific sectors of the Mosque-Cathedral complex have been developed
by [26,27], following a previous R+D+i project focused on earthquake-resilient cultural
heritage and centred on the Mosque-Cathedral of Cérdoba and the Giralda of Seville [28]. In
this context, its bell tower is the tallest element of the city’s historical centre. Nevertheless,
this building remains a particularly challenging case study because its current configuration
encloses the remains of the 10th-century Caliphal minaret within a later Christian masonry
envelope [29,30]. This work presents the first detailed FEM developed for the structural
assessment of the Bell Tower.

The Bell Tower of the Mosque-Cathedral of Cérdoba is not a single-phase structure,
but a composite vertical system shaped by the interaction between the preserved Islamic
core, the Christian belfry transformation, internal stair systems, wall thickness variations,
openings, local discontinuities and adjacent architectural elements such as the Puerta del
Perdén [29-31]. In addition, the structural configuration was affected by later damage and
repair episodes. In particular, reinforcement works were introduced after the 1755 Lisbon
earthquake (moment magnitude, M,, = 8.5) to address the damage suffered by the tower.
This configuration introduces significant uncertainty in the definition of a representative
three-dimensional numerical model. Although architectural and historical studies have pro-
vided essential information on the evolution and geometry of the tower [29-31], a baseline
FEM explicitly addressing these modelling uncertainties has not yet been developed.

In this context, the aim of this paper is to develop a detailed 3D FEM of the Bell Tower
of the Mosque-Cathedral of Cérdoba. The work focuses on the identification and treatment
of the main modelling uncertainties associated with the historical evolution, geometry,
construction characteristics and boundary conditions of the tower. The modelling strategy
builds upon the methodology previously developed by the authors in [7] for the structural
assessment of historical masonry towers. The present study extends its application to a
different case study characterised by a different geometry, historical evolution and struc-
tural configuration, thereby examining the transferability of the methodology to complex
multi-phase masonry towers. A 3D CAD model is developed based on historical docu-
mentation, previous architectural research, in situ inspection and geometric interpretation.
This CAD model is subsequently used as the basis for developing the 3D FEM in the
STKO/OpenSees framework, adopting a continuous macro-modelling approach with solid
tetrahedral elements. A mesh sensitivity analysis has been carried out to define a suitable
discretisation for the model [7,27].

The main contribution of this work lies in the application of this methodology to a new
and structurally distinct case study, in which the historical and constructive evolution plays
a central role in the definition of the numerical model. Rather than modelling the tower
solely from its present configuration, the main construction phases, from the preserved
10th-century Caliphal minaret to the subsequent Christian transformations, are identified
and incorporated into its geometrical reconstruction. The resulting 3D FEM therefore repre-
sents the present tower as the outcome of successive historical transformations, integrating
the main geometrical and structural features associated with its complex multi-phase con-
figuration. This provides a documented numerical basis for interpreting its structural
response and for subsequent assessment and model refinement. The model enables numer-
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ical assessment of the tower’s modal response, nonlinear capacity and damage patterns.
It can also support future dynamic analyses, calibration and sensitivity studies. More
broadly, it provides a reproducible baseline for conservation-oriented structural assessment
of complex multi-phase masonry towers.

2. Methodology

The methodology followed in this study builds upon previous numerical modelling
approaches developed by the authors for the structural assessment of historical masonry
structures [7,27,32] and is adapted here to the specific historical, geometrical and structural
characteristics of the Bell Tower. The workflow followed in this study is summarised in
Figure 1. It comprises five main stages.
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Figure 1. Workflow of the methodology followed in this study.

First, the available information on the Bell Tower of the Mosque-Cathedral of Cor-
doba was collected and critically reviewed. Historical documents, previous studies and
architectural surveys were used to identify the main construction phases, interventions and
structural characteristics of the tower. Particular attention was given to transformations
that could influence its present structural configuration.

Second, the geometry and structural configuration of the tower were defined. The
available graphical information was complemented with in situ observations. The main
structural elements, openings, changes in wall thickness and relevant geometric and con-
structive discontinuities were identified. Given the limited accessibility of several parts
of the monument, the uncertainties associated with the internal configuration were also
identified and documented at this stage.

Third, this information was used to construct a simplified 3D CAD model and subse-
quently generate the 3D FEM in STKO/OpenSees. The geometry was simplified accord-
ing to its structural relevance. Masonry was represented through a continuous macro-
modelling approach using four-node tetrahedral solid elements and a nonlinear tension-
compression damage model. A fixed-base (FB) condition was assumed.
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Fourth, a mesh sensitivity analysis was performed. Different mesh sizes were com-
pared in terms of numerical response, peak capacity, post-peak response, damage distribu-
tion, convergence behaviour and computational cost. The final mesh was selected based on
these results.

Finally, modal and nonlinear static analyses were performed. Modal analysis was used
to identify the main numerical dynamic properties of the case study and to compare the
numerical modal response with empirical formulations and experimental results reported
for comparable historical masonry towers. These comparisons provide a quantitative
reference for the numerical modal response but do not constitute direct experimental
validation of the FEM. The baseline model has not been experimentally calibrated at
this stage. Nonlinear static analyses were subsequently carried out in the two principal
horizontal directions using different lateral load patterns. Capacity curves, displacements
and damage patterns were then analysed to assess the global structural response predicted
by the FEM.

3. Case Study: Bell Tower of the Mosque-Cathedral of Cérdoba

The Bell Tower of the Mosque-Cathedral of Cérdoba is the highest structure of the
monument and a key landmark within the historical urban landscape of Cérdoba. The
Mosque-Cathedral was inscribed in the UNESCO World Heritage List in 1984, with the
recognition later extended to the surrounding Historical Centre (Figure 2).

[ | Mosque-Cathedral of Cérdoba site.

[T Area of the Historic Centre of Cérdoba
inscribed on the World Heritage List.

Medina city wall.
Axerquia city wall.

Guadalquivir River.

0 0.5 1
Km

Figure 2. Area of Cérdoba (Spain) included in the World Heritage List.

The present tower, located on the northwestern side of the Patio de los Naranjos, reaches
an approximate height of 54 m and encloses the remains of the former Caliphal minaret
built under Abd al-Rahman III in the 10th century.

3.1. Historical Evolution of the Tower

The current Bell Tower originates from the Caliphal minaret erected between 951 and
958 AD under Abd al-Rahman III, as part of the expansion of the Great Mosque. The
original configuration of the minaret has been extensively studied through archaeological,
architectural and documentary investigations. The main reference for understanding its
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geometry is [29], while [21] and [30] have refined its interpretation through updated graphic
and virtual reconstructions (Figure 3).
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Figure 3. Chronological evolution of the ground plan of the Mosque-Cathedral of Cérdoba (based
on [21]).

Following the Christian conquest of Cérdoba in 1236, the Mosque was consecrated as
a cathedral, and the minaret was progressively adapted for use as a bell tower, remaining
largely preserved for several centuries. A major transformation took place at the end of the
16th century, following the severe damage caused by the meteorological events of 1589 [33].
The adopted solution consisted of enclosing the existing minaret within a new masonry
tower. This intervention, attributed to Herndn Ruiz III and completed in 1599, established
the tower’s present configuration. This intervention increased the dimensions and the
height of the tower, incorporating new architectural and structural elements. In that sense,
the tower is a composite vertical structure formed by the interaction of an inner Islamic
core and an outer Christian envelope [31].

The Lisbon earthquake of 1755 (M,, = 8.5) represents another relevant event in the
historical evolution of the tower. Although it did not lead to a complete reconstruction
of the Bell Tower, it forms part of the seismic history of the monument and provides an
important historical reference for understanding the vulnerability of masonry heritage
structures in southern Iberia. Later interventions, from the seventeenth century to the
present, have mainly consisted of repairs and maintenance adaptations associated with
public access [23].

Consequently, the present Bell Tower is the result of successive historical phases,
which remain physically embedded within the current structure. This condition has direct
implications for its structural interpretation and numerical modelling.

3.2. Structural Configuration

The present Bell Tower can be interpreted as a layered masonry structure, characterised
by the coexistence and interaction of elements belonging to different construction periods.
Its global behaviour is governed by the relationship established between the preserved
Caliphal minaret and the Christian masonry envelope that surrounds it.

The inner structural core is formed by the remains of the 10th-century minaret. It has
been analysed and reconstructed by Herndndez Giménez (1975) [29], later refined by Ortiz
Cordero (2018) [30] and Almagro Gorbea (2019) [21]. According to these works, the original
structure consisted of a square-plan masonry tower. Two different ascent stairs ascend as far
as the top level around the central masonry walls. This arrangement generated a compact
and robust structural core, capable of efficiently transferring vertical loads (Figure 4).
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Figure 4. Evolution of the Bell Tower of the Mosque-Cathedral of Cérdoba through south elevations
and floor plans: (a) original Caliphal minaret; (b) Christian Bell Tower, including the Puerta del Perdén,
with the location of the control node; and (c) current view of the tower. Based on [21].

Surrounding this nucleus, the Christian intervention introduced a second structural
system, articulated in three superimposed bodies that enclosed the original minaret. Beyond
its architectural role, this outer envelope participates actively in the global structural
response of the tower by contributing additional stiffness, mass and load-transfer paths.
The tower must be analysed as a combination of both structural systems: the Islamic
minaret and the Christian bell tower.

The vertical distribution of mass and stiffness is not uniform along the height of the
structure. The lower levels are characterised by the coexistence of the preserved minaret
and the external masonry shell, generating a comparatively massive and stiff structural
section. In contrast, the upper bodies contain larger openings, bell chambers and more
articulated architectural configurations, resulting in a progressive reduction in stiffness
with the height.

Openings, internal circulation elements and the interfaces between successive con-
struction phases further contribute to the complexity of the structural system. In addition,
the tower is not fully isolated from the surrounding architectural context. At its base,
the presence of the Puerta del Perdén and the adjacent perimeter galleries extending pre-
dominantly along the east-west direction introduces partial restraint conditions that may
influence the global structural response. In this regard, the Puerta del Perdén has the greatest
influence on the boundary conditions.
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This structural interpretation is essential for the development of the numerical model.
The Bell Tower is understood as a composite masonry system, shaped by the interaction be-
tween the preserved minaret, the Christian envelope, internal discontinuities and adjacent
restraints. This condition defines the basis for identifying the main modelling uncertainties
addressed in the following section.

4. Identification and Treatment of Modelling Uncertainties

The development of a representative Finite Element Model of a historical masonry
tower inevitably involves a degree of uncertainty. Unlike modern constructions, where
geometry, structure, materials and construction details are well-documented, heritage
buildings often present uncertainties derived from successive construction phases, trans-
formations, repairs and adaptations accumulated over centuries. Consequently, several
aspects governing their structural behaviour cannot be directly observed or characterised
with complete certainty.

In the case of the Bell Tower of the Mosque-Cathedral of Cérdoba, these challenges
are further amplified by the coexistence of the preserved Caliphal minaret and the later
Christian masonry envelope. It is a complex multi-phase structure whose current config-
uration reflects more than a millennium of architectural evolution. The main sources of
uncertainty concern the interpretation of historical evidence, the definition of the internal
geometry, the characterisation of materials and construction techniques, the assessment of
the interactions between structural components belonging to different construction periods
and the definition of boundary conditions associated with adjacent architectural elements.

To ensure the transparency and reproducibility of the modelling process, the main
sources of uncertainty considered in this study are identified and discussed in the follow-
ing sections. These uncertainties are subsequently addressed through explicit modelling
assumptions, which constitute the basis of the FEM developed in this work.

4.1. Historical Uncertainty

Historical uncertainty is mainly associated with the long constructive evolution of the
Bell Tower and with the partial transformation of the original Caliphal minaret during later
interventions. Table 1 summarises the main historical milestones relevant to the structural
interpretation of the tower.

Table 1. Main historical milestones relevant to the structural interpretation of the Bell Tower of the
Mosque-Cathedral of Cérdoba.

Historical Milestone Structural Implication Year
Ao ot P minaet Minaret core 951-958
Cathedral transformation Christian conquest - 1236
Construction of Puerta del Perdén Boundary condition Late XIV
Important meteorological damage Structural damage 1589
Christian Bell-Tower transformation Envelope 1593-1599
(Hernan Ruiz II) P

Completion of the crowning with San Rafael (no structural) 1664
Lisbon earthquake Structural damage 1755
Buttresses linking the lower base and middle body Buttressing Post-earthquake
Modern restoration campaign Local reinforcements 1991-2014

The first phase corresponds to the construction of the Caliphal minaret between
951 and 958. This phase provides the main underlying structural core of the tower and
defines the initial geometry from which later transformations developed. A major source
of uncertainty is related to the Christian transformation of the minaret into a bell tower
between 1593 and 1599 by Hernan Ruiz III, following the documented damage event of
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1589 [29,33]. This intervention altered the architectural and structural configuration of
the original Islamic tower. A particularly relevant issue is the demolition of the second
body and part of the upper portion of the first body of the minaret [29]. This introduces
uncertainty regarding the extent to which the original Islamic structure is preserved within
the current tower.

Later events, such as the effects of the 1755 Lisbon earthquake (M,, = 8.5) on the
Bell Tower, are not fully documented from a structural point of view. In this context, the
buttressing elements located in the connection between the current lower body and the
second body were constructed as part of reinforcement measures, after seismic damage
(Figure 5). Consequently, these historical interventions increase the complexity of defining
construction phases, and the distinction between preserved, modified and reconstructed
components.
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Figure 5. Mosque-Cathedral of Cérdoba floor plan and Bell Tower in 1741 (before the 1755 Lisbon
Earthquake). Oil painting preserved in the Archive of the Cathedral of Cérdoba, representing the
floor plan of the building [23].

These historical uncertainties directly affect the definition of the numerical model,
particularly the identification and representation of components belonging to different
construction phases. In the present study, the main structural phases identified from
the available historical evidence are explicitly distinguished in the geometrical model,
namely the preserved Caliphal minaret and its subsequent Christian transformations.
The implementation of these construction phases in the 3D CAD model is described
in Section 5.1. Uncertainties that cannot be resolved from the available historical and
physical evidence are retained as limitations of the baseline model and are considered in
the interpretation of the numerical results.

4.2. Geometrical Uncertainty

Geometrical uncertainty is primarily associated with the structural idealisation
adopted for the tower and with the difficulty of defining some inaccessible internal con-
figurations. The baseline model is not intended to reproduce every architectural detail
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of the monument, but to represent the main structural elements involved in the global
behaviour of the tower. Accordingly, the geometry is analysed and simplified into the main
vertical and horizontal load-bearing components. The decorative features, ornaments and
secondary architectural details are not explicitly modelled.

The global geometry model is supported by historical references, architectural draw-
ings, previous reconstruction studies and in situ visual inspection and measurements.

The Islamic minaret can be described as a compact square-plan masonry structure,
with an external side length of approximately 8.485 m at ground level [29]. Its interior is
organised as a masonry core defined by the perimeter walls, two central masonry piers and
a central longitudinal wall, forming two stair compartments. Each accommodates a stone
stair that rises in the opposite direction to the other and meets it only in the upper part of
the minaret (Section Internal Stairs and Wall thickness Variation).

The height of the Caliphal minaret is less directly verifiable in the present tower, since
its upper bodies were later transformed and partially demolished during the Christian
works. Nonetheless, previous reconstruction studies provide a well-founded dimensional
hypothesis [29,30], estimating a total height of around 47 m: a lower body of approximately
30.8 m, an upper body of about 10.9-11.0 m, and a crowning system formed by a hemi-
spherical bronze dome, approximately 4.2—4.3 m in diameter, and the yamur, approximately
5.3 m high (Figure 4).

The geometry of disappeared elements is difficult to define, particularly above the
approximate elevation of 22.55 m. Available studies indicate that the second body and part
of the upper portion of the first body of the minaret were demolished [29]. Therefore, the
effective preservation of the original minaret above this level cannot be established with
the same degree of certainty as in the lower preserved portions.

The Christian bell-tower transformation enlarged the footprint of the original minaret
and changed the cross-sectional configuration of the tower. Therefore, the present structure
cannot be understood as an isolated Caliphal core or as an independent Christian envelope,
but as a composite masonry system. The main geometrical uncertainty concerns the contact
zones between both phases, especially where interfaces, blocked openings, altered accesses
or possible infill zones are not directly accessible.

These geometrical uncertainties have been considered in the development of the nu-
merical model through the geometrical idealisation and simplification of the main structural
components. The corresponding modelling assumptions and their implementation in the
3D model are described in Section 5.1.

Internal Stairs and Wall Thickness Variation

The internal stair and wall arrangement of the original minaret represents one of the
main sources of geometrical uncertainty, as it controls the distribution of internal voids, wall
continuity and stiffness in the masonry core. According to the available documentation,
the Caliphal minaret originally included two independent stair compartments, arranged
symmetrically in plan and separated by a central longitudinal wall. These stair systems
developed independently through most of the height and converged in the upper part into
a single wider stair zone.

The stair compartments maintained an approximately constant width of 0.93 m, while
the surrounding masonry walls varied in thickness along the height. In the lower portion,
the external walls are reported to have a thickness of approximately 1.05 m, while the
central wall separating the two stair compartments is approximately 0.72 m thick. At
around 3/4 of the height of the internal wall development, this wall thickness arrangement
changes: the external walls increase to approximately 1.25 m, whereas the central dividing
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wall is reduced to approximately 0.32 m. The stair compartments therefore preserve their
width while adapting to the changing thickness of the adjacent masonry walls (Figure 6).
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Figure 6. Schematic configuration of the Bell Tower of the Mosque-Cathedral of Cérdoba: section of
the different structural elements. The black line represents the section of the original minaret [24], the
dark blue line corresponds to Almagro’s elevation drawing [21], and the green line shows the section
extracted from the proposed 3D FEM.

In the final upper portion, the central longitudinal wall disappears and the two
stair compartments merge into a single central stair zone, with an approximate width of
2.18 m. This transition is geometrically and structurally significant because it modifies the
distribution of internal voids and the continuity of the masonry core. However, its exact
local geometry and its connection with later transformations cannot be established with
the same degree of certainty as the main wall volumes.

For this reason, the baseline geometrical model reproduces the internal stair system,
considering its main geometrical and structural implications: the presence of internal
stair voids, the variation in wall thickness, the reduction and disappearance of the central
longitudinal wall in the upper portion. This approach allows the model to represent the
principal structural effects of the internal organisation. However, minor local irregularities
and decorative features associated with the stair coverings are not modelled, as they are
not considered governing elements for the global structural response.
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4.3. Constructive Uncertainty

Constructive uncertainty concerns the materials, construction techniques, state of
conservation and mechanical interaction between the different historical components of
the tower. Unlike geometrical uncertainty, which mainly affects the definition of mod-
elled volumes, internal voids and interfaces, constructive uncertainty concerns how these
components are built, connected and able to transfer loads under static and seismic actions.

At the present stage of the research, a mechanical characterisation of the masonry
of the Bell Tower is not available. Therefore, the mechanical properties adopted in the
numerical model must be derived from different sources: previous research works carried
out on the Mosque [26], the parameters proposed by seismic codes, and other research
works published in the literature.

This uncertainty is particularly relevant because the tower is not a homogeneous con-
struction. The preserved Caliphal core, the later Christian masonry envelope, subsequent
repairs and local modifications may differ in construction technique, masonry texture,
unit arrangement, mortar condition, wall-leaf connection and state of conservation. These
features are directly related to masonry quality, which has been shown to influence the ex-
pected structural response of historical masonry, including the development of monolithic
behaviour, local mechanisms and possible disaggregation [34,35].

Constructive uncertainty therefore concerns not only the selection of material param-
eters but also the way in which the masonry fabric transfers loads between connected
components. This is especially relevant at the interface between the Caliphal core and the
Christian envelope, where contact surfaces, infill masonry, landings, slabs, stair structures
or later local connectors may link both phases at specific levels. As a result, the degree of
collaboration between the inner core and the outer shell remains uncertain.

The internal morphology of the masonry sections also remains partly uncertain, es-
pecially in areas that cannot be directly inspected. This aspect is relevant because the
through-thickness arrangement of masonry units, the presence or absence of transverse
connections, and the degree of interlocking between wall leaves can significantly affect the
monolithic behaviour and out-of-plane response of historical masonry [35]. Consequently,
the possible existence of heterogeneous infill zones, discontinuous connections or locally
modified masonry must be considered as part of the constructive uncertainty of the tower.

A specific constructive feature of the Caliphal minaret is the presence of timber tie
beams embedded within the masonry. Previous studies identify two timber beams located
above the two orders of windows of the middle body, formed by pine beams housed in
channels within the masonry [29,30]. Since only fragments are preserved and the remaining
recesses are visible as approximately square cavities, their current mechanical role cannot
be established with certainty. They may have originally contributed to horizontal tying and
wall continuity, but their present degraded condition may also introduce local discontinu-
ities and reductions in the effective masonry section [31]. For this reason, their influence is
considered as a construction-related uncertainty.

Additional uncertainty is associated with hidden infills, blocked openings, modified
internal sectors and local reinforcement elements introduced during later transformations
or adaptation works. These elements may affect local stiffness, load transfer and stress
redistribution between adjacent masonry components.

The way in which these construction-related uncertainties are translated into mod-
elling decisions is described in Section 5.3.
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4.4. Boundary Condition Uncertainty

Boundary condition uncertainty is associated with the interaction between the Bell
Tower and the surrounding architectural elements of the Mosque-Cathedral complex. Al-
though the tower has a clear vertical structural identity, it cannot be considered a completely
isolated body. At its lower levels, it is connected to the Puerta del Perdon (Figure 7) and is
located within the architectural system of the Patio de los Naranjos.

EEXARERL ALY

Figure 7. Puerta del Perdén: (a) North elevation drawing [21] and (b) current view of the north fagade.

These adjacent structures may influence the structural response of the tower by modi-
fying the effective lateral restraint, local stiffness distribution and deformation pattern. The
complete inclusion of the surrounding Mosque-Cathedral complex is beyond the scope
of the present baseline model. Accordingly, the influence of the rest of the monumental
complex is recognised as a boundary condition uncertainty and must be considered when
interpreting the numerical results.

5. Baseline 3D Numerical Model of the Bell Tower

Based on the historical, geometrical, constructive and boundary-condition uncer-
tainties identified in Section 4, the geometrical model was developed by retaining the
main structural features governing the global response of the tower while applying the
simplifications required for the subsequent FEM generation. The main uncertainties, the
corresponding baseline FEM assumptions, the scenarios examined, and their potential
influence on the results are summarised in Table 2.

Table 2. Summary of the main modelling uncertainties, baseline FEM assumptions, scenarios

examined and potential influence on the results.

Uncertainty
Category

Potential Influence
on Results

Scenario Examined in
this Study

Baseline FEM
Assumption

Main Source of
Uncertainty

Historical evolution

Extent and configuration
of preserved Caliphal and
later Christian
components

Main construction phases
explicitly represented
from historical and
architectural evidence

No alternative historical
reconstructions tested

Global stiffness and mass
distribution, load-transfer
paths, and local damage
concentration

Internal geometry

Uncertain configuration of
inaccessible zones, stairs,
wall thicknesses, infills,
and transformed areas

Main walls, voids, stair
compartments, and
thickness variations
represented through

geometric idealisation

No alternative internal
geometry scenarios tested

Local stiffness, torsional
response, stress
concentration, and
predicted damage patterns
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Table 2. Cont.

Uncertainty
Category

Main Source of
Uncertainty

Baseline FEM
Assumption

Scenario Examined in
this Study

Potential Influence
on Results

Material properties

Limited direct mechanical
characterisation; possible
differences between
masonry phases

Homogeneous equivalent
masonry properties
assigned to all
components

No material-property
sensitivity analysis
performed

Natural frequencies,
lateral capacity, post-peak
response, and damage
distribution

Core-envelope interaction

Unknown degree of
connection between
Caliphal core and
Christian envelope

Perfect bonding; no
sliding or separation

No alternative interface
conditions tested

Composite action, global
stiffness, force transfer,
and local damage at
interfaces

Boundary conditions

Interaction with Puerta del
Perdoén, adjacent structures,
foundations, and soil

Puerta del Perdén included;
fixed-base condition
adopted; SSI not modelled

No alternative support,
adjacent-restraint, or SSI
scenarios tested

Fundamental frequencies,
deformation pattern, base
shear, and damage
distribution

FE discretisation

Dependence of nonlinear
response on characteristic

Unstructured four-node
tetrahedral mesh

Mesh sizes from 0.3 to 0.8
m tested

Damage localisation,
post-peak response,
numerical stability,

element size convergence, and

computational cost

5.1. Geometrical Model: CAD

The 3D geometric model was based on a detailed study of the tower, integrating
historical documentation, previous architectural research and in situ survey data. The
main geometrical basis was provided by the architectural drawings by Almagro [21], the
thesis by Ortiz [30] and the work of Herndndez Giménez [29], the latter especially for the
configuration of the original Caliphal minaret. This information was subsequently cross-
checked and refined through in situ inspections, in situ measurements and image-based
analysis. The geometric model was developed in AutoCAD 2026.

As shown in Figure 8, the model includes the main components required to represent
the structural configuration of the tower. The internal configuration of the Caliphal minaret
includes the internal masonry piers, wall thickness variations, the central wall system,
the floor levels and the two symmetrical staircases that merge near the upper part of the
structure. Once the internal system had been defined, the external shaft of the minaret was
incorporated. The openings were represented through simplified geometric voids, while the
cavities associated with timber tie beams were included as local discontinuities. Following
this, the Christian transformations were modelled on the Islamic minaret model (Figure 9)
in order to reproduce the constructive evolution of the tower. This CAD model includes the
belfry level, the upper crowning elements, the Christian basement wall and the buttresses.
Finally, the Puerta del Perdén was incorporated into the model as the main boundary
condition. The simplification process focused on the structural elements. Secondary
architectural details have been omitted to keep the FEM robust and computationally
feasible [7].

To facilitate the subsequent FEM discretisation and ensure geometrical compatibility
between adjacent components, the complex geometry was represented, whenever possible,
through simplified prismatic volumes. Where structural components intersect, they were
subdivided into smaller volumes with coincident boundaries to avoid unintended gaps or
overlaps that could generate disconnected nodes and compromise mesh continuity. Minor
dimensional discrepancies between adjacent components, when considered negligible for
the global structural response, were regularised to ensure compatible connections. The
geometrical model was developed through an iterative CAD-STKO procedure, in which
structural components were progressively incorporated, and their geometrical compatibility
and mesh connectivity were checked. Complex components required specific idealisations;
for example, the upper buttresses were subdivided into three connected volumes, whereas
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the lower buttresses were represented as single volumes (Figure 10). These simplifications
were adopted to obtain a geometrically consistent and meshable model while retaining the
main structural configuration governing the global response of the tower.

(@) (b) (@) +(b) @)+ () + (9

Figure 8. Three-dimensional CAD model of the original Caliphal minaret: (a) internal central walls;
(b) paired staircase system; (a)+(b) internal structural configuration; (c) external minaret shaft with
original openings; and (a)+(b)+(c) complete geometric model.

‘i

@) +(b) +(c") +(d)

Figure 9. Three-dimensional CAD model of the Christian transformations of the Bell Tower:
(d) upper bell chamber and crowning elements; (a)+(b)+(c*)+(d) integration of the Caliphal minaret
with the upper Christian additions and modified external shaft (openings); (e) Christian basement
wall and lower buttresses; and (f) final geometric model including the Puerta del Perdon. (c*) indicates

a modified version of component (c) shown in Figure 8, in which the openings were adapted to the
Christian transformation.

https://doi.org/10.3390 /buildings16204010


https://doi.org/10.3390/buildings16204010

Buildings 2026, 16, 4010

16 of 29

* Control node
(5.90, 5.75, 54.55)

@) (b) © (d
Figure 10. Geometrical idealisation and FEM procedure: (a) identification of geometrically complex
structural elements (highlighted in red) and location of the control node; (b) subdivision of intersecting
components into compatible prismatic volumes and definition of guide nodes for complete mesh
generation; (c) FE discretisation and detail of mesh connectivity; and (d) final 3D FEM.

The organisation into separate entities and CAD layers also preserved the distinction
between the main historical construction phases, allowing them to be independently
identified in the subsequent implementation in STKO and the definition of the FEM. In
addition, the upper bodies were divided into four symmetric parts in plan to easily access
the central nodes (Figure 9).

5.2. Finite Element Model (FEM) Discretisation: STKO/OpenSees

The Finite Element Model (FEM) was developed using the STKO/OpenSees work-
flow [36]. The geometrical CAD model was imported into STKO Release 4.1.0, which was
used as pre- and post-processor. The X and Y axes of the numerical model correspond to
the west—east and to the south-north cardinal directions, respectively (Figure 9).

A continuous macro-modelling approach [15] has been adopted due to the scale and
geometric complexity (Figure 11). Masonry has been represented as an equivalent contin-
uum and discretised using an unstructured tetrahedral mesh of four-node tetrahedral solid
elements [7]. A mesh sensitivity analysis was carried out to define a suitable discretisation
for the baseline FEM. Different mesh sizes have been analysed (Figure 12), to assess their
influence on the numerical response, damage distribution, convergence behaviour and
computational cost. The final mesh 0.6 m has been selected as a compromise between
numerical stability, damage distribution and computational efficiency. The detailed mesh
sensitivity results are presented in Section 6.2.

5.3. Masonry: Material Model and Mechanical Parameters

Following previous numerical studies on complex masonry heritage towers conducted
by the authors [7], the nonlinear behaviour of the stone masonry has been simulated
using the 3D Tension-Compression Damage model (DamageTC3D) [37,38] implemented in
STKO/OpenSees. Within the adopted macro-modelling approach, masonry is represented
as an equivalent continuum. DamageTC3D is based on a tension—-compression continuum
damage formulation that distinguishes between the nonlinear response of the material
under tensile and compressive stress states through separate damage variables [37]. The
constitutive response is defined by distinct uniaxial laws in tension and compression,
as illustrated in Figure 13. The tensile response is characterised by post-peak softening,
whereas the compressive response accounts for the nonlinear evolution of the material up
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to the peak strength and its subsequent post-peak degradation. The post-peak response is
formulated in terms of fracture energy and characteristic element length to regularise the
softening behaviour with respect to the finite-element discretisation [37].
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Figure 11. Three-dimensional FEM model: (a) inner body and stairs; (b) west and south fagades;
(c) east and north facades; (d) belfry and upper level.
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159,791 975,071 95,719 587,321 71,747 439,992 58,172 357,869 48,454 294,908 44,510 269,413

Figure 12. Mesh discretisations considered in the sensitivity analysis of the 3D FEM, with the
corresponding number of nodes and elements.
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Figure 13. Uniaxial stress—strain relationships of the DamageTC3D material model under tension
and compression.
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The mechanical parameters of the stone masonry adopted in the baseline FEM are
summarised in Table 3, based on previous research studies and a calibrated numerical
model carried out by the authors [7,27]. Furthermore, the mechanical parameters proposed
by the Italian code [39] and the Spanish code [40] and other published studies [41] have
been considered in their definition.

Table 3. Mechanical and constitutive parameters of the stone masonry used in the 3D FEM.

Parameter Symbol Units Value
Density P (T/m?3) 2.10
Young’s modulus E (GPa) 1.80
Poisson’s ratio v - 0.3
Tensile strength ft (MPa) 0.15
Tensile fracture energy Gt kN/m 0.30
Initial compressive strength feo (MPa) 1.70
Peak compressive strength fop (MPa) 2.40
Residual compressive strength fer (MPa) 0.24
Strain at peak compressive strength & - 0.0019
Compressive fracture energy Ge kN/m 82.3
Compressive law parameters C1; C2; C3 - 0.90; 0.20; 1.00

The interfaces between adjacent masonry components were assumed to be perfectly
bonded in the baseline FEM. This modelling assumption was adopted, considering the
presence of mortar layers connecting the different masonry leaves. These leaves were
therefore assumed to act monolithically in the baseline FEM. Accordingly, no relative
sliding or separation was considered at these interfaces.

5.4. Nonlinear Analysis Settings

A static analysis under vertical loads was performed first. Two lateral load patterns
were considered: a mass-proportional pattern (M) and a mass-and-height-proportional
pattern (MH), following the approach commonly adopted in pushover analyses of masonry
structures and consistent with Eurocode 8 provisions [42,43]. Each pattern was applied in
the positive and negative X and Y directions.

The pushover analyses were performed under displacement control. The control node
was located at the highest modelled level, 54.55 m above the model base, at the centre
of the tower in plan, as indicated in Figures 4b and 10a. Its horizontal displacement was
controlled in the direction of the applied lateral load, using degree of freedom (DOF) 1 for
analyses in the X direction and DOF 2 for analyses in the Y direction. Capacity curves were
expressed as base shear versus displacement at this node. The numerical solution settings
are summarised in Table 4.

Table 4. Numerical solution settings for the nonlinear static analyses.

Parameter Setting

Nonlinear solution algorithm Krylov—-Newton
Convergence test Norm Displacement Increment
Convergence tolerance 1x1074

Maximum iterations per increment 100

Control strategy Parallel displacement
Initial displacement increment magnitude 4 mm, with adaptive adjustment
Target displacement-node 0.40 m

The displacement increment was adaptively adjusted during the analysis. The stop-
ping conditions were reaching the prescribed target control-node displacement of 0.40 m or
failure to achieve convergence.
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For the presentation of the pushover results (Section 6.3), the ultimate displacement
was defined at a 20% reduction from the peak base shear on the descending branch. The
capacity curves were presented up to this displacement, and the numerical damage patterns
corresponded to the same stage. This threshold was applied during post-processing.

6. Results and Discussion
6.1. Modal Analysis
First, a modal analysis has been carried out to evaluate the global dynamic response

of the baseline FEM. The natural frequencies and periods of the first three modes are
summarised in Figure 14.

Mode 1 - Traslational Y Mode 2 - Translational X Mode 3 - Rotational

Modes of Vibration (U)
Magnitude

00584

00511

00438

00365

00292

00219

00146

00073

2.38x107"

Frequency 1.361 Hz Frequency 1.508 Hz Frequency 4.062 Hz
Period 0.73 s Period 0.66 s Period 0.24 s
MY =35.95% MX =32.81% RMZ = 47.38%

Figure 14. Main vibration modes of the tower.

The first two modes correspond to the main translational responses of the tower. The
first mode is mainly translational in the Y direction, with a frequency of 1.361 Hz, a period
of 0.734 s and a modal participation mass ratio of 35.95% in the Y direction. The second
mode is mainly translational in the X direction, with a frequency of 1.508 Hz, a period of
0.663 s and a modal participation mass ratio of 32.81% in the X direction. The proximity
between these two frequencies indicates that the baseline model presents a comparable
global stiffness in the two principal horizontal directions. Nevertheless, the slightly lower
frequency obtained in the Y direction suggests a more flexible response along this axis due
to the boundary conditions. The third mode, with a frequency of 4.062 Hz and a period
of 0.246 s, is mainly rotational, with a torsional modal participation mass ratio of 47.38%
about the vertical axis. This mode shape is consistent with the geometric irregularity of the
tower, the influence of the adjacent Puerta del Perdén and the non-uniform distribution of
stiffness along the height.

To provide a quantitative reference for the numerical modal response, the fundamental
frequency (f1) was compared with empirical formulations previously proposed for masonry
towers [44—-46]. Shakya et al. [45] developed several empirical relationships from a database
of slender masonry structures whose dynamic properties were experimentally identified
through AVT. For masonry towers, the empirical formulation, accounting for both the
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total height (H) and the minimum plan dimension (L) (Equation (1)), provides the highest
coefficient of determination, equal to 0.96 within the database considered by the authors.
The empirical law proposed by Shakya et al. is as follows [45]:

L0.17
fl(H/L) = 05’ (1)
0.03H- (i)

A second estimate was obtained using the expression included in the Spanish Seismic
Building Code (NCSE-02) [46]:

VL

HL)=—>Y"
AHL) 0.06H- /5y

(2)

The empirical formulations have been applied to selected historical masonry towers
for which experimentally identified fundamental frequencies are available (Table 5). Towers
structurally connected to adjacent buildings were preferentially considered because the Bell
Tower of the Mosque-Cathedral of Cérdoba is connected to the adjacent Puerta del Perdon.
Previous experimental studies have shown that the interaction with adjacent structures can
significantly affect the dynamic response of masonry towers [44].

Table 5. Comparison between experimentally identified (AVT) and empirically estimated funda-
mental frequencies and periods for selected masonry towers structurally connected to adjacent

buildings.
T Total Height, 1;\/[ mn. Ba}se Slenderness, Experimental, Shakya et al., NCSE-02,
ower H (m) “{“:‘;;mm H/L f1(Hz) (Ty 8)  f1 (Hz) [%Error]  fy (Hz) [%Error]
Giralda [7] 94.70 13.60 6.96 0.66 (1.52) 0.59 [11.1]* 0.74[11.6] *
Nuestra Sra. De la . "
Misericordia [5] 41.00 5.60 7.32 1.29 (0.78) 1.16 [10.0] 1.08 [15.9]
Gabbia [47] 54.00 7.10 761 0.98 (1.02) 0.92 [6.5]* 0.92 [5.7] *
San Gimignano [48] 55.00 9.50 5.79 1.30 (0.77) 0.96 [26.0] * 1.08 [17.0] *
Mosque-Cathedral of 54.55 11.40 4.79 - 1.02 1.23

Cordoba

* Values in brackets indicate the absolute percentage errors.

In addition to the fundamental frequencies, the relationship between the first three
modal frequencies was examined. The numerical model provides ratios f,/f1 equal to
1.11 and f3/f1 equal to 2.98. Diaferio et al. [44] reported mean experimental ratios of 1.14
and 3.15, respectively, for masonry towers structurally connected to adjacent buildings.
The numerical ratios are therefore close to the mean experimental values reported for this
tower typology. These quantitative comparisons show that the numerical modal response
is consistent with experimental trends reported for comparable historical masonry towers,
but do not constitute direct experimental validation of the FEM.

6.2. Mesh Sensitivity Analysis

A mesh sensitivity analysis has been performed to assess the influence of the finite
element discretisation on the nonlinear response of the tower. Six characteristic mesh sizes
were analysed, ranging from 0.3 m to 0.8 m (Figure 12). The comparison considered the
number of nodes and elements, the computational cost, the convergence behaviour, the
capacity curves and the damage distribution.

As expected, the refinement of the mesh significantly increased the size of the nu-
merical model (Figure 12). The 0.3 m mesh led to 159,791 nodes and 975,071 elements,
whereas the 0.8 m mesh reduced the model to 44,510 nodes and 269,413 elements. This
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reduction had a direct effect on computational cost but also affected the representation of
damage concentration. In this context, previous studies on masonry towers have suggested
that the mesh size should be selected by considering the number of elements through the
wall thickness, together with the stability of the nonlinear response and the computational
cost [18].

The pushover curves obtained with the different meshes are shown in Figure 15.
The finer meshes provided a more detailed representation of the geometry and damage
distribution (Figure 16), particularly around openings, wall thickness variations and the
upper bell chamber. However, the 0.3 m, 0.4 m and 0.5 m meshes exhibited sharper post-
peak drops and less stable nonlinear branches. This behaviour suggests that the finer
meshes may lead to more localised damage and more demanding convergence conditions
during the nonlinear analysis.

——— PUSH X M30
1,000 — PUSH X M40
PUSH X M50
800 1 7 | N~ e PUSH X M60
-~ | N 1 T e PUSH X M70
é 600 - PUSH X MS0
B
3
2 400 -
[*]
4
R 200 |
0 T T T 1
0.00 0.10 0.20 0.30 0.40

Horizontal displacement (m)

Figure 15. Mesh sensitivity analysis in the X direction: comparison of pushover capacity curves
obtained for characteristic mesh sizes between 0.3 m and 0.8 m. In the legend, “PUSH” denotes the
pushover analysis, “X” indicates the analysis direction, and “M” denotes the mesh, followed by its
characteristic size (M30-M80 corresponding to 0.30-0.80 m).
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Figure 16. Numerical damage patterns obtained for different characteristic mesh sizes: (a) 0.5 m,
(b) 0.6 m and (c) 0.7 m. The comparison shows the influence of mesh discretisation on the definition
of local damage mechanisms.
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The peak base shear, the corresponding displacement and computational time obtained
for each mesh size are summarised in Table 6.

Table 6. Quantitative comparison of the mesh sensitivity analyses.

Characteristic Mesh Size (m) Peak Base Shear (kN) Displacement at Peak Computational Time
Base Shear (m) (h:mm:ss)
0.30 723.978 0.072 0:15:23
0.40 850.392 0.104 0:07:20
0.50 865.583 0.112 0:05:30
0.60 875.267 0.116 0:04:30
0.70 926.658 0.120 0:03:15
0.80 916.084 0.116 0:02:40

By contrast, the larger mesh sizes showed a smoother post-peak response and lower
computational cost. However, excessively large mesh sizes may reduce the definition of
local damage mechanisms and simplify relevant geometric features (Figure 16). In this
regard, the 0.7 m and 0.8 m meshes provided stable global curves, but their lower geometric
resolution may make them less suitable for a detailed FEM of such a complex tower.

All the models were divided into 24 partitions and analysed on the same worksta-
tion, equipped with an AMD Ryzen Threadripper PRO 5995WX 64-core processor. The
computation times for the different mesh sizes are reported in Table 6. The 0.3 m mesh
required 0:15:23, approximately 3.4 times the computation time of the 0.6 m mesh (0:04:30).
Although these computation times correspond to the nonlinear static analyses performed
in this study, computational cost becomes particularly relevant when considering future
nonlinear dynamic analyses.

Based on this comparison, the 0.6 m mesh was selected as the baseline discretisation
for the subsequent nonlinear static analyses. This mesh consists of 58,172 nodes and
357,869 elements. It provides a reasonable compromise between geometric representation,
numerical stability, convergence behaviour and computational efficiency. The 0.4, 0.5 and
0.6 m meshes yielded similar peak base-shear values, ranging from 850.392 to 875.267 kN.
Compared with the 0.6 m mesh, the 0.3 m mesh yielded a peak value 17.3% lower, whereas
the 0.7 and 0.8 m meshes yielded values 5.9% and 4.7% higher, respectively. This choice
should not be interpreted as an absolute optimum, but as a consistent modelling decision
for the baseline FEM.

6.3. Nonlinear Static Analysis

As described in Section 5.4, nonlinear static analyses have been performed in the two
principal horizontal directions using the adopted lateral load patterns and displacement-
control strategy. The resulting capacity curves, expressed in terms of base shear versus
control-node displacement, are shown in Figure 17.

In the X direction, the positive and the negative range showed a similar order of lateral
capacity, although differences were observed in the post-peak branch. For both orientations,
the M pattern led to slightly higher peak base-shear values, but these were also associated
with a more abrupt strength degradation after the maximum capacity was reached. By
contrast, the proportional MH pattern produced smoother capacity curves and a more
gradual post-peak response.
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Figure 17. Capacity curves obtained from nonlinear static analyses in the X and Y directions,
considering the positive and the negative range and two lateral load patterns: mass-proportional (M)
and mass-and-height-proportional (MH).

In the Y direction, the capacity curves reached slightly higher peak base-shear values
than those obtained in the X direction. This response suggests that the baseline FEM does
not present a single clearly weaker direction in terms of peak capacity. Yet, as in the X
direction, the post-peak behaviour differed depending on the load pattern. The M pattern
produced higher maximum values but sharper degradation, whereas the MH pattern
provided a more progressive nonlinear response and a better-defined post-peak branch.
The differences between the positive and the negative range may be related to the geometric
asymmetry of the model, the distribution of openings and buttresses, and the influence of
the adjacent Puerta del Perdon.

The numerical damage patterns obtained at the ultimate displacement of the analyses
are shown in Figures 18 and 19. Tensile damage has been plotted and analysed, since
it is more significant than compressive damage. The damage was mainly concentrated
around openings, at the transition between the massive shaft and the upper belfry bodies,
and in areas where significant changes in geometry and stiffness occur. Local damage
concentrations were also observed near the buttresses, the upper crowning elements and
the connection region associated with the Puerta del Perdén. These results are consistent
with the modelling uncertainties previously identified.

These results identify the areas where tensile stress concentrations tend to develop
under seismic loading, particularly around existing geometrical and stiffness discontinuities.
The massive lower part of the tower shows limited damage, whereas damage becomes
concentrated at the transition to the main tower shaft, where the structural configuration
becomes more vulnerable. This area corresponds to a marked geometrical and stiffness
discontinuity. Historically, buttresses were added at this level following the 1755 Lisbon
earthquake, providing relevant historical context for the interpretation of the predicted
damage pattern. The nonlinear static analyses provide an assessment of the global structural
behaviour of the tower and identify areas where damage tends to concentrate under the
assumptions adopted in this FEM.
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Figure 18. Numerical damage patterns obtained in the X direction: (a) the negative and (b) the
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Figure 19. Numerical damage patterns obtained in the Y direction: (a) the negative and (b) the
positive range.

7. Conclusions
7.1. Key Points

This paper has presented the development and assessment of a 3D FEM of the Bell
Tower of the Mosque-Cathedral of Cérdoba. The model provides a documented basis
for the structural assessment of a highly complex masonry heritage structure, whose
response is conditioned by its historical evolution, construction phases, internal geometry
and boundary conditions. This study also shows the importance of explicitly identifying
modelling uncertainties when developing numerical models of complex historical masonry
structures.

The mesh sensitivity analysis showed similar peak lateral capacities for the 0.4, 0.5
and 0.6 m meshes, although differences were observed in the post-peak response, dam-
age patterns and convergence behaviour. Finer meshes provided more detailed damage
patterns but also produced sharper post-peak drops and less stable nonlinear branches.
The 0.6 m mesh was selected for the subsequent modal and nonlinear static analyses, as it
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provided a reasonable compromise between geometric representation, numerical stability,
convergence behaviour and computational efficiency.

The modal and nonlinear static analyses provided a first numerical interpretation of
the global structural behaviour of the tower. The first two modes were mainly translational
in the Y and X directions, with frequencies of 1.361 Hz and 1.508 Hz, respectively, while the
third mode was mainly rotational, with a frequency of 4.062 Hz. The pushover analyses
predicted peak base-shear values of around 850-1100 kN. The results indicated a compara-
ble lateral capacity in the X and Y directions, although slightly higher peak values were
obtained in the Y direction. No single clearly weaker direction was identified in terms of
maximum capacity. However, relevant differences were observed in the post-peak response
depending on the loading orientation and the adopted lateral load pattern.

The numerical damage patterns showed a clear relationship with the geometrical
and constructive discontinuities previously identified in the uncertainty analysis. Tensile
damage was mainly concentrated around openings, at the mid-height shaft, near the
interface between the preserved Caliphal minaret and the later Christian masonry envelope,
at the belfry level, around the upper buttresses and in the area associated with the Puerta
del Perdén. Limited damage was predicted in the massive lower part of the tower, whereas
damage increased at the transition to the main tower shaft, where a marked geometrical
and stiffness discontinuity occurs. Buttresses were historically added at this level following
the 1755 Lisbon earthquake. The largest lateral displacements were principally developed
above the termination level of the Christian masonry envelope, indicating a change in the
structural response between the lower and upper sectors of the tower.

The developed workflow—comprising historical and geometrical characterisation,
explicit identification of modelling uncertainties, 3D reconstruction, FEM development,
mesh sensitivity analysis, and modal and nonlinear static analyses—provides a method-
ological sequence that can be adapted to other multi-phase masonry towers. In this tower,
the geometrical idealisation of the Caliphal core and Christian envelope, the inclusion
of the Puerta del Perdon, the adopted homogeneous material properties, the perfect-bond
and fixed-base assumptions, and the 0.6 m mesh represent case-specific modelling choices.
These choices require reassessment according to the available evidence and structural
configuration of each monument.

For conservation and structural monitoring, the predicted damage concentrations can
help prioritise targeted inspections and crack surveys around openings, construction-phase
transitions and the connection with the Puerta del Perdén. The numerical mode shapes
can also inform the selection of measurement locations for future AVT campaigns aimed
at identifying the tower’s dynamic properties and supporting model calibration. These
applications can guide further investigation, while decisions on strengthening measures
require site-specific experimental evidence and further assessment.

7.2. Limitations and Future Work

The results of this study should be interpreted within the assumptions adopted for
the baseline FEM. In particular, the model uses homogeneous mechanical properties for
the masonry and assumes perfect bonding between the different construction phases. FB
boundary conditions are adopted, without explicitly including the foundations or soil-
structure interaction (SSI). Material heterogeneity, local deterioration and existing defects
and damage are not explicitly represented. The perfect-bond assumption has not been
experimentally verified and should not be interpreted as evidence of the actual mechanical
interaction between the different construction phases.
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In addition, alternative interaction conditions between the Caliphal core and the
Christian envelope have not been investigated, while the internal geometry of inaccessible
areas remains partly uncertain. These assumptions may influence the predicted stiffness,
modal response, lateral capacity and damage distribution. Future developments should
investigate their influence through dedicated sensitivity analyses and incorporate a more
detailed representation of the foundation system, adjacent structural constraints and SSI.

A further limitation is the absence of direct experimental calibration of the FEM. The
comparisons with empirical formulations and experimental trends reported for comparable
masonry towers provide a quantitative reference for the numerical modal response, but
they do not constitute experimental validation of the model. Future work will therefore
focus on the experimental characterisation of the dynamic response of the tower using
OMA based on AVT measurements, followed by calibration of the FEM. AVT measurements
are planned at the highest accessible level of the tower, at the top of the outer wall of the
Christian masonry envelope, at the upper level of the Puerta del Perdén, and at one point in
each adjoining loggia close to the tower. These measurements will provide experimental
information to help assess the assumed monolithic behaviour of the Caliphal core and
Christian envelope and the influence of the adjoining structures on the tower’s dynamic
response.

Finally, a progressively refined and experimentally calibrated model could provide the
basis for more advanced analyses, including nonlinear dynamic analyses and the assess-
ment of alternative modelling scenarios. This would support a more robust evaluation of
the seismic vulnerability of the tower and provide quantitative information for monitoring,
conservation planning and the prioritisation of future interventions.
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Abbreviations

The following abbreviations are used in this manuscript:
3D Three-dimensional

CAD  Computer-aided design
FEM  Finite Element Model
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STKO  Scientific ToolKit for OpenSees
OMA  Operational Modal Analysis
AVT Ambient Vibration Testing

AE Acoustic Emission

FB Fixed base

SSI Soil-structure interaction

M Mass-proportional load pattern

MH Mass-and-height-proportional load pattern
TC3D 3D Tension-Compression Damage model
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