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Abstract

The Gothic–Renaissance crossing of the Mosque–Cathedral of Córdoba constitutes one
of the most structurally complex sectors of the monument owing to the coexistence of
Islamic and Christian construction systems developed over several centuries. Accurately
reproducing the mechanical interaction between these successive construction phases re-
mains a major challenge in the numerical assessment of historically superimposed heritage
structures. This study presents the first three-dimensional finite element (FE) model of the
crossing, explicitly representing the interfaces between the Gothic–Renaissance intervention
and the surrounding Islamic structure through frictional contact elements implemented in
OpenSees 3.7.2. The model incorporates the principal structural components of the cross-
ing, including the masonry walls and piers, ribbed vaults, dome, buttresses and adjacent
Islamic arcades. Mesh and material sensitivity analyses were performed to quantify the
influence of the principal modelling parameters on the predicted dynamic response and
to establish an efficient and reliable numerical model. The results showed that the first
three natural frequencies vary by less than 0.7% with mesh refinement, whereas ±10% vari-
ations in density or Young’s modulus modify the predicted frequencies by approximately
5% without altering the modal hierarchy. The first three vibration modes correspond to
two dominant translational modes (2.01 Hz and 2.52 Hz) followed by a torsional mode
(3.14 Hz), demonstrating that the crossing and the surrounding Islamic structure behave
as a single integrated structural system rather than as independent construction phases.
Higher vibration modes reveal localized deformation mechanisms concentrated in the but-
tresses, whose modal behavior is consistent with the historical strengthening interventions
that modified their stiffness.

Keywords: Mosque–Cathedral of Córdoba; Gothic–Renaissance crossing; finite element
modelling; historical interfaces; modal analysis; heritage structures

1. Introduction
1.1. Challenges in Modelling Complex Heritage Buildings

The structural assessment of architectural heritage increasingly relies on finite element
(FE) modelling to investigate the mechanical behavior of historical structures and to sup-
port their conservation, rehabilitation, and seismic assessment strategies [1]. Advances in
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computational resources and numerical methods have enabled the development of gradu-
ally sophisticated FE models capable of representing complex geometries, heterogeneous
materials, and nonlinear structural behavior [2,3]. Nevertheless, developing representative
numerical models for heritage buildings remains a major challenge due to uncertainties
associated with geometry, construction techniques, material properties, and long-term
structural evolution [1,2].

Although finite element modelling (FEM) is widely used for modelling geometrically
complex heritage structures, other numerical strategies can provide robust solutions for
specific structural problems. Wang et al. [4] proposed a generalized finite difference method
for the stress analysis, while Kabir and Aghdam [5] developed a Bézier-based multi-step
method for nonlinear vibration problems. Although demonstrated for composite materials
and beams rather than historical masonry monuments, these methods illustrate the broader
range of numerical approaches available for structural analysis.

Unlike modern buildings, heritage structures are rarely the result of a single construc-
tion phase. Instead, they usually evolve over centuries through successive enlargements,
repairs, partial demolitions, changes in use, and strengthening interventions. Consequently,
their current structural behavior depends not only on the properties of the constituent mate-
rials but also on the interaction between structural systems belonging to different historical
periods [6]. These transformations frequently introduce discontinuities in stiffness, mass
distribution, geometry, and load-transfer mechanisms that are difficult to represent numeri-
cally, particularly in complex monuments with different structural typologies coexisting
within the same construction [7].

The mechanical characterization of historical masonry introduces an additional level
of complexity. Material properties are commonly affected by construction techniques,
weathering, and deterioration. However, in this type of buildings, destructive testing is
generally restricted [1,8]. Therefore, the mechanical parameters adopted in FE models
are typically derived from previous experimental investigations, non-destructive testing
campaigns, technical standards, or literature values, introducing unavoidable uncertainty
into the numerical representation of the structure [9].

Recent studies have demonstrated that modelling assumptions can significantly in-
fluence the predicted structural response. Variations in material properties, boundary
conditions, and mesh discretization may produce noticeable changes in the dynamic char-
acteristics of masonry structures, highlighting the importance of sensitivity analyses during
the development of reliable FE models [10].

The reliability of current FE modelling approaches is reflected in recent applications
to medieval churches [11,12], monumental masonry towers [13], cathedral structures such
as Milan Cathedral [14] and Notre-Dame de Paris [15,16], and historical masonry vaults
subjected to static and seismic loading [17–19]. Further studies have combined detailed
3D FE modelling with modal identification and nonlinear assessment in the Casamari
Gothic Church [20], whose scale, vertical development and geometrical complexity are
comparable to those of the Gothic–Renaissance crossing. However, most of these stud-
ies focus on individual structural systems. Numerical models explicitly accounting for
the interaction between construction phases in historically layered monuments remain
comparatively scarce.

1.2. Numerical Modelling of Historically Layered Monuments

Monuments composed of multiple construction phases represent one of the most
demanding applications of FE modelling because their structural response depends on
the interaction between systems built at different periods [21]. While the global behavior
of each construction phase may be represented adequately, reproducing the mechanical
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interaction across historical interfaces remains a significant challenge. In many numerical
models, these interfaces are idealized by assuming perfect continuity between adjacent
structural components or are simply neglected [22]. Hence, this can potentially lead to
unrealistic stiffness distributions and inaccurate load-transfer mechanisms [21].

For large and geometrically complex monuments, macro-modelling approaches are
generally preferred because they provide a suitable compromise between computational
efficiency and structural accuracy [11,12]. However, the simplifications inherent to these
models make it difficult to reproduce local interaction mechanisms between successive con-
struction phases. This limitation becomes even more critical in vaulted masonry structures,
whose 3D load-transfer mechanisms remain difficult to simulate accurately under static
and seismic loading [13,16,18,19].

The Mosque–Cathedral of Córdoba is an outstanding example of this type of histor-
ically layered monument. The construction of the Gothic–Renaissance crossing during
the sixteenth century introduced a massive vertical structure into the pre-existing Islamic
hypostyle hall without replacing its original structural system. As a result, the present
structural configuration is governed by the interaction between two construction systems
characterized by different geometries, materials, structural typologies and load-bearing
mechanisms (including masonry vaults, arches and pillars). This makes the crossing one of
the most structurally complex sectors of the monument.

Although previous studies by the authors have investigated the structural and seismic
behavior of other sectors of the Mosque–Cathedral, particularly the Abd al-Rahman I
sector [23–25], no detailed 3D FE model of the Gothic–Renaissance crossing has yet been
developed. Moreover, the mechanical interaction between the Christian intervention
and the surrounding Islamic fabric has not been investigated explicitly, representing an
important gap in the numerical assessment of the monument.

1.3. Dynamic Characterization as a Basis for Structural Assessment

The dynamic behavior of a structure provides valuable information about its global
stiffness distribution and structural interaction. Modal properties, such as natural frequen-
cies and vibration modes, are particularly sensitive to variations in geometry, material
properties and boundary conditions. Therefore, modal analysis can be used as an effec-
tive tool for evaluating the consistency of FE models before nonlinear analyses, seismic
assessment or model updating procedures are undertaken [10,14].

Since the predicted dynamic response depends directly on the adopted modelling
assumptions, it is essential to evaluate the influence of the principal numerical parameters
during model development. Recent studies on complex heritage structures, including Milan
Cathedral and Notre-Dame de Paris Cathedral, have demonstrated that the adopted elastic
properties, modelling strategies and structural idealizations significantly affect the pre-
dicted modal characteristics [15–17]. Likewise, investigations on historical masonry vaults
have highlighted the influence of mesh discretization on both computational efficiency and
numerical accuracy [26].

Consequently, preliminary sensitivity analyses constitute an essential stage in the
development of reliable FE models. By identifying the modelling parameters that most
strongly influence the dynamic response, they provide a robust basis for subsequent model
updating procedures and advanced structural and seismic assessments.

1.4. Scope of This Study

This paper presents a 3D FE model of the Gothic–Renaissance crossing of the Mosque–
Cathedral of Córdoba, one of the most structurally complex sectors of the monument due
to the coexistence of Islamic and Christian construction systems. The study addresses
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one of the principal challenges in the numerical modelling of historically layered mon-
uments: the realistic representation of the mechanical interaction between successive
construction phases.

To overcome this limitation, the proposed model explicitly represents the interfaces
between the Gothic–Renaissance crossing and the surrounding Islamic structure using
frictional contact elements implemented in OpenSees [27] through the ‘ZeroLengthContac-
tASDimplex’ formulation [28]. This approach provides a more realistic representation of
the load-transfer mechanisms across historical interfaces than the conventional assumption
of perfect continuity. Although contact formulations have considerably expanded the
capabilities of FE modelling, their application to large-scale heritage monuments remains
limited. To the best of the authors’ knowledge, this work represents one of the few reported
applications of the ‘ZeroLengthContactASDimplex’ formulation to a heritage monument of
this scale and structural complexity.

The objectives of this study are threefold. First, to develop a representative 3D FE
model of the Gothic–Renaissance crossing, including the explicit representation of the
interaction between its principal structural components. Second, to investigate the influence
of mesh discretization and the principal mechanical parameters on the predicted dynamic
response through systematic sensitivity analyses. Finally, to establish a reliable numerical
framework for the dynamic characterization of the crossing by identifying both global
and local vibration mechanisms, evaluating their relationship with the current structural
configuration and the historical evolution of the monument, and identifying potential local
deformation patterns involving individual structural components.

It should be noted that the authors previously performed a comparison between linear
and nonlinear analyses under gravitational loading [29]. The results showed essentially
identical displacement distributions in both simulations, indicating that the structure
remains within the elastic range. Therefore, the nonlinear formulation does not influence
the modal results presented here.

The proposed methodology establishes a robust numerical framework for future
model updating, nonlinear structural analyses and a seismic assessment of the Mosque–
Cathedral of Córdoba. More broadly, it provides a transferable strategy for the numerical
modelling of historically layered heritage monuments in which the interaction between
successive construction phases governs the global structural response.

2. Case Study: The Chapter of the Mosque–Cathedral of Córdoba
2.1. History Evolution

The Chapter of the Mosque–Cathedral of Córdoba constitutes one of the most sig-
nificant transformations undergone by the monument throughout its long construction
history (Figure 1a). Its current configuration is primarily the result of the insertion of
the Gothic–Renaissance crossing, presbytery, and choir within the pre-existing Islamic
hypostyle hall during the sixteenth century (Figure 1b). This intervention introduced a
new architectural and structural system into a building that had already undergone several
major construction phases.

The Islamic Mosque originated in 785 under Abd al-Rahman I and was subsequently
enlarged through successive interventions that progressively extended the hypostyle hall
while maintaining its predominantly modular organization [30]. Following the Christian
conquest of Córdoba in 1236, the building was consecrated as a cathedral and progressively
adapted to Christian worship.

The most significant transformation of the former prayer hall began in the sixteenth
century with the construction of the crossing complex in its central area. The intervention,
initiated under the direction of Hernán Ruiz I and completed in 1607, introduced the Gothic–
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Renaissance crossing, presbytery, and choir within the pre-existing Islamic structure. Rather
than constituting an independent construction, the new modification was adapted to the
modular organization of the mosque and incorporated structural alignments inherited
from its successive construction phases.

Figure 1. Mosque–Cathedral of Córdoba and location of the study area: (a) general view of the
monument adapted from Google Earth [31]; and (b) plan of the Mosque–Cathedral drawn by the
authors based on the work from [32]. In blue, the Gothic–Renaissance crossing is highlighted.

Figure 2. Geometrical configuration and historical superposition of the study area: (a) pre-existing
Islamic structural system, and (b) Gothic–Renaissance intervention and resulting interaction between
successive construction phases. Pictures taken by the authors.
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The resulting configuration constitutes a particularly complex example of architec-
tural and structural superposition (Figure 2). The predominantly horizontal organiza-
tion of the Islamic hypostyle hall coexists with the considerably taller and more massive
Gothic–Renaissance structure. Hence, a direct interaction is generated between structural
elements belonging to different historical periods and conceived according to different
construction techniques.

2.2. Geometrical Configuration and Construction Phases

The study area comprises the Gothic–Renaissance crossing and the adjacent sectors
of the Islamic Mosque involved in its structural configuration (Figure 2b). The crossing
follows a Latin-cross plan formed by the central crossing bay and the longitudinal and
transverse arms extending towards the choir, presbytery, and lateral sectors (Figure 1).

Its geometry is characterized by a pronounced vertical development, with the central
dome rising above the vaulted systems of the surrounding arms (Figure 3).

 
(a) 

 
(b) 

Figure 3. Configuration of the Gothic–Renaissance crossing and interaction between construction
phases: (a) transversal (drawn by the authors based on the work from [33]; and (b) longitudinal
(drawn by the authors based on the work from [34]).
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The lower levels retain structural elements belonging to the previous Islamic con-
struction phases. Columns and superimposed arcades are preserved beneath and around
the Gothic–Renaissance structure, resulting in a complex geometrical transition between
the massive supports of the crossing and the smaller-scale repetitive elements of the for-
mer hypostyle hall. The distribution of these elements is not uniform throughout the
study area, as the crossing extends over sectors corresponding to different enlargements of
the mosque.

The interaction between the two construction systems is particularly evident at the
lower levels of the crossing. The massive supports of the Gothic–Renaissance structure
were arranged in relation to the existing columns and arcades to enable the transfer of loads
towards the foundations [35].

2.3. Structural System and Construction Characteristics

The crossing consists of massive masonry walls and piers supporting a system of
arches, ribbed vaults, and the central dome. Unlike conventional cathedral crossings, the
vertical supports of the Gothic–Renaissance intervention are not founded on an entirely
new structural scheme. Instead, they were arranged to coincide, whenever possible, with
the existing modular layout of the mosque, allowing part of the load path to be transmitted
through pre-existing columns, arcades, and masonry elements.

The study area incorporates a wide variety of structural components, including stone
columns, masonry piers, horseshoe and semicircular arches, ribbed vaults (Figure 4a),
buttresses (Figure 4b), and the central dome (Figure 2b). The coexistence of different
materials, construction techniques, and structural typologies results in significant variations
in stiffness, mass distribution, and load-transfer mechanisms, making this area one of the
most complex sectors of the monument from a structural perspective.

Figure 4. Details of constructive features: (a) Interior view of the Mosque, and (b) external part of the
Cathedral. Pictures taken by the authors.
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3. Numerical Model
3.1. Geometrical Model

The model of the Gothic–Renaissance crossing has been developed using AutoCad
2026 3D CAD software [36], integrating historical plans and direct site observations. The
model reproduces the principal structural components involved in the global behavior of
the study area, including the masonry walls and piers, arches, ribbed vaults, central dome,
buttresses, and the lower-level Islamic arcades (Figure 5).

 
(a) 

 
(b) 

Figure 5. FE model. (a) Geometry, and (b) constitutive materials and thicknesses.
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The geometry and thicknesses of the principal structural components were established
through a review and cross-comparison of historical descriptions, architectural plans and
detailed sections of the monument. The main documentary sources were the historical
study by Hernández Giménez [31], the transverse and longitudinal sections of the Gothic–
Renaissance crossing drawn by Almagro Gorbea [33,34] and the 2020 Management Plan of
the Mosque–Cathedral of Córdoba [37]. Where accessible, selected visible dimensions were
verified through on-site measurements. The thicknesses of inaccessible internal elements
were inferred from the cross-comparison of the documentary sources described above.

To ensure a computationally efficient FE model while preserving the global struc-
tural behavior, some geometrical simplifications have been introduced. The geometri-
cal idealization follows modelling strategies previously applied by the authors to the
Mosque–Cathedral of Córdoba [23] and the Giralda of Seville [13], in which the prin-
cipal load-bearing components were retained while minor architectural and decorative
details were omitted to investigate the global structural response. Non-structural archi-
tectural details, ornamental features, moldings, capitals, and decorative elements have
been omitted, whereas irregular geometries have been idealized using simplified surfaces
and volumes. It has been checked that these simplifications reduce the computational cost
without significantly affecting the global stiffness or mass distribution of the structure.

The model represents the interaction between the Gothic–Renaissance crossing and
the pre-existing Islamic structure by means of interface elements. The interface ele-
ments, represented by the purple lines along the perimeter of the numerical models in
Figures 5a and 6, were introduced in the X and Y directions, where applicable, at the contact
boundaries between both structures, respecting the existing geometry. Particular attention
has been paid to the representation of the lower-level arcades, where the later masonry
supports interact with the original structural system and significantly influence the transfer
of vertical and horizontal loads.

Figure 6. Different FE mesh configurations considered for the sensitivity analysis.

3.2. FE Numerical Model

The geometrical model was imported into STKO [38], where the FE discretization has
been generated and subsequently analyzed using the OpenSees computational framework.
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A macro-modelling strategy was adopted, in which the different masonry typologies
were represented as homogeneous. This approach was selected because the objective
of the model is to investigate the global dynamic behavior of a large and geometrically
complex monument rather than the response of individual masonry units and mortar joints.
Owing to the highly irregular geometry, the structure was discretized using the three-node
triangular shell element ShellDKGT, available in OpenSees. Each structural component was
assigned a PlateFiberSection with the corresponding thickness and constitutive material
reported in Figure 5b and Table 1.

Table 1. Mechanical properties adopted for the different materials considered in the FE model. ρ,
density; E, Young’s modulus; v, Poisson ratio; f t, tensile strength; Gt, tensile fracture energy; f cp, peak
compressive strength; εcp, compressive strain at peak strength; Gc, compressive fracture energy.

Material Application ρ [kg/m3] E [GPa] v f t
[MPa] Gt [kPa] f cp [MPa] εcp

Gc
[kPa]

Marble/
Granite

Mosque’s arcade
columns 2800 29 0.25 3 0.529 60 0.02 800

Limestone
masonry

Mosque walls 1800 1.80 0.30 0.10 0.304 2.78 0.0042 235

Cathedral walls,
pilasters

and buttresses
1600 1.30 0.30 0.26 0.300 2.60 0.0042 30.06

Brick
masonry

Arcades (Mosque)
1800

1.50 0.20 0.21 0.318 3.57 0.0024 31.82
Dome’s cover and

central nave
buttresses

(Cathedral)

1.80 0.20 0.43 0.329 4.30 0.0024 32.91

A mesh sensitivity analysis has been carried out to evaluate the influence of the
element size on the predicted dynamic response. Six characteristic mesh sizes (0.25, 0.30,
0.35, 0.40, 0.45 and 0.50 m) have been considered, and the final discretization (0.3 m) has
been selected as a compromise between numerical accuracy and computational cost. The
resulting FE mesh as well as some details to the mesh configurations selected are shown in
Figure 6.

3.3. Material Constitutive Models

The nonlinear behavior of the mechanical materials was represented using the damage-
plasticity ‘ASDEADamageTC3’ constitutive model available in OpenSees [39]. The material
combines isotropic damage under tension and compression, enabling the progressive
degradation of stiffness associated with cracking and crushing phenomena while preserving
computational efficiency for large-scale nonlinear analyses. The ‘PlateFiberSection’ element
has been used to construct a membrane-plate fiber section for the shell elements.

The mechanical properties adopted in the present model were based on previous
experimental characterization performed by the authors in the Mosque–Cathedral of Cór-
doba [23]. The experimental campaign included rebound hammer tests on the columns and
on the main limestone and brick masonry typologies to estimate their compressive strength.
Ambient-vibration tests were subsequently conducted on the arcades to characterize their
dynamic behavior and provide information for the definition of the dynamic material
properties and contact-interface parameters. Although the experimental campaign was
conducted in another sector of the monument, the investigated materials and construc-
tion typologies are also present in the Gothic–Renaissance crossing and therefore provide
building-specific reference values for the present FE model. For properties not directly
obtained experimentally, such as tensile strength and strain at peak compressive strength,
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values were derived from established literature relationships and the Italian Building
Code [40], as described below.

Distinct constitutive material definitions were assigned to the principal masonry and
stone typologies identified in the monument. Marble and granite were assigned to the
preserved Islamic columns; limestone masonry to the walls, piers and buttresses; and brick
masonry to the brick arches, vaults, dome covering layer and eight buttresses connected to
the main nave.

The mechanical properties assigned to the different structural materials have been
established according to the available level of knowledge for each construction phase and
are summarized in Table 1. For the original Islamic structure, including the marble and
granite columns, limestone masonry, and brick masonry, the material parameters have
been adopted from previous experimental and numerical investigations carried out by the
authors on the building [23].

For the Gothic–Renaissance crossing, where direct experimental characterization is
not available, the initial mechanical properties have been selected from the reference values
provided by the Italian Building Code (NTC 2018) [40] (density, ρ, Young Modulus, E, and
compressive strength, f cp). The masonry typologies adopted have been chosen to best
represent the constructive characteristics of the monument, namely muratura in mattoni
pieni e malta di calce for the brick masonry and the closest equivalent category for the
limestone masonry.

Because direct experimental characterization of all constitutive parameters was not
available, several material properties have been estimated following well-established
assumptions reported in the literature. The tensile strength f t has been assumed as a 10%
of f cp, consistently with previous applications to masonry structures [41]. Likewise, the
strain corresponding to the peak compressive strength (εcp), has been selected within the
experimentally based ranges reported in previous studies [42].

The tensile and compressive fracture energies, Gt and Gc, were selected following
Petracca et al. [43] formulation. The initial, f c0, and the residual, f cr, compressive strengths
were defined as 50% and 10% of the adopted f cp, respectively.

These assumptions allow the nonlinear behavior of masonry to be represented while
acknowledging the unavoidable uncertainties associated with the mechanical characteriza-
tion of heritage materials.

The adopted material properties constitute the reference mechanical characterization
of the FE model. Their influence on the predicted dynamic response is subsequently
evaluated through the sensitivity analyses presented in Section 4.2.1.

3.4. Boundary Conditions

The structural interaction between the Gothic–Renaissance crossing and the pre-
existing Islamic structure has been explicitly represented through interface elements to
account for the mechanical behavior of the connections between masonry components
belonging to different construction phases.

To simulate these interfaces, the ‘ZeroLengthContactASDimplex’ element available in
OpenSees has been adopted. The element has been introduced at the interfaces in both X
and Y (when applicable) between the Gothic–Renaissance crossing and the surrounding
Islamic structure, respecting the existing geometry and current structural configuration
(Figure 6).

The constitutive behavior of the contact interfaces is governed by the friction coef-
ficient (µ), cohesion (c), and the normal and tangential penalty stiffnesses (Kn and Kt,
respectively). The values have been selected according to recommendations available in
the literature for historical masonry [24]. A friction coefficient of µ = 0.50 has been adopted,
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corresponding to masonry with regular bonding and relatively good mortar quality. The
cohesion has been assumed as 0.10 MPa, which lies within the range commonly reported for
historic masonry.

Kn and Kt control the transfer of compressive and shear forces across the interfaces
and therefore directly influence the global stiffness of the numerical model. Since these
parameters cannot be determined experimentally, they have been considered from refer-
ence experimental testing on masonry units [44]. These values equal to Kn = 2.0 × 109

kPa/m and Kt = 6.0 × 108 kPa/m, respectively, also based on a previous study by the
authors [45], concerning stone-column assemblies in the Mosque–Cathedral of Córdoba
and implemented within the same OpenSees and STKO framework.

The base of the model has been assumed to be fully restrained. The model adopts
fully restrained boundary conditions at foundation level as a modelling assumption. Soil–
structure interaction was outside the scope of the present work. Consequently, the reported
modal properties should be interpreted as fixed-base estimates. Its influence will be
assessed in future work through an extended soil–foundation–structure model.

4. Numerical Results and Dynamic Characterization
All numerical analyses have been carried out in OpenSees framework through the

STKO interface. The simulations have been performed on a workstation equipped with a
13th Intel® Core™ i7-13700 processor operating at 2.10 GHz and 16 GB of RAM. Eigenvalue
analyses have been conducted using the genBandArpack eigensolver. The parallel Reverse
Cuthill–McKee (RCM) algorithm has been adopted to renumber the degrees of freedom
and minimize the bandwidth of the global stiffness matrix. The MUMPS sparse direct
solver has been employed for solving the resulting linear system. Boundary constraints
have been enforced using the Penalty Method with penalty factors of αS = 1 × 1012 and
αM = 1 × 1012.

4.1. Global Dynamic Behavior

Following the sensitivity analyses, a modal analysis has been performed to investigate
the global dynamic behavior of the Gothic–Renaissance crossing. The three vibration
modes, together with their corresponding natural frequencies and modal participation
factors, are presented in Table 2. These modes represent the principal translational and
rotational mechanisms governing the dynamic response of the structure. Furthermore,
they provide insight into the interaction between the Gothic–Renaissance crossing and the
surrounding Islamic structural system.

The modes discussed below were selected from the calculated modal range because
they represent the dominant global responses of the crossing. Other extracted modes
predominantly correspond to localized deformation mechanisms involving individual
structural components and exhibit limited modal mass participation.

The results indicate that the dynamic response is dominated by two translational
modes. The first mode corresponds to a longitudinal translation (X direction) with a natural
frequency of 2.01 Hz and an effective modal mass participation ratio of 62.60%, demon-
strating that this direction governs the global response of the crossing. The second mode,
associated with transverse translation (Y direction), occurs at 2.52 Hz with a participation
factor of 44.06%. The third mode corresponds to a torsional response about the vertical axis
Z at 3.14 Hz, exhibiting a rotational participation factor of only 1.02%.

The first vibration mode is characterized by a global longitudinal displacement in-
volving the central dome, the longitudinal nave, the surrounding masonry walls, and the
lower Islamic arcades. Rather than exhibiting localized deformations, the displacement
field extends continuously throughout the structure, indicating that the crossing behaves
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as an integrated structural system. This behavior confirms that the interaction between
the Gothic–Renaissance intervention and the pre-existing Islamic structure is sufficiently
effective to produce a coupled global response, rather than allowing the two construction
phases to vibrate independently. The relatively high modal participation factor (62.6%)
further indicates that longitudinal excitation is expected to activate a significant proportion
of the structural mass.

Table 2. Global vibration modes and modal participation factors of the FE model.

Mode 1
Translational X

Mode 2
Translational Y

Mode 3
Rotational

f 1 = 2.01 Hz
M1x = 62.6%

f 2 = 2.52 Hz
M2y = 44.06%

f 3 = 3.14 Hz
RM3z = 1.02%

The second vibration mode corresponds to transverse translation. Although the overall
deformation pattern remains global, larger displacements develop in the lateral walls and
buttresses, reflecting their greater contribution to the transverse flexibility of the crossing.
Compared with the first mode, the natural frequency increases by approximately 25% (from
2.01 Hz to 2.52 Hz), suggesting a stiffer structural response in the transverse direction.
Nevertheless, the participation factor decreases to 44.06%, indicating that the associated
mass participation is more distributed among higher modes than in the longitudinal
direction. This behavior highlights the structural role of the buttresses in controlling
transverse deformations generated by the vaulted system and the central dome.

The third mode is associated with torsional motion about the vertical axis. Unlike
the previous translational modes, opposite lateral displacements develop on either side of
the crossing, producing a coupled rotational mechanism. Despite the approximately sym-
metric geometry of the crossing, the appearance of torsional behavior indicates that local
differences in stiffness and structural connectivity influence the global response. However,
the rotational participation factor remains limited (1.02%), indicating that torsional effects
are secondary compared with the dominant translational mechanisms.

Overall, the first three global vibration modes demonstrate that the dynamic behavior
of the crossing is governed by the interaction between the central dome, the ribbed vaults,
the massive masonry walls, and the adjacent Islamic structural system. The deformation
patterns extend over the entire structural assembly, confirming that the Gothic–Renaissance
crossing cannot be considered an isolated structural component. Instead, its dynamic re-
sponse is strongly conditioned by its mechanical interaction with the surrounding mosque.

4.2. Sensitivity Analysis
4.2.1. Mesh Sensitivity

A mesh sensitivity analysis has been performed to identify the coarsest discretiza-
tion capable of accurately reproducing the global dynamic response while maintaining
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a reasonable computational cost. Seven mesh sizes, ranging from 0.20 m to 0.50 m, have
been initially considered (Figure 6). However, the 0.20 m mesh could not be analyzed
due to its excessive computational requirements. Therefore, the comparison presented in
Table 3 includes the meshes ranging from 0.25 m to 0.50 m. The first mode corresponds to
a longitudinal translation (X direction). The second mode corresponds to the transverse
translation (Y direction), and the third mode corresponds to a torsional response about the
vertical axis Z, as presented in Section 4.2.

Table 3. Mesh sensitivity analysis of the FE model. Note: The 0.30 m mesh, selected for the subsequent
analyses, has been adopted as the reference mesh. The values reported in the ∆time (%) and ∆f (%)
columns are calculated relative to the results obtained for this mesh size.

Mesh
Size
[m]

Nº of
Nodes

Nº of
Ele-

ment

Total
Mass
[Tn]

Time
[s]

∆time
[%]

Mode 1 Mode 2 Mode 3

f 1
[Hz]

M1x
[%]

∆f1
[%]

f 2
[Hz]

M2y
[%]

∆f2
[%]

f 3
[Hz]

RM3z
[%]

∆f3
[%]

0.25 166,750 353,372 18,132.6 5258 +2404% 2.010 62.61 −0.15 2.52 44.06 −0.11 3.14 0.99 −0.15
0.30 120,746 258,587 18,135.1 210 0.00% 2.013 62.6 0.00 2.523 44.06 0.00 3.145 1.02 0.00
0.35 89,330 193,350 18,138.6 146 −30.48% 2.017 62.59 +0.19 2.527 44.06 0.15 3.147 1.04 +0.06
0.40 66,894 146,233 18,141.6 107 −49.05% 2.020 62.58 +0.34 2.531 44.06 0.31 3.149 1.06 +0.12
0.45 55,607 122,407 18,144.5 88 −58.10% 2.023 62.58 +0.49 2.536 44.09 0.51 3.151 1.10 +0.19
0.50 46,354 102,913 18,151.1 74 −64.76% 2.027 62.57 +0.69 2.539 44.08 0.63 3.153 1.10 +0.25

To ensure a consistent comparison, the computational times were obtained from
repeated analyses performed under identical hardware and numerical conditions. All
calculations used the same OpenSees version, eigensolver, solver, number of processes and
number of eigenvalues.

The results showed that mesh refinement has a negligible influence on the predicted
modal frequencies. Across the analyzed meshes, the variation in the first three natural
frequencies remained below 0.7%, indicating that the global dynamic response had essen-
tially converged even for relatively coarse discretizations. In contrast, the computational
effort was highly dependent on the element size. Reducing the mesh size from 0.30 m
to 0.25 m increased the computational time from 210 s to 5258 s, corresponding to an
increase of approximately 2400%, while improving the predicted frequencies by less than
0.2%. Conversely, increasing the mesh size to 0.50 m reduced the computational time
by approximately 65%, although the frequency deviations increased to about 0.6% and
the geometric representation became noticeably coarser. The total structural mass also
remained practically constant throughout the analyzed meshes, varying by less than 0.1%.
This indicates that the mesh refinement does not significantly modify the inertial properties
of the numerical model.

These results indicated that the dynamic response of the model is relatively insensitive
to the adopted mesh density once a characteristic element size of approximately 0.30 m
is reached. Consequently, the mesh comprising 258,587 shell elements and 120,746 nodes
has been adopted for the subsequent analyses, as it provides the best compromise between
numerical accuracy, computational efficiency and geometric representation of the complex
vaulted geometry.

4.2.2. Sensitivity of the Dynamic Properties

In Figure 7, the influence of the principal mechanical parameters on the predicted
dynamic response has been investigated by independently varying the ρ and E by ±5%
and ±10%, relative to the baseline values previously reported in Table 1, while keeping
all remaining properties unchanged. The ±5% and ±10% variations were selected to
evaluate the local sensitivity of the modal response around the adopted reference values.
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The baseline properties were primarily derived from previous experimental investigations
conducted by the authors on the Mosque–Cathedral and checked against the representative
parameters and ranges reported for historical masonry typologies [42].

Figure 7. Frequency variation in each vibration mode identified by changing the dynamic properties:
(a) density, ρ, and (b) Young Modulus, E.

The quantitative review of all extracted modes showed that the modes governing the
global response retained their translational or rotational classification and similar mass
participation ratios for the investigated material-property variations.

As expected, decreasing the material density increased the natural frequencies,
whereas increasing the density produced the opposite effect. A 10% reduction in density
increased the frequencies of the first three modes by 4.98%, 5.16% and 5.41%, respectively.
A 10% increase reduced them by approximately 4.4%. Similarly, modifying the Young’s
modulus produced an almost symmetrical response. A 10% reduction in E decreased the
modal frequencies by approximately 5%, whereas a 10% increase resulted in frequency
increments ranging between 4.76% and 4.98%. For both parameters, variations of ±5%
produced frequency changes limited to approximately 2.2–2.8%.
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An important observation is that the three global vibration modes exhibit almost
identical sensitivity to both parameters. The maximum difference between the frequency
variations in the three modes remains below 0.5%, indicating that moderate uncertainties
in density or elastic stiffness mainly modify the global stiffness-to-mass ratio without
altering the modal hierarchy. Therefore, the adopted material properties primarily affect
the absolute frequency values rather than the deformation patterns, supporting the ro-
bustness of the qualitative interpretation of the global vibration modes presented in the
following sections.

4.2.3. Sensitivity of Boundary Conditions

The influence of boundary conditions was evaluated by comparing the current model
with different configurations. The same geometry, mesh and material properties were
maintained in all cases, modifying only the lateral boundary conditions. The reference
model incorporating ZeroLengthContactASDimplex interface elements was compared with
a free model restrained only at ground level and a fixed model in which the interface
boundaries were fully restrained.

Table 4 compares the frequencies and modal mass participation ratios of the represen-
tative translational and rotational modes.

Table 4. Comparison of the representative X-translational, Y-translational and rotational modes for
the free, contact and fixed boundary-condition configurations.

Configuration of
the Boundary

Conditions

Mode 1
Translational X

Mode 2
Translational Y

Mode 3
Rotational

Free
f 1 = 1.22 Hz f 2 = 1.77 Hz f 3 = 2.05 Hz
M1x = 67.6% M2y = 71.26% RM3z = 52.14%

Contact
f 1 = 2.01 Hz f 2 = 2.52 Hz f 3 = 3.14 Hz
M1x = 62.6% M2y = 44.06% RM3z = 1.02%

Fixed
f 1 = 2.02 Hz f 2 = 2.53 Hz f 3 = 3.19 Hz

M1x = 61.96% M2y = 43.96% RM3z = 0.47%

Removing the lateral interaction produces a substantial reduction in the modal fre-
quencies. Relative to the contact model, the frequencies of the free configuration decrease
by approximately 39.1%, 29.6% and 34.6% for the X-translational, Y-translational and
comparable rotational modes, respectively. The free model also exhibits a different distribu-
tion of modal mass, particularly in the rotational response, whose participation increases
to 52.14%. These results indicate that disregarding the connection with the surround-
ing Islamic structure significantly modifies both the stiffness and the global response of
the crossing.

Conversely, the contact and fixed configurations present similar translational mode
shapes and frequencies. Relative to the contact model, fully restraining the interfaces
increases the three selected frequencies by only approximately 0.6%, 0.3% and 1.7%, respec-
tively. The translational modal mass ratios are also similar in both models. This indicates
that the contact formulation provides sufficient lateral restraint to reproduce a global trans-
lational response close to that of the fixed-interface configuration. Nevertheless, differences
remain in the rotational response and in some local displacement patterns, showing that
the contact and fixed assumptions are not mechanically equivalent.
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4.3. Influence of the Buttress Configuration

Buttresses play a fundamental role in the structural equilibrium by providing lateral
restraint and transferring horizontal thrusts towards the supporting piers, walls, and foun-
dations. Their structural effectiveness depends on their geometry, stiffness, connection with
the adjacent walls and arches, and modifications introduced during the historical evolution
of the building. Recent research on the Süleymaniye Mosque, located in Istanbul, demon-
strated the importance of the buttress system by comparing the existing configuration with
hypothetical models incorporating reduced or eliminated buttress depths [46].

As shown in Figure 8, the four buttresses connected to the main nave were originally
open but were later infilled with masonry arches as part of a later strengthening intervention.
The four buttresses of the opposite side were also enclosed. These differences provide the
basis for comparing the existing configuration with a hypothetical model in which the
central buttresses are also fully infilled.

Figure 8. Buttresses of the Gothic–Renaissance crossing showing the infilled and open openings.
Picture taken by the authors.

4.3.1. Existing Configuration

In addition to the principal global vibration modes, the modal analysis also identifies
local deformation mechanisms involving these individual structural components of the
Gothic–Renaissance crossing. Although these local modes contribute only marginally to
the overall dynamic response, they provide valuable information regarding the spatial
distribution of stiffness and the structural interaction between the different construction
phases. Figure 9 illustrates one of the local vibration mechanisms identified in the numerical
analysis, selected due to the concentration of localized deformation in the buttresses of the
central part of the monument.

The modal results are consistent with the historical evolution of the monument. These
modifications likely increased the local stiffness of the affected buttresses, thereby reducing
their participation in the identified local vibration mechanisms. In contrast, the two but-
tresses that remain open on the side shown in Figure 8, together with their corresponding
counterparts on the opposite side, retain greater structural flexibility and consequently ex-
perience larger local displacements during vibration. The open configuration, geometrical
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discontinuities and reduced lateral restraint of the central buttresses identify them, from
a qualitative structural assessment, as potentially critical areas. Therefore, the predicted
deformation patterns reflect not only the current structural configuration of the crossing,
but also the mechanical consequences of the successive historical interventions that have
modified its stiffness distribution.

Figure 9. Local vibration mechanism identified in the modal analysis. f L = 2.31 Hz. (a) three-
dimensional view of the modal deformation concentrated in the buttresses, and (b) plan view of the
same vibration mode.

4.3.2. Hypothetical Infilled Configuration

To assess the influence of the buttress configuration, an additional model was ana-
lyzed in which the central buttresses were hypothetically considered fully infilled, while
maintaining the same mesh, material properties and boundary conditions (Table 5). The
principal modes retained their global translational and rotational character. However,
their frequencies increased from 2.01, 2.52 and 3.14 Hz in the current configuration to 2.03,
2.96 and 3.17 Hz, respectively, indicating an increase in global stiffness. The modal mass
participation ratios changed from 62.60% to 60.66% for the X-translational mode and from
44.06% to 37.99% for the Y-translational mode, whereas the rotational participation of the
third mode increased from 1.02% to 2.22%. These results indicate that infilling the central
buttresses increases lateral restraint and modifies the modal response, particularly in the Y
direction, which exhibited reduced deformation within the crossing.

From a structural perspective, these results indicate that the local dynamic response
is strongly influenced by stiffness discontinuities associated with the successive construc-
tion phases. Whereas the first vibration modes demonstrate that the Gothic–Renaissance
crossing and the surrounding Islamic structure behave as an integrated structural system,
the higher modes reveal that individual structural components remain sensitive to local
variations in stiffness and connectivity. This observation highlights the importance of ex-
plicitly representing the interfaces between successive construction phases when modelling
historically layered monuments.
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Table 5. Global vibration modes and modal participation factors of the Gothic–Renaissance crossing
FE model, with hypothetical infilled buttresses configuration.

Mode 1
Translational X

Mode 2
Translational Y

Mode 3
Rotational

f 1 = 2.03 Hz
M1x = 60.66%

f 2 = 2.96 Hz
M2y = 37.99%

f 3 = 3.17 Hz
RM3z = 2.22%

The identified local vibration mechanisms also provide useful information for future
structural assessment and monitoring. Although they have a limited influence on the
global response, they identify structural components that may be more susceptible to
local deformation accumulation under long-term environmental actions or seismic loading.
Consequently, the buttresses exhibiting the largest modal displacements represent suitable
locations for future monitoring systems and targeted structural inspections.

These findings are consistent with observations reported for the continuous dynamic
monitoring of the Milan Cathedral [47]. In that study, eight global vibration modes were
identified within the 1–5 Hz frequency range, with the first two modes corresponding
predominantly to transverse and longitudinal sway. Although a direct comparison is not
appropriate because of the different dimensions, structural configurations and portions
of the monuments analyzed, both studies reveal well-defined vibration mechanisms asso-
ciated with the principal structural directions. As reported for the Milan Cathedral, the
identification and interpretation of higher modes are inherently more challenging because
of their greater spatial complexity and sensitivity to the sensor arrangement. Furthermore,
the ambient frequency variations observed in that study indicate that moderate discrep-
ancies between numerical predictions and future experimental measurements should not
necessarily be attributed solely to modelling assumptions.

5. Conclusions
5.1. Key Points

This study presents the first 3D FE model of the Gothic–Renaissance crossing of the
Mosque–Cathedral of Córdoba, explicitly representing the mechanical interaction between
the Christian intervention and the surrounding Islamic structure through frictional contact
interfaces. The proposed modeling strategy addresses one of the principal challenges in
the numerical assessment of historically superimposed monuments, namely the realistic
representation of the structural interaction between successive construction phases.

The sensitivity analyses quantified the influence of the principal modelling parameters
on the predicted dynamic response. A characteristic mesh size of 0.30 m provided the best
compromise between computational efficiency and numerical accuracy, preserving both
the predicted natural frequencies (variations below 0.7%) and the total structural mass
(variation below 0.1%), while substantially reducing the computational cost. Likewise,
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variations of ±10% in density and Young’s modulus modified the predicted frequencies by
only approximately 5%, while preserving modal shapes.

Regarding the boundary condition analysis, the results demonstrate that the represen-
tation of the lateral interaction is relevant, while the reference contact model provides an
intermediate and mechanically more realistic condition between completely free and fully
fixed interfaces.

The modal analysis revealed that the first three global vibration modes correspond
to two dominant translational modes (2.01 Hz and 2.52 Hz) followed by a torsional mode
(3.14 Hz). The modes with the largest modal mass participation involve simultaneous global
deformation of the Gothic–Renaissance crossing and the surrounding Islamic structure,
while modes dominated by individual components exhibit a local character and lower
modal mass participation. The associated modal shapes demonstrate that the Gothic–
Renaissance crossing and the surrounding Islamic structure behave as a single integrated
structural system rather than as independent construction phases. Consequently, the
mechanical interaction between the historical additions plays a fundamental role in the
global dynamic behavior and should be explicitly represented in finite element models of
similar monuments.

Beyond the global response, the higher vibration modes revealed localized deforma-
tion mechanisms concentrated in the buttresses. These local mechanisms were found to be
consistent with the historical evolution of the monument, since the buttresses that were
subsequently infilled exhibit greater stiffness and reduced modal participation than those
that remain open. As a result, the identified local vibration mechanisms provide valuable
information for future structural assessment by highlighting structural components that
may be more susceptible to the activation of local deformation mechanisms and localized
dynamic-response patterns.

5.2. Future Works

This work provides the basis for a detailed three-dimensional FE model of the Gothic–
Renaissance crossing, which had not previously been developed, together with a prelimi-
nary characterization of its modal response and the sensitivity of its dynamic properties to
the main modeling parameters.

Although previous investigations of the monument provided building-specific infor-
mation on its materials, experimental modal data for the crossing are not currently available.
Future research will therefore include a dedicated validation and model-updating phase,
following the general principle of integrating experimental evidence with numerical mod-
elling adopted in previous structural studies [48]. Further ambient-vibration testing and
Operational Modal Analysis will be used to compare the measured and predicted frequen-
cies and mode shapes and to update the principal mechanical and interface parameters.

The validation process will also consider the uncertainties associated with environmen-
tal variability, geometrical idealization and sensor configuration. Repeated measurements
under different conditions will help distinguish ambient frequency variations from dis-
crepancies associated with modelling assumptions. After validation, nonlinear static and
dynamic analyses will be conducted to investigate structural capacity and potential failure.

Further numerical developments will address modelling assumptions not fully
examined in the present study. A dedicated interface sensitivity analysis will evalu-
ate the influence of the normal and tangential penalty stiffnesses, Kn and Kt, on the
modal response.

Soil–structure interaction will also be investigated by comparing the current fixed-base
model with an extended model incorporating the foundations and surrounding soil.
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Finally, the proposed workflow could be applied to other heritage structures to assess
its broader transferability. In historically layered monuments, the interface-modelling
stage can be adapted to their construction sequence and connection conditions, whereas in
single-phase buildings it may be omitted while retaining the geometrical reconstruction,
material characterization, sensitivity analysis and validation stages.
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