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Summary

The Great Portico of Medina Azahara is a prominent remnant of the 10th-century Caliphate of Cérdoba.
Once the monumental entrance to the Caliph’s palace complex, it is now a partially preserved four-arched
masonry structure. The site is a UNESCO World Heritage monument of major cultural significance.
Ensuring its structural integrity is vital for conservation and heritage management. This study investigates
the seismic response of the existing remains of the Great Portico using finite element modelling and
nonlinear pushover analysis. It aims to identify its dominant vibration modes, primary failure mechanismes,
and the points of concern for damage due to seismic loading.

The study adopted a continuum homogeneous modelling strategy. Multiple three-dimensional finite
element models were constructed in an iterative approach, to enable a sensitivity analysis on specific
aspects of the structure. The initial model included only a single building material. Later models included
three materials, interface elements at important structural interfaces and a more accurate model geometry.
Due to lack of in-situ measurements, the model geometry was approximated based on detailed drawings of
the structure. All models used solid elements and later models also incorporated structural interface
elements at important interfaces. Boundary conditions fixed the column bases, and loading consisted of the
self-weight followed by a modal pushover analysis. The dominant eigenmodes were determined using an
eigenmode analysis. Three materials were defined: limestone masonry, brick masonry and limestone. The
mechanical properties incorporated in the study, were based on literature concerning the
Mosque-Cathedral of Cérdoba and available structural codes for concrete and masonry structures.
Limestone and brick masonry were modelled with a total strain-based crack model, while limestone blocks
were modelled linear elastic isotropic. Two types of structural interface elements were modelled and
assessed comparatively: discrete cracking elements and combined cracking-shearing-crushing elements.

From the results of the eigenmode analyses, it was revealed that both in-plane and out-of-plane modes
significantly influence the seismic response. Therefore both the in-plane and out-of-plane responses of the
structure were analysed. The in-plane response is characterized by tensile cracking in the arches’ brick
masonry and at the interfaces between brick masonry and limestone blocks. The out-of-plane response had
the most critical failure mechanism. Cracking in the limestone masonry initiated at the bases and
mid-height of the columns, leading to tensile failure and toppling of the second arch. However, the overall
capacity of the Great Portico, estimated at approximately 1.0 g, is relatively high compared to results from
shake-table tests on masonry structures. Sensitivity analyses demonstrated that halving the tensile strength
had minimal influence on global capacity, while reducing stiffness decreased peak base shear but did not
alter failure modes. Crushing was observed only at high displacements, well after tensile cracking
dominated the response, confirming that tensile failure controls the seismic vulnerability. = Model
comparisons showed that, introducing multiple materials and interface elements had only limited impact
on the overall seismic response of the structure. For the out-of-plane behaviour, the simplest model was
adequate, whereas for the in-plane behaviour, the most detailed model best represented its response.

In conclusion, this study indicates that the remaining part of the Great Portico is most vulnerable under
out-of-plane loading, leading to tensile cracking in the limestone masonry of the columns. The in-plane
response, while stronger, is controlled by cracking within the brick masonry in the arches and at the interfaces
between the brick masonry and limestone blocks. Crushing failure is not governing for both mechanisms.

The findings for the Great Portico from this research can serve as a reference for similar analyses at
Medina Azahara and the Mosque-Cathedral of Cérdoba, contributing to their sustainable preservation
against seismic risk.
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Introduction

1.1. Background

Once the capital city of the first Umayyad Emirate of Cérdoba and later the Caliphate of Cérdoba, the current
city of Cérdoba, in Andalusia, Spain, hosts a large historical heritage. The best preserved remnants of the
Caliphate are the Mosque-Cathedral of Cérdoba and the historical city of Medina Azahara, both declared a
World Heritage Site by the UNESCO World Heritage Centre (2025). Both sites hold great importance for the
region. The Mosque-Cathedral is one of the biggest tourist attractions of Andalusia and a great example of
Spain’s Islamic history. Medina Azahara is the largest archaeological site of Spain. Preservation of both sites
is therefore of major importance for the city and the region.

Quite some research has been performed on both structures, for example about the architectural
significance of the Mosque-Cathedral (Hildebrand, 2012 & Hidalgo Ferndndez and Ortiz-Cordero, 2020) and
on certain restoration research performed on the structure (Palomar et al., 2023). Other research about the
city of Medina Azahara are for example about its historical/archaeological significance, conservation in the
context of tourism (Garcia Herndndez and de la Calle Vaquero, 2010) and study about the materials, such as
the research performed by Blanco-Varela et al. (1997) on the mortar used at the site of Medina Azahara, but
little research is performed on structural analysis of structures at both sites, which would be necessary to
ensure the structural integrity of these structures and thus their preservation. An earthquake would likely be
the greatest natural cause of damage to the city of Medina Azahara and the Mosque-Cathedral. Research
performed by Rodriguez-Pascua et al. (2023) showed evidence of seismic damage at Medina Azahara, such
as dropped key stones and tilted walls, from earthquakes in the 11th and 12th century, which could have
been a reason for the abandonment and partial destruction of the city (Rodriguez-Pascua et al., 2023). The
structural response to seismic loading could therefore be a key research-point for the future conservation of
both heritage sites. For this report a specific structure, the Great Portico of Medina Azahara, was chosen to
further investigate this key research-point.

Once a structure consisting of fourteen arches, the Great Portico was the entrance to heart of the Alcazar,
the palace of the Caliph. From this gallery the Caliph reviewed his troops training on the open square in
front of the Great Portico, known as the Plaza de Armas or al-Muzara (Calero Clavero, 2023). Nowadays the
structure consists of four segmented arches, one being a horseshoe-shaped arch, which was the central arch
of the gallery and is slightly wider and taller than the other arches (Calero Clavero, 2023). The Great Portico
in its current state is shown in Figure 1.1. The structure was built using three identifiable building-materials.
The main building-material is limestone-and-lime-mortar masonry. The arches consist of components of
clay-brick-and-lime-mortar masonry and limestone sequentially. The use of lime mortar is assumed based
on a study on the Mosque-Cathedral (Requena Garcia de la Cruz et al., 2023) and the assumption of similar
building techniques for the two structures.
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Figure 1.1: The Great Portico of Medina Azahara (Calero Clavero, 2023)

1.2. Research Questions and Objectives
The research aims to investigate the structural behaviour of the Great Portico subjected to seismic loading,
including a sensitivity analysis on two mechanical properties of the limestone masonry. The main scope of
the research could be described by the following research-question: What is the structural response of the
remaining structure of the Great Portico of Medina Azahara subjected to seismic loading?

To support the main scope, the following sub-research points will be addressed in the report:

¢ Which eigenmode dominates the seismic response of the structure? Is it a single mode or multiple?

e What are the main failure modes of the structure? And what are the points of concern for seismic
damage?

¢ What effect has a deviation of the value of a certain mechanical property (tensile strength or stiffness)
of the limestone masonry on the structural behaviour?

The results found in this research could be useful for other structures on the site of Medina Azahara, as well
as the Mosque-Cathedral, due to the use of similar natural stone at both sites and, in case of the
Mosque-Cathedral, a similar structure (i.e. a structure consisting of double-layered arches, see Figure 1.2).
This research could therefore be used as reference and further research on the site of Medina Azahara and
the Mosque-Cathedral.

1.3. Research Methodology

This study implements a continuum homogeneous modelling approach. Several finite element models were
built and used to investigate the seismic response of the four-arched structure. The models were made in the
DIANA FEA 10.7 software environment (DIANA FEA B.V,, 2023), using the constitutive laws and loading types
defined in the software. The mechanical properties are mainly taken from literature and partially verified
by experimental testing. The seismic loading is modelled by a global modal pushover load. All conclusions
drawn in this report are based on the results from the pushover analyses.
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Figure 1.2: Hypostyle hall, Mosque-Cathedral of Cérdoba: double-layered arches (Mirmobiny, 2015)

1.4. Outline of Report

The report consists of six chapters. Chapter 1 introduces the study and presents the main scope of the
research. Chapter 2 elaborates on the current state of research on the structural dynamic behaviour of stone
(masonry) arches and on the modelling of masonry structures. Chapter 3 gives a detailed description of the
research approach and the development of the finite element models. Chapter 4 outlines the results of the
eigenmode and pushover analyses. Lastly, Chapter 5 discusses the research methodology and the results and
Chapter 6 draws the final conclusions and lists recommendations for further research.



State of the Art

The research utilizes numerical finite element models to analyse the remaining structure of the Great
Portico, a historical (predominantly) masonry arch structure. This chapter reviews established research on
the dynamic behaviour of masonry arches and examines the various modelling strategies employed for
masonry structures.

2.1. Structural dynamic behaviour of masonry arches

For the analysis of the structural behaviour of masonry arches is usually referred to the principles stated by
Jacques Heyman. Heyman (1966) formalized the "safe" theorem and the uniqueness theorem. The theories
state that a masonry arch-structure is safe if there exists a line of thrust in equilibrium with the external
loads contained entirely within the thickness of the masonry and, if the external loading is proportional
increased by a load factor to form the required amount of hinges in the line of thrust to transform the
structure in a mechanism, that load factor at collapse is unique (Heyman, 1966). Heyman used the following
three assumptions about stone masonry for his formulations: Stone masonry has no tensile strength: tensile
forces are not transmissible within masonry, stone has an infinite compressive strength: there is no danger
of crushing and sliding failure cannot occur: friction is high enough to prevent the stone blocks from sliding
on one another. These assumptions allow plastic theory to be applied to masonry arches (Heyman, 1969).

Figure 2.1: Four-link rigid body mechanism motion of an arch (Oppenheim, 1992)
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Building on Heyman’s theoretical framework, Oppenheim (1992) examined the dynamic response of an
unreinforced masonry arch by idealizing the structure as a four-link rigid body mechanism subjected to a
base motion. In his paper, Introduction to dynamics of stone arches, Clemente (1998) used the four-link rigid
body mechanism and the uniqueness theorem to describe an arch turning into a mechanism at an unique
peak ground acceleration level (mechanism at PGA = g, g is the gravitational acceleration). Oppenheim
studied this one possible failure mode: direct overturning as a four-link mechanism. He found that an arch
geometry establishes good resistance to earthquake excitation. The ground acceleration must exceed a rather
high threshold before any mechanism motion would develop. However, once that threshold has been passed
the arch has relatively modest resistance before failure (Oppenheim, 1992). Oppenheim discusses two more
failure conditions: pounding and sliding. Pounding could cause fracturing, resulting in the decrease of the
effective thickness of the arch significantly weakening the structure. Sliding will occur when the tangential-
normal ratio exceeds the friction coefficient. Failure occurs if a block slides beyond the geometric limits
(Oppenheim, 1992).

2.2. Modelling of masonry structures

Modelling masonry structures is an intricate task given the complexity of the mechanics of masonry.
Masonry has a composite character, combining stone or brick with mortar joints, giving it highly variable
and brittle mechanical properties. In the case of historical structures, complex geometry adds to the
modelling complexity. They often include straight or curved members, such as arches (e.g. the Great
Portico), vaults, domes and buttresses (Roca et al., 2010). Other difficulties can be presented by limited
material data, historical modifications and damage, and long-term effects (Roca et al., 2010). Roca et al.
(2010) lists the following desirable features for modelling historical masonry structures: an adequate
description of the geometry, morphology and damage, non-linear constitutive equations, the interaction
with soil/foundation and adjacent structures, the stages experienced by the structure (in particular, the
construction process), and long-term effects, such as creep. The paper by Roca et al. (2010) analyses
approaches to modelling historical masonry structures. From classical analytical approaches, like the work
by Coulomb and Couplet, who describes the failure mechanism of an arch when enough plastic hinges have
developed in the structure (Heyman, 1976), to current finite and discrete element analyses.

D’Altri et al. (2020) provide a detailed overview of the different modelling strategies for the computational
analysis of unreinforced masonry structures. In the paper four strategies are classified: block-based models,
continuum models, macroelement models and geometry-based models (D’Altri et al., 2020).

Block-based models are built block-by-block with mortar (or dry) joints. These models give a
representation of the actual masonry and give the ability to model structural details. Block-based models
give a clear representation of the failure modes and detailed insights in the weakest part of the structure.
However, due to their high computational demand and complex assembly of the model, these models are
mainly suited for smaller scale structures (D’Altri et al., 2020).

In continuum models, masonry is modelled as a continuum deformable body. Prime advantage is that
the mesh discretization does not have to follow the heterogeneous configuration of the masonry. Making it
more suitable for larger scale structures than the block-based models. Two approaches are given to model
the mechanical complexities of masonry: the direct approach, which uses continuum constitutive laws that
can approximate the mechanical response of masonry and the homogenization procedure and multi-scale
approach, which tries to represent masonry from homogenization processes, typically based on
Representative Volume Elements (RVEs) (D’Altri et al., 2020).

Macroelement models (or equivalent frame models) model the masonry structure in equivalent
panel-scale structural components. This approach is mainly used in the global seismic response analysis of
masonry buildings. Macroelement models are widely used in the seismic analysis of masonry structures,
due to their simplified modelling approach and, therefore, limited computational effort. However assumed
in these models is that local failure modes, mainly associated with the out-of-plane response, are prevented
(D’Altri et al., 2020).

In geometry-based models, typically the structural equilibrium and/or collapse of the masonry structure,
modelled as a rigid body, is investigated through limit analysis-based solutions, based on either static or
kinematic theorems. The use of this approach is limited, but it could give useful insights in the equilibrium
states and, therefore, the safety of masonry structures, as well as predict the collapse mechanism in complex
masonry structures (D’Altri et al., 2020).

The four different approaches have their uses, because of their specific strengths. However, all masonry
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Figure 2.2: Modelling strategies for masonry structures (D’Altri et al., 2020)

structures encounter the same complexities. Roca et al. (2010) concludes that, despite advancements in
modelling, analysing historical masonry structures is a challenging task. Encountered difficulties are
complex geometry, materials, morphology and present condition. The modelling of the mechanical
behaviour of masonry is in particular demanding, due to its brittle nature and composite character (Roca

etal., 2010).



Research Approach and Model
Development

This chapter elaborates on the approach taken in the research of the structural seismic response of the Great
Portico. It will go over the specifications of the finite element models used to perform the pushover analyses
of the structure. Secondly, the procedure for defining the material properties is outlined.

3.1. Model Specifications

The seismic vulnerability assessment of the Great Portico at Medina Azahara was performed using 3D finite
element models. This section outlines the general specifications and considerations applied in the modelling
process.

3.1.1. Overview of the Modelling Approach

An iterative approach was taken in the study of the seismic response of the Great Portico. This approach
enabled a sensitivity analysis of specific structural aspects of the Great Portico. Initially defining a
single-material model and expanding it to a model including three different building materials and interface
elements. Notably, during the initial iterations of the modelling process, the top part of the right-most arch
was included in the model, despite its absence in the current state of the structure. As seen in Figure 3.2a,
the top section is no longer present in reality; however, it was incorporated in early models to evaluate its
influence on the seismic response and for sensitivity analyses conducted in this research, which will be
discussed in Chapter 4. A total of 4 models were created. The materials mentioned in the description of the
models below are the materials mentioned in Section 1.1 and described in Section 3.2. In the models with all
three materials, the materials were modelled according to the configuration specified in Section 3.2. The
models are listed below:

1. Single-material-model: A single-material model, consisting of stone masonry, including the top of right
most arch.

2. Tri-material-model: A model including the three defined materials, consisting of limestone masonry,
brick masonry and limestone blocks, including the top of the right most arch.

3. Interface-model: A model including the three defined materials, consisting of limestone masonry, brick
masonry and limestone blocks, including interface elements, including the top of the right most arch.

4. Final-model: A model including the three defined materials, consisting of limestone masonry, brick
masonry and limestone blocks, including the interface elements, excluding the top of the right most
arch.

For the interface-model two types of interface elements were adapted, explained in Subsection 3.2.5.
Figure 3.1 shows a visual representation of the described iterative approach. The different colours present in
the second, third and fourth model indicate the different materials in these models. The bright blue and red
colouring between the arch-segments in the interface- and the final-model represent the interface elements
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Figure 3.1: Visual overview of the iterative modelling approach

present. The exclusion of the top of the right most arch in the fourth model only removed a part of the
structure consisting of stone masonry. Taking a look at Figure 1.1, this corresponds with the current state of
the Great Portico.

3.1.2. Model Geometry

The geometric configuration of the standing arch-structure is estimated based on the drawings from
Planimetria de Madinat al-Zahra’ (Almagro Gorbea, 2011) shown in Figure 3.2. There are no current in-situ
measurements on the geometry of the structure at the time of constructing the models. These drawings
provide a moderately detailed depiction of the structure. While the exact measurements are approximated
due to the level of detail in the source material, they are sufficiently accurate to reflect the overall geometry
and proportions of the structure. The model dimensions can be found in Figure 3.3.
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Figure 3.2: Drawings of the arch-structure in Medina Azahara, Cérdoba (Almagro Gorbea, 2011)
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Figure 3.3: Estimated dimensions of the arch-structure in Medina Azahara (in meters)

3.1.3. Finite Element Mesh

The models are constructed in a 3-dimensional space to capture the spatial relationships and physical
dimensions of the structure. Figure 3.4 shows the 3D model for the first three models and Figure 3.5 for the
final-model.  Although both two-dimensional and three-dimensional modelling approaches were
considered (see Appendix A), the latter was chosen as it would have a more accurate representation of the
seismic response of the structure, particularly with regard to out-of-plane behaviour and possible complex
failure modes.

An average mesh size of 0.3 meters is applied for all the models. This choice ensures adequate resolution
for capturing the significant features of the structure and the stress concentrations at critical locations, while
also maintaining computational efficiency. All models were constructed in segments, as shown in Figure 3.4,
to facilitate the implementation of different materials in subsequent models while maintaining a consistent
mesh across all models. Although a uniform mesh size was used, smaller elements were generated due to
curvature at certain points in the structure to better accommodate the local geometry, ensuring that the
structural response was accurately represented throughout.
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(a) 3D model geometry (b) 3D model mesh

Figure 3.4: 3D finite element model including the top of the right-most arch

(a) Final-model: 3D geometry (b) Final-model: 3D mesh

Figure 3.5: 3D finite element model of the Great Portico

The structural analysis utilizes solid elements, which are appropriate for capturing the behaviour of the
structure and the stress and strain distribution of the materials. The mesh consists primarily of eight-node
isoparametric solid brick elements, defined as HX24L in the DIANA FEA Manual (DIANA FEA B.V, 2025).
To accommodate the curved edges in the structural model, the mesh consists besides the HX24L-elements of
three more solid elements: TE12L (a four-node, three-side isoparametric solid tetrahedron element), PY15L (a
five-node isoparametric solid pyramid element) and TP18L (a six-node isoparametric solid wedge element).
All elements use linear interpolation (DIANA FEA B.V,, 2025), providing a balance between computational
efficiency and the capacity to represent force and displacement variations within the structure accurately.
The elements are shown in figure Figure 3.6.

Additionally, in later models structural interface elements were incorporated at specific locations, such as
mortar joints, to capture potential weaknesses in the structure, and simulate joints with deteriorated mortar.
The specific element is a four+four-node linear quadrilateral interface element, named Q24IF (see Figure 3.7).
These interface elements are compatible with the structural solid elements.
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2

(a) TE12L-element

2

(c) TP18L-element (d) HX24L-element

Figure 3.6: Stuctural solid elements (DIANA FEA B.V,, 2025)

2

(a) topology (b) displacements

Figure 3.7: Structural interface element: Q24IF (DIANA FEA B.V., 2025)
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3.1.4. Boundary and Loading conditions

The structure is free standing, i.e. has no interaction with another structure. The only boundary conditions
are defined at the base of each column. The bases are assumed to be fixed to its foundation. In Figure 3.2a a
slight inclination in the ground profile can be seen. This inclination is neglected in the model, resulting in a
flat base. It was assumed that the neglect of the slight variation in ground level would have minimal impact on
the global seismic response of the structure, thereby justifying its exclusion to reduce modelling complexity
without significantly compromising result accuracy.

The structure is subjected to first its self weight and then a global modal pushover load in an
iterative-incremental method. A structural non-linear analysis was applied. The self weight of the structure
was applied in a single step. The modal pushover load was applied in 150 steps of 0.005. The modal
pushover loads the structure in a monotonically increasing static force profile proportional to a chosen
single mode shape (DIANA FEA B.V,, 2025). The relevant eigenmode(s) for the pushover analyses resulted
from an eigenmode analysis, explained in Section 4.1. The eigenmode analysis also established the
relevance of both an in-plane and out-of-plane pushover analysis.

3.2. Material Properties

The Great Portico’s structural model incorporates three distinct materials: limestone masonry, brick masonry,
and limestone blocks. The mechanical properties are considered uniform throughout the structure. Due to
uncertainties in the exact mechanical values, a conservative approach in deriving these values was chosen.
The mechanical values of the materials are given in Table 3.1. The material properties are based on technical
codes and relevant research, outlined below.

3.2.1. Constitutive Material Models

The constitutive material model, defined in DIANA (DIANA FEA B.V,, 2025), used for the limestone and brick
masonry is: total strain based crack model and for the limestone blocks is: linear elastic isotropic. The stress-
strain relation in isotropic elasticity can be described by the following equation:

B 1-v v v

Oxyz=———— | Vv 1-v v | €xyz (3.1)
1+v)(1-2v) v 1—v

The total strain based crack model follows a smeared approach for the fracture energy (DIANA FEA B.V.,,
2025). The theory used for the three-dimensional application of this approach is proposed by Selby and
Vecchio (1993). In this constitutive model the stress is described as a function of the strain. This study uses
the rotating-crack-model approach to describe the stress-strain relations, where the relations are evaluated
in the principal directions of the strain vector (DIANA FEA B.V,, 2025). The stress-strain relation is given in
Equation 3.2. In which nst stands for the defined crack coordinate system.

i1 ons =0 ({1 enst) (3.2)

An exponential curve is applied for the tensile softening. The curve is given in Figure 3.8a. Important
parameters are the tensile strength, f;, the fracture energy, G, and the equivalent length, h.4. The equivalent
length, or crack bandwidth, is determined using Rots’ element based method (Rots, 1988). In this method the
equivalent length is related to the volume of the element. There is specified to be no residual tensile strength
and a no reduction model is applied for the Poisson’s ratio-reduction.

The compressive behaviour is described by a parabolic softening curve (see Figure 3.8b), formulated by
Feenstra (1993). Key parameters are the compressive strength, f;, the compressive fracture energy, G., and
the characteristic element lenth, k. Again no residual strength is specified. There is no increase in the
compressive strength due to lateral stress confinement and reduction in the strength due to lateral cracking.

3.2.2. Limestone Masonry

The majority of the structure consists of stone masonry, with limestone as the primary material. Figure 3.9
illustrates the configuration of the materials in the numerical models. The real-world configuration of the
materials has been replicated as closely as possible without overcomplicating the construction of the
numerical models. The mechanical properties of the stone masonry, aside from the fracture energies, are
adopted from the study on the Mosque-Cathedral of Cérdoba by Requena Garcia de la Cruz et al. (2023).
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(a) Exponential tensile softening curve (Hendriks and Roosen, 2022) (b) Parabolic compressive softening curve (DIANA FEA B.V,, 2025)

Figure 3.8: Softening curves

Since the original structure of the Mosque-Cathedral was built in the same historical time-period as the city
of Medina Azahara, it is assumed that similar materials and construction techniques were employed.

The compressive fracture energy for the stone masonry was derived according to the guidelines set out
in the Model Code 90 (CEB and FIB, 1993). While these formulas were originally developed for concrete, it
is assumed that Equation 3.3 provides a reliable estimation of the brittle failure in compression, making it
appropriate for deriving the compressive fracture energy of the limestone masonry in this structure.

Gc = 15+0.43 f — 0.0036 f2 (3.3)

For the tensile fracture energy, the values were derived using Equation 3.4 taken from Structural Masonry
Analysis: Recent Developments and Prospects by Lourenco (2008), in which they used the equation for
calculating the fracture energy of concrete from Model Code 90 (CEB and FIB, 1993) and the assumption
that the relation between the tensile and compressive strength of limestone masonry is 5% (Lourenco et al.,
2004).

Gr=0.0252f)%7 (3.4)
Legend:
7 Stone masonry
IX » I Brick masonry
Stone blocks

Figure 3.9: Material configuration in the finite element models
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Mechanical property Symbol Unit Stone masonry | Brick masonry | Limestone
Compressive strength fe N/mm? 2.78 3.57 -
Modulus of elasticity E N/mm? 1800 2000 3772.23
Density p kgim3 1800 1800 1644.22
Poisson’s ratio v - 0.3 0.2 0.3
Tensile strength ft N/mm? 0.1 0.21 -
Fracture energy compression Gc N/mm 16.17 12.00 -
Fracture energy tension Gr N/mm 0.0081 0.0060 =

Table 3.1: Mechanical properties of the materials defined in the structural seismic analysis

3.2.3. Brick Masonry

In addition to stone masonry, the arches feature a combination of brick masonry and limestone blocks. The
mechanical properties of the brick masonry, excluding the fracture energies, are also sourced from the study
by Requena Garcia de la Cruz et al. (2023).

For the fracture energies in both tension and compression, the model uses values from NPR-9998
specifically from Table E2 (NEN, 2020). The code provides mean values of material properties for Dutch clay
brickwork masonry. In light of the poor quality of the brick masonry in the structure, a 40% reduction was
applied to the standard values for fracture energies to reflect this degradation.

3.2.4. Limestone

The limestone blocks used in the arches are modelled as having linear elastic properties, as these blocks are
assumed to be stronger and more rigid than the surrounding brick masonry. The linear elastic assumption
is a simplification made under the stated premise that cracks and failure will occur in the surrounding brick
masonry before these will occur in the limestone blocks.

The material property values for the limestone blocks were taken from an experimental study conducted
by a research team from the University of Sevilla, which involved uniaxial compression tests on prismatic
samples from three different ashlars (Zapico-Blanco et al., 2025). For conservative modelling, the lowest set
of values from this study was applied to the numerical analysis.

3.2.5. Structural interfaces

In last two models interface elements were implemented. These interface elements were modelled between
the brick-masonry and stone block segments, therefore simulate the joints between different structural
materials. Two types of elements were considered: discrete cracking elements and combined
cracking-shearing-crushing (CCSC) elements. The CCSC-elements were considered as its constitutive
model describes the mechanisms in masonry joints more accurately.

The constitutive law for discrete cracking is based on a total deformation theory, which expresses the
tractions as a function of the total relative displacements, the crack width and the crack slip (DIANA FEA
B.V, 2025). The constitutive model for the CCSC-elements is formulated by Lourenc¢o and Rots (1997) and
enhanced by Van Zijl (2000). They formulated a two dimensional plane stress interface model based on multi-
surface plasticity, comprising a Coulomb friction model combined with a tension cutoff and an elliptical
compression cap (DIANA FEA B.V., 2025).

The two sets of properties are given in Table 3.2. Both types consider a low tensile strength and a dummy
stiffness, to simulate hard contact between these segments. This is a reasonable assumption, based on close-
up pictures of the segments. For the discrete cracking interface elements, brittle tension softening and zero
shear traction are assumed to represent limited tensile strength and no shear stiffness after cracking. The
combined cracking-shearing-crushing elements consider low cohesion and a compressive strength equal to
the compressive strength of the brick masonry. The values of the other mechanical properties are general
values taken from literature.
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Mechanical Property Unit Discrete cracking | CCSC
Normal stiffness modulus-z | N/mm?> | 1000 1000
Shear stiffness modulus-x | N/mm3 | 500 500
Shear stiffness modulus-y | N/mm?® | 500 500
Cracking
Tensile strength | N/mm? | 0.05 0.05
Fractureenergy | N/mm | - 0.0015
Mode-I tension softening criterion - Brittle -
Mode-1I shear criterion for crack development - Zero shear traction | -
Shearing
Cohesion | N/mm? | - 0.1
Friction angle rad - 0.4
Dilatancy angle rad - 0
Mode-II fracture energy
Parameter a mm - 0
Parameterb | N/mm | - 0.01
Crushing
Compressive strength | N/mm? | - 3.57
Factor Cs - - 0.01
Compressive inelastic law
Compressive fracture energy | N/mm | - 12
Equivalent plastic relative displacement mm - 0.007

Table 3.2: Mechanical properties of the two types of interface elements
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Figure 3.10: Close-up picture of the Great Portico (picture by Luis Manuel Giraldez)



Results

This chapter will show the results of the structural analysis of the Great Portico. Firstly the results of the
eigenmode analysis of the all four models will be shown. Secondly the results from the pushover analyses will
be presented and illustrated. This section includes the results per model, a comparison between the models
and a brief sensitivity analysis on the tensile strength of the stone-masonry material and its stiffness.

4.1. Eigenmode Analysis

These eigenmode analyses were performed to determine the critical modes of the Great Portico structure to
use in the pushover analysis. The critical modes have a much higher mass participation factor compared
to the other modes. The eigenmode analysis of the first model determined if both IP-pushover and OOP-
pushover analyses were carried out and which modes were relevant for both directions. The subsequent
eigenmode analysis were performed to verify the assumptions made based on the first model also applied for
each successive refined model.

The table below lists the 5 modes with the highest participation factor from the eigenmode analysis of
the first model. The general participation factors are given in absolute values. P. E Tx and P. E Ty are the
participation factors for translation in the x-direction, out-of-plane direction, and the y-direction, in-plane
direction, respectively. The coordinate system with respect to the structure is shown in Figure 9, as well as all
subsequent figures showing the model of the structure.

Table 4.2 lists the 5 modes with the highest participation factor from the eigenmode analysis of the second
and third model. The incorporation of the interfaces only slightly changes the stiffness and does not change
the weight of the structure, key factors for determining the eigenmodes, therefore the second and third model
yield the same results. The results are very similar to those of the single-material-model. One could conclude
from the slightly higher eigenfrequencies that the general stiffness of the structure is slightly higher in the
second and third model. Looking at the chosen material properties this is expected, considering the stiffness
for both the brick-masonry and stone blocks is higher.

The results for the fourth model are given in Table 4.3. The slightly higher frequencies could be explained
by a similar stiffness, but lower weight of the structure. One important thing should be noted: the relevant
mode for the in-plane dynamic behaviour for the fourth model is the 5th mode instead of the 6th mode.

Mode | Freq(Hz) | Participation Factor | PETx | PETy
1 4.17 18.45 18.58 -0.01
2 4.86 4.27 4.07 0.25
3 5.59 6.95 6.99 -0.01
5 8.79 2.60 1.41 1.18
6 8.87 21.60 -0.11 21.69

Table 4.1: Eigenmode analysis of the single-material-model
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Mode | Freq(Hz) | Participation Factor | PETx | PETy
1 4.21 18.58 18.71 -0.01
2 4.92 4.14 3.92 0.26
3 5.71 6.49 6.53 -0.01
5 9.14 3.11 1.29 1.82
6 9.23 21.58 -0.14 21.71

Table 4.2: Eigenmode analysis of the tri-material-model and the interface-model

Mode | Freq(Hz) | Participation Factor | PETx | PETy
1 4.24 17.00 17.13 -0.02
3 6.54 8.39 8.46 -0.02
4 7.70 4.22 3.87 0.37
5 9.35 20.52 -0.22 20.70
6 9.49 3.96 1.27 2.67

Table 4.3: Eigenmode analysis of the final-model

The following observations could be made from the results of the eigenmode analyses: of the five
eigenmodes with the highest participation factor only one has an in-plane mode shape and the
participation factor of the leading in-plane mode is only slightly higher than the participation factor of the
leading out-of-plane mode. Based on these observations both the in-plane and out-of-plane responses were
considered in the seismic analyses. For the in-plane dynamic behaviour only the one mode was considered.
For the out-of-plane behaviour, analysis was restricted to eigenmode 1, as its participation factor is at least
twice that of the subsequent mode, thereby providing a sufficiently accurate representation of the response
without the inclusion of additional modes and complicating the analysis. Figures 9 and 10 show the mode
shape of the considered eigenmode for in-plane and out-of-plane dynamic behaviour of all four models of
the Great Portico, respectively.
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4.2, Nonlinear Pushover Analysis

4.2.1. Single-material-model

The graph below gives the comparison between the in-plane (IP) and out-of-plane (OOP) pushover analysis
for the normalized base shear over the maximum displacement in the structure. For the IP-pushover
analysis the maximum displacement can be found at the top of the far right column and for the
OOP-pushover analysis this place is at the top at the middle of the second arch from the left. The graph is
shown up to a displacement of 15 mm. After this point the analysis gets less reliable as the analysis does not
converge every step before the set limit of 100 iterations, due to the high displacements and cracking in the
structure. Much smaller increases in the pushover force would be required to analyse the behaviour further.
This would increase the running time of the analysis significantly. Therefore analysing the response for
higher displacements was deemed less important considering the scope of the research.
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Figure 4.3: Single-material-model: pushover analysis

Based on the graph, the following observations can be made about the response:

* In both analyses an initial elastic response is visible, but the IP-response exhibits a much higher initial
stiffness.

¢ The OOP-response gradually flattens after the initial response suggesting a stable response with no
sudden brittle failure up to end of the analysis.

¢ The IP-response has a sudden rapid decrease in stiffness. In the figures of the crack development
(Figure 4.7) can be seen that this is caused by the formation of a large crack in the stone-masonry in
the top of the right-most arch next to the far column.

e The IP-response shows a higher load bearing capacity due to a higher in-plane stiffness of the overall
structure, but has potential of sudden brittle failure at the peak elastic response.
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Figure 4.4: Single-material-model: displacement levels

Figure 4.5 till Figure 4.10 show the crack development and the displacements in the structure for both the
in-plane and out-of-plane pushover analysis at certain displacement levels, which are indicated in the graph
(see Figure 4.4). These levels are chosen at elastic behaviour, post-elastic and at point of significant cracking
in the structure. These figures show the failure mechanism for both responses. The failure mechanism of the
IP-response shows the structure falling over in plane, mainly resulting in high stresses and cracking in the top

of the 4th arch and the bottom of the far right column. The OOP-response shows the second arch from the
left toppling over, resulting in the highest stresses and cracking in the columns, especially the two columns of

the second arch.
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In-plane pushover analysis:
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Figure 4.5: IP-analysis: displacement level A (Deformation scaling factor: 500)
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Out-of-plane pushover analysis:
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Figure 4.9: OOP-analysis: displacement level B (Deformation scaling factor: 500)
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4.2.2. Single-material-model: Sensitivity Analysis

An analysis was performed to analyse the sensitivity of two material properties. The properties investigated
were the tensile strength and the stiffness of the stone masonry. The sensitivity analysis of the tensile strength
was motivated by the results from the prior performed pushover analysis, which indicated that failure was
governed by the tensile strength. The stiffness of the masonry was selected to analyse its effect on the failure
mechanism of both the IP- and OOP-responses. In both cases the value was halved from the values listed in
Table 3.1, giving a tensile strength of 0.05 N/mm? and a stiffness of 900 N/mm?. The sensitivity of a single
mechanical property was analysed at a time.

Figure 4.12 shows the response for the Out-of-plane response. Lowering the tensile strength gives only a
slight decrease in load bearing capacity, while lowering the stiffness has quite a significant impact. The failure
mechanisms do not change. It still fails in tension in the columns of the second arch.

For the in-plane response a similar observation can be made: lowering the stiffness decreases the capacity,
lowering the tensile strength does not. The failure mechanisms do not drastically change. Notably, in the case
of the lowered tensile strength, cracks start to form at a lower base shear level. Due to the residual strength in
the structure the overall capacity at higher forces is higher.
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Figure 4.11: IP sensitivity analysis
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Figure 4.12: OOP sensitivity analysis

4.2.3. Single-material-model: Crushing

The figures (left: OOP & right: IP) below show the moment crushing occurs in the structure in the analyses
of the first model. For the OOP-response this is at a displacement of 24.33 mm and for the IP-response at
a displacement of 11.16 mm. In both responses the structure shows significant cracking due to high tensile
stresses, before crushing occurs in the structure. Therefore crushing is likely not of significance for the overall
capacity of the structure. Crushing will not be analysed in the consecutive models.
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Figure 4.13: Analysis of crushing in the Great Portico



27

4.2. Nonlinear Pushover Analysis

4.2.4. Tri-material-model
The graph in Figure 4.14 shows the responses of the second model. The inclusion of the brick-masonry and
The OOP-response is similar to the

stone block materials to the model, only effects the IP-response.
response from the single-material-model. This is consistent with the observation made from the results of
the single-material-model, that from the failure mechanism for the OOP-response the highest stresses
develop in the columns, thus in the stone masonry. The initial stiffness of the structure is bit higher,
resulting in a slightly higher load bearing capacity. The IP-response gives a higher capacity. The load-level at
which the first cracking appears is higher, suggesting that the presence of the brick-masonry and stone
blocks in the arches increase the capacity. The figures of the crack development and the displacement show

for both responses the same failure mechanisms as in the first model.

15

3.5
A=0.7mm B=3mm C=10mm === P
— ooP
3.0
___________ emmmmmmm T
G 25 e
- .
- //
e+ Vil
a
\“, P taiaieii
o 2.0 !
5 i
v I
G !
@ I
@ 15 /
Q J
o
[
N 1
e {
£ I
s 10 |
z i
1
1
I
1
1
1
1
0.5 !
1
1
1
1
I
I
[
I
0.0 } : : : : : . : : : :
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Displacement (mm)

Figure 4.14: Tri-material-model: pushover analysis
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In-plane pushover analysis:
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Figure 4.15: IP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.16: IP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.17: IP-analysis: displacement level C (Deformation scaling factor: 500)
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Out-of-plane pushover analysis:

(a) Crack pattern

(b) Displacements

Figure 4.18: OOP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.19: OOP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.20: OOP-analysis: displacement level C (Deformation scaling factor: 500)
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4.2.5. Discrete cracking interface-model
The graph in Figure 4.21 shows the response for the model with discrete cracking interface elements. The

analysis for the IP-response is stopped at displacement level C;p, because at this point the stresses in at least
one interface element are significantly high. At this point the analysis does not converge in the set amount of
iterations. Lowering the pushover force increments at these higher stress levels would possibly be a solution
for the program to be able to converge and analyse further. This is not included in this research, due to
time constraints. The OOP-response is again very similar to the previous models. In the figures of the crack
development for the IP-response, it is clear that the interfaces in the 4th arch have an impact on the response
and are leading for the structural resistance. However, the failure mechanism does not change. By including
the interfaces in the model, the structure has been weakened at a critical point for the IP-response. This is

not the case for the OOP-response.
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Figure 4.21: Discrete cracking interface-model: pushover analysis
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In-plane pushover analysis:

(a) Crack pattern (b) Displacements

Figure 4.22: IP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.23: IP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.24: IP-analysis: displacement level C;p = 8.3mm (Deformation scaling factor: 500)
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Out-of-plane pushover analysis:
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Figure 4.25: OOP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.26: OOP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.27: OOP-analysis: displacement level Coop = 10mm (Deformation scaling factor: 500)
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4.2.6. CCSC interface-model

The model, implementing combined cracking-shearing-crushing interface elements, shows again a similar
response to the previous models. Figure 4.28 shows very limited impact on the OOP-response. This is
complemented by the crack pattern, which show the highest stresses and strains in the columns for the
OOP-response. The implementation of the interface elements has more effect on the IP-response, which is
expected as they simulate hard contact between the interfaces, so almost no tensile strength in the mortar in
the interfaces. However simulating hard contact seemed to have little impact on the OOP-response.
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Figure 4.28: CCSC interface-model: pushover analysis
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In-plane pushover analysis:

(a) Crack pattern (b) Displacements

Figure 4.29: IP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.30: IP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.31: IP-analysis: displacement level C;p = 7.7mm (Deformation scaling factor: 500)
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Figure 4.32: OOP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.33: OOP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.34: OOP-analysis: displacement level Coop = 10mm (Deformation scaling factor: 500)
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Figure 4.35: Comparison interface-models

The graph in Figure 4.35 shows both interface-models. A different kind of interface elements has little to
no effect on the OOP-response. For the IP-response the model with CCSC-interface elements shows a slightly
higher load bearing capacity for both the elastic and post elastic response. For the purpose of this analysis the
difference between the two kinds of interface elements is negligible. In which case the use of discrete cracking
elements would be advised as less properties need be assumed and it is less computationally demanding.
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4.2.7. Final-model

The graph in Figure 4.36 shows the normalized base shear over the maximum displacement in IP and
OOP-direction, respectively. It is important to note that for the IP-response for all previous models the
displacement was taken at the top of the right most column of the structure. However as the top of that
column has been removed in this model the displacement is taken at a different point compared to the other
models. It is still at the top, but relatively lower in the general geometry. OOP-response gives seemingly the
same response. IP-response shows a lower initial stiffness for the elastic response, but has a higher peak
elastic load bearing capacity. Also the jump in the IP-response present in the IP-responses of the previous
analyses is not there. This could be explained by fact that this brittle response was caused by cracking in the

top of the 4th arch, which is removed for the current analysis.
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Figure 4.36: Final-model: pushover analysis
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In-plane pushover analysis:
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Figure 4.37: IP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.38: IP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.39: IP-analysis: displacement level C;p = 7.5mm (Deformation scaling factor: 500)
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Out-of-plane pushover analysis:
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Figure 4.40: OOP-analysis: displacement level A (Deformation scaling factor: 500)
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Figure 4.41: OOP-analysis: displacement level B (Deformation scaling factor: 500)
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Figure 4.42: OOP-analysis: displacement level Coop = 10mm (Deformation scaling factor: 500)
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4.2.8. Model comparison

This section discusses the comparison between all four models for both the out-of-plane and in-plane
pushover analyses. The comparison is based on the normalized base shear curves of each model. From the
crack pattern figures, it can be observed that all models display the same general failure mechanisms, and
no major differences can be identified based on these visual results. The normalized base shear curves
provide an indication of how each model represents the structural capacity of the Great Portico under
seismic loading. This comparison gives insight into which model sufficiently captures the seismic behaviour
of the structure.

For the comparison of the in-plane response, the displacements for the first three models were evaluated
at the height corresponding to the reference point used in the final-model, rather than at the top of the right-
most column. This adjustment was necessary because the structural element at that location is absent in
the final-model. By selecting approximately the same nodal position across all models, the corresponding
node in the final-model lies slightly higher due to mesh discretization, a consistent one-to-one comparison
between the four models is ensured. As shown in Figure 4.43, the normalized base shear curve of the final
model differs more noticeably from those of the other models. The possible explanation for this difference,
cracking in the top of the right-most arch, has been discussed in Subsection 4.2.7. The curve of the final
model also indicates a higher capacity for the in-plane response. A clear reason for this is difficult to identify,
although it could be related to the reduced cracking in certain key areas of the structure, as the elements in
the structure where cracks would develop shown in the previous models no longer exist in the final-model.

Figure 4.44 shows the normalized base shear curves of the four models for the out-of-plane analysis. Only
small deviations can be seen between the curves, indicating that all models perform similarly in capturing
the overall out-of-plane response. The final model shows a slightly lower capacity than the other three, but
this difference is not significant. Based on these results, the first model, being the least detailed, captures the
structural capacity sufficiently for the out-of-plane analysis.
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4.3. Conclusive Remarks

From the results of the seismic analyses performed on the remaining part of the Great Portico, it can be
concluded that the out-of-plane behaviour of the structure is more critical than its in-plane behaviour. The
arch structure demonstrates a significantly lower capacity against out-of-plane loading in all models used in
the research.

For the out-of-plane response, the governing failure mechanism is identified as tensile failure within the
stone masonry columns. Once these tensile stresses exceed the masonry’s limited tensile strength, cracking
initiates and propagates, leading to a loss of stiffness and stability. In this case, the single-material-model,
the least detailed model, proves sufficient, as the dominant failure mode is governed by high tensile stresses
in the stone masonry.

For the in-plane response, failure is primarily governed by tensile cracking in the brick masonry or
within the mortar joints, modelled with interfaces, between the brick masonry and the stone blocks in the
arches. The most detailed model, the fourth model, provides the most accurate representation of the
structural capacity in this direction, capturing the local stress distributions and the complex interaction
between the brick masonry and limestone components.

While localized crushing is observed in small areas of the structure, particularly at points of high
compressive stress, this occurs after significant tensile cracking has already developed elsewhere in the
structure for both the in-plane and out-of-plane response. Thus, tensile failure remains the dominant and
most critical mechanism influencing the seismic performance of the Great Portico.

In modelling the interfaces between the brick masonry and limestone blocks, the use of discrete cracking
interface elements is preferred over combined cracking-shearing—crushing elements. The discrete interface
approach offers a simpler formulation with fewer underlying assumptions while still providing sufficient
accuracy in capturing the cracking in these interfaces and overall seismic response of the structure.



Discussion

The research aimed to investigate the seismic behaviour of the Great Portico, a historical masonry arch
structure. Researching the structural behaviour of a historical masonry structures is a challenging task. Roca
et al. (2010) listed complex geometry, materials, morphology (member composition and connections) and
present condition as main challenges. In case of the study on the Great Portico, the materials and present
conditions were the main challenges. As part of a UNESCO World Heritage Site, it is difficult to perform tests
on the structure, especially laboratory-tests on the building materials. Tests on similar building material
from another site, are the best comparable tests to derive the mechanical properties of the Great Portico.
Pictures of the Great Portico were used to get an indication of the present condition of the structure. Based
on these pictures, an evaluation of the deterioration of the mortar in and between the arch segments was
made. Conservatively, the deterioration was likely overestimated. An in-situ assessment could give a better
evaluation of the current state of the mortar. It could also highlight detailed places in the structure with a
comparatively higher deterioration.

The selection of an appropriate research methodology is also essential. Many approaches can be used to
analyse masonry structures. All approaches have their strengths and weaknesses and can be utilized in
different kinds of studies. The researcher has chosen to use a continuum model approach. Past experience
of the researcher was a factor in the decision. This approach is suitable to assess the global seismic
behaviour of a structure. It is a straightforward modelling approach, which makes the modelling process less
time-consuming. A drawback of the approach lays in the difficulty to analyse the structure in more detail.
For example, the results showed for the out-of-plane response cracking in the columns of the larger
horseshoe-shaped arch. The limestone masonry material is modelled as a homogeneous material using
continuum constitutive laws, even though masonry is a composite building material. Therefore, it is difficult
to determine how exactly the cracks will develop. Determining factors are the masonry configuration and
potential weak spots in the masonry, which are either impossible or hard to model using the continuum
model approach.

The current research method highlighted specific structural aspects, by incorporating multiple models
in an iterative approach. This approach made it possible to focus on potential weak points in the structure.
A focus point were the interfaces between the brick masonry and limestone segments in the arches. The
pushover analysis showed that cracking in the interfaces occurred, which lowered the overall capacity of the
structure in the in-plane response. However, no discernible effect could be seen in the critical out-of-plane
response. Therefore, the inclusion of interface elements in the Great Portico models appears to have only a
limited influence on the overall structural capacity. Focussing on potential weak points in the out-of-plane
response could give more insight in the overall capacity of the Great Portico. One such critical focus point is
the mortar within the limestone masonry of the columns of the larger horseshoe-shaped arch. To investigate
this vulnerability more effectively, a different modelling strategy may be required. Alternatively, an in-situ
assessment of the existing masonry could help identify specific locations within the columns where
interface elements should be introduced in the continuum model to better capture local weaknesses. This
would require the implementation of more structural segments.

A few modelling simplifications were implemented to streamline the modelling process. Roca et al.
(2010) listed the interaction with soil/foundation as one of the desirable features for modelling historical
masonry structures. In the research methodology, the foundation conditions are simplified by modelling the
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base of the structure using fixed boundary conditions. This approach was adopted primarily due to the
limited available information regarding the actual foundation of the Great Portico. Consequently, no
soil-structure interaction effects were included in the loading conditions. The omission of the slight
inclination in the ground level may also introduce minor deviations. Within the current modelling
framework, incorporating this inclination could influence the derived eigenmodes. However, given the
relatively small slope compared to the scale of the structure, such effects are expected to remain limited. The
large horseshoe-shaped arch would likely still dictate the primary out-of-plane eigenmode. If soil-structure
interaction were to be modelled explicitly, e.g. by incorporating a deformable soil domain, the inclination of
the ground level could become more influential. Nonetheless, such an approach would considerably
increase the complexity of the analysis. Considering the scope of the study, such analysis is deemed
unnecessary.

The study used the numerical models to identify the eigenmodes of the structure. To further validate
and refine these models, in-situ dynamic identification tests are recommended. The experimental results
could subsequently be used to adjust and calibrate the material properties in the models, particularly the
material stiffnesses. Based on the modal shapes obtained from the numerical eigenmode analysis, several
locations are recommended for sensor placement during dynamic identification. For the in-plane mode,
sensors are recommended: at mid-height and top of each column. For the out-of-plane modes, sensors
should be positioned: at the top of the second arch at the midpoint of the arch, at the tops of the two outer
columns and slightly above mid-height on each of the three inner columns. These placements are expected
to provide a clear identification of the eigenmodes and enable a reliable comparison between the numerical
and experimentally identified eigenmodes.

Legend:
@ Sensor

(a) IP eigenmode analysis

Legend:
@ Sensor

(b) OOP eigenmode analysis

Figure 5.1: Recommended sensor placement for in-situ dynamic identification tests



45

e dp A S Ap Ap e dp dp A fp dp dp R AR A dR AR dp dp AR db AR AR AR R A e

— I — = s o

UL TSR LT T 17777755 (1177777798

N e NN B /7 AL

\\‘\\<\\\\‘\\|||||,7,,7':§l(, > \\iﬂ‘@{\\\\m % il %
5 2D Z

WA
o

Voussoir 3
Middle chamber
Springing

I

iy

\— Lateral pier \¥ Middle pier

Yaolian

Figure 5.2: Structural diagram of brick cave dwellings (Xue et al., 2021)

The uncertainties, assumptions and simplifications in the modelling of the Great Portico, limit the extent
to which the research question can be answered quantitatively. = Nevertheless, with appropriate
conservatism, the following observation regarding the seismic capacity of the structure can be made. The
critical out-of-plane response shows a capacity of approximately 1.0 g (see Figure 4.44). Shake-table
experiments have demonstrated that most masonry structures begin to exhibit significant damage at peak
ground accelerations in the range of 0.4 g to 0.6 g. Studies by Tomassetti et al. (2018) on a brick masonry
building and by Mazzon et al. (2010) on a stone masonry building similarly report substantial damage and
notable stiffness degradation at peak ground accelerations below 1.0 g. Xue et al. (2021) performed a seismic
analysis on brick cave dwellings in the Loess Plateau of China. These structures are structural comparable to
the Great Portico as they include brick-masonry arches. The study indicated a noticeable increase in the
structural model’s dynamic response and damage when a peak ground acceleration of 0.5 g was reached,
while the structural stiffness substantially degraded when the peak ground acceleration reached 0.6 g. In
comparison, the estimated seismic capacity of approximately 1.0 g for the Great Portico is relatively high for
a masonry structure.



Conclusions and Recommendations

The archaeological site of Medina Azahara holds exceptional cultural and historical significance, recognized
as a UNESCO World Heritage Site. As a symbol of the architectural and cultural achievements of the Caliphate
of Cérdoba, its preservation is of great importance. Within this context, the Great Portico represents a key
structural and visual element of the site. Understanding its seismic performance is therefore essential to
ensure its long-term conservation and to inform appropriate strategies for structural preservation and risk
mitigation under potential seismic events. The central research question guiding this study was: What is the
structural response of the remaining structure of the Great Portico of Medina Azahara subjected to seismic
loading?

The results of the eigenmode analysis indicate that both the in-plane (IP) and out-of-plane (OOP)
seismic behaviours needed to be considered and are governed predominantly by a singular eigenmode in
each respective direction. This suggests that the seismic response of the Great Portico can be effectively
represented by considering the dominant mode in each case. However, for the out-of-plane behaviour,
further research could explore the inclusion of multiple pushover load distributions to assess whether
higher-order modes, despite their lower mass participation factors, might influence the overall response.

The seismic behaviour of the remaining structure of the Great Portico was examined through the pushover
analyses in both directions. The results reveal that the out-of-plane response is governed by tensile failure
in the stone masonry columns, particularly in the columns supporting the horseshoe-shaped central arch,
which represents the most vulnerable portion of the structure. In contrast, the in-plane response is controlled
by tensile cracking in the brick masonry and in the mortar joints between the brick masonry and the adjacent
limestone blocks in the arches.

The sensitivity analysis focused on the tensile strength and stiffness of the stone masonry, considered the
most critical parameters. The analysis indicates that variations in these properties have limited impact on
the overall seismic response. The dominant failure mechanisms, tensile cracking in the columns and
masonry joints, remained consistent across the tested parameter ranges. The structure’s global behaviour
and capacity remained largely unchanged, indicating that the seismic response is governed more by the
geometric configuration and material composition of the structure than by variations in the mechanical
properties of the stone masonry. This limited sensitivity of the results to uncertainties in these two material
parameters enhances the robustness and reliability of the conclusions drawn in this study. It suggests that,
despite the inherent uncertainties associated with the material characterization of historical masonry, the
models capture the essential physical behaviour of the Great Portico with sufficient accuracy to support
meaningful seismic vulnerability assessments.

A quantitative evaluation of the seismic vulnerability is constrained by the uncertainty in the mechanical
properties of the historical masonry materials. As the exact composition and degradation level of the
original materials are difficult to determine, the analyses relied on representative values from literature. This
introduces a degree of variability in the predicted response, emphasizing the importance of further
experimental research on the material properties. However, the capacity of the Great Portico in the critical
out-of-plane response is approximately 1.0 g. Compared to results from shake-table experiments on
masonry structures, the capacity is relatively high. Even when accounting for the uncertainties, assumptions
and simplifications in the modelling, the results suggest that the Great Portico is unlikely to sustain seismic
damage.
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Although the capacity of the Great Portico is relatively high, further research would be valuable to
investigate the structure in greater detail. The following recommendations for model refinement and key
considerations for future in-situ testing are provided:

¢ A different modelling strategy to capture the composite character of the limestone masonry and to
determine detailed crack developments.

* The addition of structural segments and interfaces in the model to investigate potential weak points in
the structure.

¢ The inclusion of multiple modal pushover load profiles. Higher-order modes could have a significant
influence on the out-of-plane response.

¢ An in-situ assessment of the current state of the mortar. Identifying focus points which could be used
for the mentioned model refinements.

* Dynamic identification tests to experimentally identify the eigenmodes and, consequentially, to refine
the material stiffness parameters.

» Sensor-placement for the dynamic identification tests. For OOP: at the top of the second arch at the
midpoint of the arch, at the tops of the two outer columns and slightly above mid-height on each of the
three inner columns. For IP: at mid-height and top of each column.

Overall, the conclusions highlight that the out-of-plane behaviour of the Great Portico is the most critical
concern for seismic safety, primarily due to the tensile vulnerability of the limestone masonry in the columns.
The study suggests that the structure is unlikely to experience significant damage under the expected seismic
loading. However, further research is recommended to refine the analysis and evaluate the Great Portico’s
seismic behaviour in greater detail.
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Single arch analysis

Appendix A covers a case study, about a single arch structure, performed preceding the main research on
the Great Portico. This study was performed to explore the possibility of simplifying the final model into a
2-dimensional model instead of a 3-dimensional. Reasoned was that a 2D-model could sufficiently capture
the in-plane dynamic behaviour, but not the out-of-plane behaviour. If only the in-plane behaviour needed
to be considered a 2D-model was thought to suffice.

A.1. Single arch analysis: Model specifications

For this study the model-geometry was based on one of the arches from the remaining structure of the Great
Portico, specifically the third arch from the left, per Figure 3.4a. The geometry of the 3D-model is shown
in Figure A.1. For the 2D-model the width of the structure was specified in the thickness of the elements.
The structure was fixed at its base. No boundary conditions were added to simulate the rest of the arches,
therefore a free standing single arch was considered. The same mesh-size was chosen as for the analyses of
the Great Portico-structure: 0.3 meters.

(o)

I . v L.‘

Figure A.1: Model-geometry of the single arch structure (in meters)
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(a) 2D-mesh (b) 3D-mesh

Figure A.2: Model-meshes of the single arch structure

The 3D-model was build with structural solid elements, the elements shown in Subsection 3.1.3. The
2D-model was built with curved shell elements: T15SH and Q20SH (DIANA FEA B.V,, 2025). The shell
elements were modelled with nine integration points across their thickness. A single material was defined:
stone masonry. The same material model was used as in the main study: total based strain crack model. The
material-properties are given in Table A.1. The properties are a general set of properties for stone masonry,
notably different from the property-set used for the stone masonry-material in the main study.

3

2 2

(a) T15SH-element (b) Q20SH-element

Figure A.3: Curved shell elements (DIANA FEA B.V.,, 2025)
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Mechanical property Symbol Unit Stone masonry
Compressive strength e N/mm? 4.0
Modulus of elasticity E N/mm? 2200
Density ) kg/m3 2400
Poisson’s ratio v - 0.2
Tensile strength ft N/mm? 0.2
Fracture energy compression Gek N/mm 6.4
Fracture energy tension Grp Nimm 0.012

Table A.1: Mechanical properties of stone masonry material (Single arch analysis)

The aim of this case study was to explore the possibility to use a 2D-model FEM-model to answer the main

research question.

Figure A.4 shows the in-plane and out-of-plane pushover analyses of the single

arch-structure. The OOP-response shows a similar linear response for the 2D and 3D-model, but post-linear:
the 3D-model gives a lower normalized base shear than the 2D-model. The linear IP-response is similar for
both models. The 2D model shows a slightly higher initial stiffness for both the IP and OOP-analyses. The
post-linear IP-response is uncertain. The analysis diverged around a displacement of 3 mm in both models.
No further conclusions were drawn from the IP-response. Based on the OOP-response of the single arch
a 2D-model was deemed insufficient to capture the dynamic response of the Great
Portico-structure adequately.
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Figure A.4: Single arch pushover analysis
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Convergence plots

Appendix B presents the convergence behaviour of the pushover analyses conducted for this study. For all
analyses, the following convergence criteria were applied: a displacement variation tolerance of 0.01 and an
out-of-balance force tolerance of 0.01. Both criteria were required to be satisfied simultaneously to achieve
convergence. A maximum of 100 iterations was set for each load step. If convergence was not reached after
100 iterations, the analysis automatically proceeded to the next step. The solution method used was the
Quasi-Newton method, utilizing the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method to calculate the
iterative stiffness matrix. The first tangent of the next step was taken from the calculated tangent from the
previous iteration.

At higher displacement levels (above 30 mm), convergence could not be achieved in all numerical models,
primarily due to excessive displacement variation values exceeding 1.0, which are significantly above the
specified tolerance norm. These results were therefore excluded from the report.

For the in-plane pushover analyses of the interface-model and the final-model, convergence issues also
occurred at lower displacement levels (below 10 mm). In these instances, the residual variations were
manually checked; if the displacement variation and out-of-balance force remained below a tolerance of
0.05, the results were considered acceptable and were included in the report.

An exception to the standard iteration limit was applied for the in-plane pushover analysis of the
final-model. In this case, smaller load increments and an increased maximum number of iterations were
implemented to ensure reliable results for the in-plane analysis. The maximum was set at 200 iterations.
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