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ABSTRACT 

 

Mallorca cathedral, an outstanding Gothic building showing one of the more audacious structures built 

in Europe during the Middle Age, has been researched by the Department of Construction 

Engineering of UPC for more than 10 years. The building includes very interesting structural 

innovations and some specific seismic resistant devices, such as diaphragmatic arches. However, 

previous structural analyses have pointed out that the structure might show only limited seismic 

strength due to the slenderness of the structural members and the large dimension of its vaults. A 

refined seismic analysis is needed to understand the true seismic performance of the building. 

This dissertation is a continuation of a previous one done during course 2007-2008 (Ajoy Das, 2008), 

consisting of a FEM non-linear analysis of typical bay structure. For the present dissertation, we 

analyzed the results from an already available FEM model involving the entire structure, including the 

entire nave, chapels, façades and towers. 

The used model analyzes the response of the structure under gravity loading and earthquake 

considering linear and nonlinear behavior of the material. 

The dissertation included the following activities: (1) Inspection and understanding of the structure. 

Review of previous works regarding historical research, inspection and structural analysis; (2) 

Characterization of the seismic actions based on some previous works; (3) Research on past seismic 

performance; (4) Validating the model and using it to carry out structural analysis by means of 

sophisticated computer tools. Computer codes DIANA were used for this purpose. (5) Conclusions on 

the performance of the structure in these conditions of analyses. 
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RESUMEN 

 

La Catedral de Mallorca, excepcional edificio gótico es muestra de las más audaces estructuras 

construidas en Europa durante la Edad Media, ha sido investigada por el Departamento de Ingeniería 

de la Construcción de la UPC desde hace más de 10 años. Este edificio cuenta con interesantes 

innovaciones estructurales y algunos específicos dispositivos de resistencia sísmica, tales como 

arcos diafragmáticos o bóvedas. Sin embargo, los análisis estructurales anteriores han señalado que 

la estructura podría mostrar sólo poca resistencia sísmica debido a la esbeltez de los elementos 

estructurales y la gran dimensión de sus bóvedas. Es necesario un análisis sísmico refinado para 

entender el verdadero desempeño sísmico del edificio. 

Esta disertación es una continuación de una anteriormente realizada durante este misma maestría  

en el año 2007-2008 (Ajoy Das, 2008), que consistía en una FEM análisis no lineal de la sección 

transversal típica de la estructura. Para la disertación actual, se está analizando los resultados con un 

modelo de elementos finitos ya está disponible considerando toda la estructura, incluyendo toda la 

nave, capillas, fachadas y torres. 

El modelo utilizado analiza la respuesta de la estructura bajo la carga de la gravedad y el terremoto 

teniendo en cuenta comportamientos lineal y no lineal del material. 

La disertación incluyó: (1) La inspección y la comprensión de la estructura. Revisión de trabajos 

anteriores en relación con la investigación histórica, la inspección y análisis estructural, (2) 

Caracterización de las acciones sísmicas sobre la base de algunos trabajos anteriores, (3) La 

investigación sobre comportamiento sísmico el pasado, (4) Validación del modelo para llevar a cabo 

el análisis estructural por medio de sofisticadas herramientas informáticas. Se usó el software DIANA 

para este propósito. (5) Conclusiones sobre el comportamiento de la estructura en estas condiciones 

de análisis. 
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1. INTRODUCTION AND OBJETIVES: 

 

1.1 Introduction: 

 

Palma is the major city and port on the island of Mallorca and capital city of the autonomous 

community of the Balearic Islands in Spain. Palma was founded as a Roman camp upon the remains 

of a Talaiotic (Bronze Age megaliths) settlement. The turbulent history of the city saw it the subject of 

several vandal sackings during the fall of the Roman Empire, then re-conquered by the Byzantine, 

then colonized by the Moors (who called it Medina Mayurqa), and finally established by James I of 

Aragon. The boom in tourism caused Palma to grow significantly since the 1950s, with repercussions 

on immigration. In 1960, Mallorca received 500,000 visitors while in 2001 more than 19,200,000 

people visited the island. 

Mallorca Cathedral is one of the most legendary architectural attractions in Spain. The cathedral was 

built on the site of an existing Arab mosque in a French-gothic style. Nowadays it has been an 

attraction to tourist as well as the researchers for its distinctive architectural characteristics which are 

typical compared to contemporary constructions. Existence of some structural elements puzzled the 

analysts greatly. So far concerning the safety, this cathedral had been under research for several 

occasions in different period of time.  

The preservation of the architectural heritage represents a challenge to the professionals due to a 

cultural necessity to keep the historical value of the buildings. In the last years this value gained also 

an economical importance due to the development of cultural tourism which in some cases represent 

one important percent of the incomings in a country. 

In the case of the civil engineers and the group involved in the preservation, the general criteria 

presented in the recommendations by ICOMOS (International Council on Monuments and Sites) 

suggest the minimum intervention and the respect of the original construction in historical building 

works. There are many components that have influenced on understanding the behavior of the 

structures and in the beginning it is better spend some time in the monitoring of the structure. 

The construction of the Mallorca‟s cathedral started around the year 1300 over the site of an existing 

Arab mosque during the first reign of insular dynasty when king Jaume II. By the year of 1400 the 

construction works were mainly in construction of the door of the viewpoint and by 1601 the main 

façade in the west was finished. Within the period 1601-1851, significant alterations occurred due to a 

lot of problems and damages, due to the earthquakes in 1660 and 1851 and structural problems; it 

explains the possible destruction and new construction of the main façade, which had already some 

problems of deterioration. 

This dissertation is a continuation of a previous one done during course 2007-2008 (Ajoy Das, 2008), 

consisting of a FEM non-linear analysis of typical structure. For the present dissertation, we worked 

with an already available FEM model involving the entire structure, including the entire nave, chapels, 

http://en.wikipedia.org/wiki/Majorca
http://en.wikipedia.org/wiki/Autonomous_communities_of_Spain
http://en.wikipedia.org/wiki/Autonomous_communities_of_Spain
http://en.wikipedia.org/wiki/Balearic_Islands
http://en.wikipedia.org/wiki/Ancient_Rome
http://en.wikipedia.org/wiki/Talaiot
http://en.wikipedia.org/wiki/Bronze_Age
http://en.wikipedia.org/wiki/Megalith
http://en.wikipedia.org/wiki/Vandal
http://en.wikipedia.org/wiki/Fall_of_the_Roman_Empire
http://en.wikipedia.org/wiki/Byzantine
http://en.wikipedia.org/wiki/Moors
http://en.wikipedia.org/wiki/James_I_of_Aragon
http://en.wikipedia.org/wiki/James_I_of_Aragon
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façades and towers. The model will be used to analyze the response of the structure under gravity 

loading, wind and earthquake. 

The structural model must take into account all the aspects that influence the structural response such 

as geometry, material properties, actions, exiting alterations and damages, and the interaction of the 

structure with the soil. As a first approach, the structural model must be built in combination with 

history, inspections and experiments to furbish data for the model. Then these activities will provide 

information for validation by applying the calibration (updating) process which is a direct application of 

the scientific method. 

There are several challenges posed by historical heritage: (a) the material characterization is complex 

and the mechanical properties and strength are variable along the direction; (b) the geometry usually 

is rather complex composed by domes, arches, vaults and other slender or massive members; (c) the 

morphology and connections are non-homogenous caused by fillings, cavities, insertions; (d) actions 

of different nature that act along historical time (centuries), specially characterized by long returned 

periods; (e) the real condition of the structure require the simulation of damages and deformed and 

cracked members; (f) the data acquisition is limited by the respect of the original conditions of the 

monument and non-destructive and minor destructive tests are available with limited scope; (vii) by 

the history it is possible to know the construction process, later alterations and additions, documented 

destruction, reported natural actions, etc (Roca & Kabele, 2008-2009). 

First, a very brief of the structural arrangement was done including the history of Mallorca, its seismic 

hazard and the actual conditions of the cathedral as well as some historical facts. In a subsequent 

step, it appears the compilation of the previous studies to evaluate the safety assessment of the 

cathedral using different approaches. 

A next step was to model the cathedral using finite elements and the available information from the 

inspection and diagnosis report was carried out by. After having the model calibrated, it was subjected 

to a limit static analysis and then a push-over analysis in using load patterns as an uniform pattern 

based on lateral forces that are proportional to the mass regardless their height distribution among the 

structure in the principal direction. The results were compared with the collapse limit analysis and also 

compared with the previous analyses results. 

At the end of the dissertation, several conclusions and recommendations on further works are made 

based on the experience and inconvenient suffered along the process. 

 

1.2  Objectives of the dissertation: 

 

The analysis will look for the following objectives: 
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1.2.1 General objectives: 

 

Analyze the structure of the Cathedral under gravity loading and seismic actions with an already 

available FEM model involving the entire structure, including the entire nave, chapels, façades and 

towers, using to carry out structural analysis by sophisticated computer tools to understand the true 

seismic performance of the building.  

 

1.2.2 Specific objectives: 

 

(i) Analysis for gravity load considering linear and non-linear material model to justify the suitability of 

the numerical model with non-linear material, which will be used in subsequent analyses. 

(ii) Find out the lateral load carrying capacity employing non-linear static analysis (step by step 

horizontal force proportional to gravity). 

(iii) Parametric analysis to find the effect of tensile strength on lateral load carrying capacity using non-

linear static analysis. 

(iv) Check the status of knowledge on the hazard assessment and seismic risk at the Mallorca Island, 

as a starting point to determine the design actions that will be used in subsequent studies. 

(v) Carry out a review of previous work in the following lines: Seismic vulnerability of structures and 

historic buildings, dynamic identification of structures and seismic analysis techniques (linear, 

nonlinear and the limit) in old masonry structures. 

(vi) Evaluate the results of three-dimensional model calibrated by observing the dynamics and 

mechanical properties of the structural model generated for the Mallorca‟s cathedral. 

(vii) Estimate possible mechanism of failure basis on the generation of hinges and previous studies. 

(viii) Compare the results obtained in this study with the real situation of the cathedral (existing 

damage), as well as the results obtained by other authors. 

(ix) Formulate conclusions and recommendations.  
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2.  DESCRIPTION OF MALLORCA CATHEDRAL 

 

2.1  Introduction 

 

Mallorca‟s Cathedral is most important religious building in Mallorca‟s island and one of the most 

famous buildings in Spain designed in a French-gothic style (Figure 2.1). This cathedral was located in 

the district of Almudaina in the city of Palma, Mallorca‟s island in the Balearic‟s islands. 

Before building the cathedral, the location was used for other buildings of Romans and Muslims. 

Finally the cathedral was built on the site of an existing Arab mosque, the Madîna Mayûrqa. 

According to the legend, one night in 1229 when Jaime I was on his way to recapture Mallorca during 

a terrible storm, he vowed to the Virgin Mary in case he survived the storm, he would erect a church in 

her honor and after the storm he immediately started the project.  

Nowadays the cathedral has been an attraction to tourist and the researchers for its distinctive 

architectural characteristics which are typical compared to contemporary constructions. Existence of 

some structural elements motivated the analysts greatly. So far concerning the safety, this cathedral 

had been under research for several occasions in different periods. 

Although this charter the reader will find interest on the structural arrangement, historical phases of 

repair and alterations, historical seismicity in Mallorca‟s island and damages in the cathedral.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Mallorca‟s cathedral (source: http://essenceofannie.blogspot.com). 
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2.2  Description of the building 

 

The Cathedral is made of limestone from the local quarries of Santanyi. The internal arrangement of 

the cathedral with eighteen chapels and different other functionaries of the cathedral is showed in the 

Figure 2.2. However, the historical process leading to its final lay-out and dimensions is not very well 

known.  

Two distinct part of the structure can be understood from the plan and the longitudinal sections (Figure 

2.2 to Figure 2.5). The first was formed by the main nave at the west and a second composed by the 

choir and surrounding chapels. The first body of the cathedral comprises of the central nave and two 

lateral ones, these are well bordered by eight strong and heavy buttresses in between the lateral 

chapels. The second body had been built in previous historical stage. This includes the Royal chapel 

“J” (a single nave Gothic construction) and Trinity chapel “K” (the first element built in the complex). 

There is no single opinion about the building was planned into this three-nave present arrangement or 

it is the result of decisions taken after completion of one part and then decided to extend to other 

parts. Remains of unused capitals and nervure springing at the end of the Royal Chapel suggest that 

the decision of building an imposing body of larger dimensions was actually taken after the completion 

of the eastern part of the building (see Detailed description of Mallorca cathedral under EU-India 

economic cross cultural program, 2003). 

 

1 – 18. Chapels 

A. Renaissance door. 

B. Viewpoint door, a Spanish gothic 

masterpiece (1389-1401). 

C. L’Almoina house (1529). 

D. L'Almoina door (1498). 

E. Vermells sacristy. 

F. Bell Tower. 

H. The Cloister. 

J. The Royal Chapel. 

K. The Chapel of the Holy Trinity 

 

 

Figure 2.2: Plan describing the interior arrangement of Mallorca‟s cathedral. 
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Figure 2.3: General Plan showing structural arrangement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Transversal section of Mallorca cathedral. 
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Figure 2.5: Longitudinal section of Mallorca cathedral. 

 

2.3  Structural arrangement 

 

The cathedral, having an over dimension of 120m in length and 55m in width, consists of three  parts 

in the longitudinal direction from east side to the west side. These are a small apse (the Trinity chapel, 

K), a choir in the shape of single nave Gothic construction (the Royal chapel, J) and the main nave 

surrounded by the lateral chapels (Figure 2.2). 

The main nave is the largest body consisting of the choir and limited by the west façade. This main 

nave is again composed of a central nave and two collateral naves surrounded by a series lateral 

chapel built in between the buttresses. The central nave spans 19.9 m and reaches 43.9 m at the 

vaults keystone. The two collateral naves span 8.72 m each and reach 29.4 m at their vaults 

keystone. The naves are sustained on octagonal piers with a circumscribing diameter of 1.6 or 1.7 m 

and a height of 22.7 m to the springing of the vaults. 

Study on the Mallorca cathedral shows a very clever judgment on placing different structural elements:  

a) The double battery of flying arches which were placed to transfer the lateral thrust offered by 

the central vault towards the buttresses In a similar way the transverse arches of the central nave 

are also connected to the buttresses by means of the double battery of flying arches, creating 

diaphragmatic action. 

b) The buttresses, which base is 7.7 m long and 1.5 m wide; its maximum dimension represents a 

44% of the span of the central nave. 

c) The overload in the form of pyramid with square base over the key of the central vault (Figure 

2.6b) provides vertical stability so far the in conjunction with the upper battery of double flying 

arches.  
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d) The octagonal shaped columns are very slender but composed of good quality of stone pieces. 

A false transept connects the main door in the north and south side of the building.  

e) The bell-tower and cloister are located next to the northern façade. 

f) The transverse arches of both the lateral and central naves are diaphragmatic, meaning that 

they are provided with masonry wall spandrels filling all the space to the height of the key. 

g) The vaults are not filled or backed with rubble masonry, but just with a light structure composed 

of slender stone wallets and slabs. 

h) The façade, which thickness is 4.75 m and it has two different heights in the projection of the 

central nave (44.85 m aprox.) and the lateral naves (30.13 m aprox.).  Additionally there are four 

extensions which work as buttresses inside the façade, two which base is 9.15 m and two with 

6.52 m. All these buttresses look like a tower and finish in a conical shape.  

i) Secondary buttresses, in the door with sea landscape to support the roof of the chapels. 

j) Light Roof, built recently over the structure with steel elements and supported in the old 

structures.  

 

The building has been subjected important repairs throughout its history; particularly, a significant  

number of vaults of the central nave were repaired or even reconstructed during the 18th and 19
th
 

centuries. The original western façade, build during 15th c., was taken down and rebuilt as a new neo-

Gothic construction during the second half of 19th c. The demolition of was motivated by the 

significant out-of plumb (about 1.3 m) experienced by the façade (see Detailed description of Mallorca 

cathedral under EU-India economic cross cultural program, 2003). 

          

(a)                                                                      (b) 

Figure 2.6: (a) transversal arches and columns. (b) Vaults of the central nave. 
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(a)                                                                     (b) 

Figure 2.7: (a) Mainly and seconday buttresses. (b) Principal façade. 

 

 

 

 

 

 

 

 

 

 

                                           (a)                                                                     (b) 

Figure 2.8: (a) Double battery of flying arches. (b) Pyramid over the key of central vault. 

 

2.4  Historical issues 

 

The history of construction, alterations and significant events taken place in the history of Mallorca 

cathedral are not fully documented in the historical period. Several attempts have been made by the 

researchers in the present century to investigate the historical aspects and related events for 

understanding the structure. A more comprehensive information regarding the construction process, 

historical repairs had been presented by Gonzalez and Roca (2003-2004) as referred in detailed 

description of Mallorca cathedral under EU-India economic cross cultural program, 2003. The study 

points out five different periods in the history of Mallorca cathedral. These are as follows: 
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Figure 2.9: Progress of the Cathedral construction. 

 

First stage: The royal construction (1300-1368) 

 

The construction started in about year 1300 during the first reign of insular dynasty when king Jaume 

II (1276-1311) declared (1306) to support the cost of building the Trinity Chapel. So the work began 

with lodging the tombs of the Royal family. Following this, started the construction of the Royal chapel 

in 1311 and concluded in 1370. 

 

Second phase: The naves (1368-1601) 

 

In the year 1368 the architect Jaume Mates chose the quarries of Santanyí (Mallorca) to be used in 

the construction of the seven pairs of octagonal piers. By the year of 1400 the works were mainly in 

construction of the door of the Mirador and by 1601 the main façade in the west was finished 
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accumulating a noticeable Renaissance style. Keeping reference to the article of Llompart (1995), 

Domenge (1997) revealed that during this phase of construction an arch of the central nave fell in April 

of 1490 causing serious deterioration. 

 

Third period: 1601-1851 

 

Within this period a significant alterations had been proposed and implemented due to occurrence of 

numerous problems and damages. In 1639 the major vault close to the façade was recommended for 

complete dismantlement to avoid future disgraceful situation, might result from the wide spread 

cracks. 

The greater arc of the main nave and the first northern flying buttress were considered necessary for 

remake in 1655. In 1659 an arc fell down, although it was not specified the location of the arc. At the 

end of the year 1960, Palma de Mallorca underwent an earthquake of degree VII and suffered the 

failure of two arches near the façade and possibly this caused the out of plumb of the façade. After the 

reconstruction due the collapse in 1698, the second bay collapsed again in 1699. Finally the 

recommendation of the architects to rebuild the set of vaults of the nave was implemented in the 

nineteenth century along with the reconstruction of the north lateral vault. After this proposals had 

been made in several occasions made to prop up six flying buttresses and also to demolish the out-of-

plumb façade. In the nineteenth century (1851) the Palma de Mallorca was struck by an earthquake of 

intensity between VII and VIII. This enhanced the possible destruction of the main façade, which 

already had some problem of deterioration. The other part of the building was practically unaffected. 

 

Fourth Period: The reconstruction (1851-1888) 

 

After the earthquake of 1851 reconstruction works of the cathedral started. Initially the work started 

with the disassembling of the main façade under the supervision of Architect Antoni Sudera and lasted 

six months. Following him the work of design and reconstruction of the new façade started with 

architect Preyronet Baptist. In place of the old façade (Figure 2.10a) a neo-Gothic showy façade 

(Figure 2.10b) came out altering the originality of construction. Sections of the buttresses of the new 

façade were significantly increased. The reformation finished in 1888. 

 

Fifth Period: Reforms 1888-2002 

 

In the previous century between 1904 and 1914 Antonio Gaudi in association with their architects 

carried out a series of interventions. Resources from the Gaudi club presents that Gaudi made several 

architectural alterations to the cathedral to give a stylistic view. His works includes removal of the 

gothic choir stalls from the center of the nave, and its relocation in the presbytery, around the high 

altar, removal and recycling of the mudejar wooden candle gallery from the walls of the Royal Chapel, 
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decoration of the presbytery with ceramic tiling, representing the crests of the bishops of Mallorca, 

surrounded by olive-tree branches, with inscriptions in Latin on the wall that surround the episcopal 

throne, removal the baroque retablo (high altar) from the presbytery, that was moved the to the 

Church of Santa Catalina, removal of the gothic retablo and reinstalled it at the gate of viewpoint etc. 

Another important alteration of him was using a new method for giving color to the stained-glass 

windows, consisting of superimposing three glass sections in the primary colors (yellow, blue and red). 

Gaudí abandoned his work on the Cathedral of Palma de Mallorca in 1914 after an argument with the 

contractor over the pinnacles of the gate of viewpoint. In time, the project was definitively cancelled 

upon the death of Bishop Camping in 1915. Throughout the last decades there had been continuous 

repair and maintenance of Palma de Mallorca. A recent restoration work has been done on the 

western façade and in the towers. 

         

                                            (a)                                                                   (b) 

Figure 2.10: Western façade. (a) Original view before. (b) New façade after reconstruction. 

 

2.5  Past seismicity 

 

There are five sources of seismicity which have influence in the Mallorca Island and we have to take in 

to account: (i) Betic orogeny, medium seismicity (ii) Pyrenees, low medium seismicity (iii) North of 

Africa, high seismicity (iv) Zone between Balearic Islands and Sardinia, low seismicity and (v) Balearic 

Zone, low seismicity.  

 

According to the information of the historical seismic catalogues of Spain and the seismicity of the 

European-Mediterranean seismological center, it could conclude that the unique sources that could 

produce destructive earthquakes are the North of Africa and the Betic orogeny. Due the characteristic 
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of the ground, the effects of the earthquakes in the dangerous zones are produced amplification of 

seismic signal. 

The following part describes the seismicity of the island of Mallorca in the XVII to XX century because 

it exist only information in this period about earthquakes. The information has been extracted from 

Document No. 1 of the study, diagnosis, expert inspection on structural- constructive behavior the 

Cathedral of Santa Maria in the city of Palma, Mallorca (Balearic Island). 

 

XVII Century: 

Approximately four earthquakes in 1660 at the Mallorca Island are occurred, the strongest of intensity 

VII. These earthquakes should not have been very strong in Palma because it does not exist 

reference to them in documents referred to above. 

 

XVIII Century: 

During this period, a greater number of earthquakes were occurred but all of them had an intensity 

less than V. 

 

XIX Century: 

It was the century with high seismic activity, during this period the strongest recording earthquake is 

occurred with an intensity of VIII. The rest of events had less than an intensity of V. 

 

No structural damage of the cathedral was documented, meaning that the earthquake left no impact 

on the island. Moreover there are no documentations of restoration for any seismic event in the 

twentieth century. But in any case the safety of the cathedral should be checked for any probable 

future occurrence of seismic hazard with low value of seismic parameters according to Spanish 

Seismic Code (NCS-94 as referred by Silva et al. 2001). 

 

2.6  Existing damages 

 

Previous studies and the visiting done during the development of this dissertation on the cathedral 

revealed that there are a certain structural problems in terms of large deformations and structural 

cracks that demand for more structural studies to understand the cause and future consequences. 

Following are the observations on the structural problems: 

(i) Columns found to have undergone significant deformation showing remarkable curvature and 

lateral displacement in both the longitudinal and transverse directions of the nave. 

(ii) Vertical cracks exist at the bottom of the columns (Figure 2.11). But these cracks seem to be 

restricted in the outer surface of the columns as these expel the material of the core in the form of 

surface wedges. 
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Figure 2.10: State of cracking and collapse of the buttresses under the Plan for the Cathedral. 

 

 

       (a)                                  (b)                                   (c)                                    (d) 

Figure 2.11: (a), (b), (c) Example of cracking of piers documented. (d) Photograph corresponds to the 

wedge developed at the pier face sketched left. 

 

(iii) Significant deformation has been observed in the flying arches, particularly the upper battery of the 

flying arches. 

(iv) The vaults of the central nave and the main transverse arches are separated by wide cracks 

developed throughout their contact lines (Figure 2.12b). 
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(v) The western façade has been found to experience excessive out-of-plumb and thereby causing 

cracks in the panels of the clerestory wall close to it (Figure 2.11a). Also cracks were found 

abundantly in the walls that configures the transept. 

 

       

(a)                                                                             (b) 

Figure 2.12: (a) Cracking in the clerestory wall close to the façade. (b) Cracking in the clerestory wall. 

 

(vi) Cracking has been observed in the central vault itself near the key and the ribs as can be seen 

from Figure 2.13. 

 

        

(a)                                                                             (b) 

Figure 2.13: (b) Cracking close to the rose window. (b) Cracking in the central vault. 

 

 (vii) Cracking is also observed in other structural components (as in buttresses, caused by existing 

openings or false windows between lateral chapels, and also in lateral vaults). 

Because of the concern caused by these observed anomalies – and, in particular, by the cracks and 

deformations affecting the piers of the central nave - a detailed assessment has been lay-out devising 

comprehensive historical investigation, inspection, monitoring and structural analysis (González and 

Roca, 2000, 2003-2004).  
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2.7  Previous studies in the cathedral: 

 

The history of analysis performed on Mallorca Cathedral is relatively new compared to its long 

duration construction period.  In the present section showed the previous researches done earlier 

using with similar methods to compare the results of our analysis. Mostly the structure has been 

analyzed for real vertical load and some researches comprised of response of the structure under the 

lateral load (i.e. wind and seismic load). A group of alternative configuration was assumed by the 

authors to understand the suitability of some structural components which were initially believed to be 

extra elements having no particular contribution towards the safety  

 

2.7.1  Rubio (1912) 

 

In 1912 as a result of collaboration effected in the reform of the Cathedral by Gaudi, Rubio made a 

study using the method of the static graphics. The calculation done by Rubio is extremely laborious. 

Part of a detailed assessment of the weights, and based on it, he starts trial and error of potential truss 

lines to determine a truss line which keep maintained in the sections and perfectly balanced loads.  

 

 

Figure 2.14: Static-graphic analysis by Rubio, 1912 
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Although his clever observations, he noticed the solution was commensurate to the curvature of the 

columns. His conclusions pointed to the necessity of the inclusions of extra dead load over the vault 

and main arches. He justified that it would have been better if the superior battery of the flying arches 

did not exist as these generate pushes towards the central vault. Safety was ascertained in terms of 

material strength. At the point of maximum pressure in the principal arches a compression of 3.1 MPa 

was reached, whereas in the columns the maximum compression reached to 4.5 MPa.  

Both the values are smaller but nearer to the resistance of the material. The kind of calculation and 

effort to justify of the safety embodies the adequacy of knowledge present at that period. 

 

2.7.2  Maynou (2001) 

 

A more recent analysis to study the thrust lines was done by Maynou in 2001 by means of computer 

programming. The analysis was carried out using a 2D model of the section of the structure and the 

result displayed a certain number of thrust line within the geometry of the section the structure (a good 

agreement with the results obtained by Rubio, 2001) which can be observed from Figure 2.15. 

In his careful examination he agreed that placing of extra weight over the key of the principal arches 

were justified to provide stability of the structure. According to his study it was possible to obtain thrust 

lines without taking into account the collapse of the columns. Also the result obtained from the 

computer program specifies that the optimal horizontal displacement of the top of the column could be 

31 mm before collapse (contrasting 45 mm as calculated by Rubio, 1912). 

 

Figure 2.15: Thrust line analysis of Mallorca Cathedral by Maynou (2001). 
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2.7.3  Salas (2002) 

 

A more detailed structural analysis of Mallorca cathedral was carried out by Salas (2002). In his study 

he used two different methods and made comparison of the results obtained from them. Like other 

authors he also verified the functional requirements of some element of the structure. In the first 

method, analysis was performed by Finite Element Methods with isotropic damage model and in the 

second a generalized matrix formulation was prepared. Following are the studies and the principal 

observations made by him. 

Using both the methods gravity load, beyond the actual, had been applied in both the models and 

interestingly similar results were obtained in terms of factor of actual gravity load (nearly 1.7) that lead 

the structure to collapse. Figure 2.16 below shows the collapse mechanism of the structure in this load 

condition. 

 

 

Figure 2.16: Collapse mechanism with a gravity load factor of 1.7. Salas (2002). 

 

Three different studies had been made considering alternative configurations for the purpose of 

analyzing the validity of some components in the original design that includes the overweight in the 

key of the main arch and the superior battery of flying arches. Conclusions made by him are as 

follows: 

Through the examination of the structure he understood the justification of the extra weight over the 

principal arch (similar to the opinion made by Rubio, 1912) as it assures the stability of the structure. 

Otherwise the structure could fail after reaching 90% of the gravity load.  



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 19 

Analysis carried out neglecting the effect (both weight and stiffness) of the superior battery of the 

flying arch shows the structure would have collapsed after attaining a load factor of 0.7. Therefore the 

superior battery of the flying arches had been introduced out of careful understanding of its 

contribution towards the stability of the structure that can be understood from the collapse mechanism  

Another interesting study of him concluded that the structure would be safe if both the extra weight 

over the principal arc and the upper battery of the flying arch were not taken into consideration. The 

failure load at gravity reached at factor of 1.6. 

Wind and earthquake load corresponding to 1000 years return period were applied on the structure by 

means of simplified equivalent static load procedure. Lateral loads were estimated conforming to 

Spanish guidelines (NBE-AE-88 for wind load and NCSR-94 for seismic load). The analysis showed 

that the structure could resist wind pressure of 1.45 kN/sq. m and earthquake of ac/g=0.12. But the 

resulting condition of the structure is very severe and seems to be near the collapse. Also both these 

lateral loads resulted formation of cracks and collapse mechanism at failure in a similar fashion. An 

improved lateral analysis can be seen in the analysis performed by Clemente (2007) where pushover 

analysis of the structure was done to ultimate lateral load carrying capacity. 

 

Figure 2.17: Distribution of normal stresses (100xMPa), cracking and deformation x 1000 for the 

structure subjected to a wind pressure corresponding to a return period of 1000 years. Salas (2002). 

 

2.7.4  Clemente (2007) 

 

Most recently a detailed analysis using intelligent computer code has been done by Clemente (2007). 

A more detailed 3D geometry of a bay was prepared in GID with refined mesh in the zone of potential 
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stress concentration and the analysis was carried out in COMET. In his analysis he used tension 

compression damage model to represent the material. Within the frame work of his research he also 

applied crack tracking algorithm (also referred as localized damage model), which was developed by 

the author in 2006 (see Clemente et al. 2006), to the structure to reproduce the localized individual 

cracks under tension. Table 2.1 summarizes the material parameters used in his study. Young‟s 

modulus of elasticity was considered thousand times the compressive strength and tensile strength 

was considered 5% of the compressive strength. Another important material parameter i.e. fracture 

energy was considered infinite (according to Euro code EC-6), but this may overestimate the results 

as in case of masonry, softening of material is most important phenomenon. This problem would be 

eliminated by considering very low fracture energy in current analysis. 

 

 

Table 2.1: Material parameters used by Clemente, 2007. 

 

The first model was analyzed under instantaneous loading taking into account the nonlinearity of 

material as mentioned in the previous paragraph. Next the same analysis was performed but 

simulating the construction process in two phases and observation was made to understand the effect 

of sequence of loading. The same model was analyzed then considering the creep of material due to 

long term loading. 

In the second phase a two dimensional model equivalent to the earlier three dimensional model was 

prepared. Comparative analyses were performed for both the models (2D and 3D) using distributed 

damage model. Later only the two dimensional model with localized damage was considered for 

sensitivity analysis using diverse parameter of the material. In all cases gravitational load increased in 

a fictitious way until reaching the collapse of the structure. 

In the third phase of analysis, gravitational load was applied in the horizontal direction to simulate the 

seismic force. Condition of symmetry of the structure about the axis passing through the key of the 

central vault was eliminated and a two dimensional model was created. The seismic load analysis was 

done considering both localized and distributed damage models and finally comparison was made to 

understand the effect of these damage models in the collapse condition. 
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(i) Instantaneous gravity load analysis with non-linear material 

 

An instantaneous gravity load was applied with 10% load increment as the material was modeled for 

nonlinear behavior by means of tension-compression distributed damage model. The deformed shape 

obtained showed displacement of the column towards the central part of the building whereas the 

buttresses displaced toward the part exterior of the structure (see Figure 2.18). Both tendencies 

coincide qualitatively with real condition observed in the structure. But the maximum displacement of 

the column (0.76cm) obtained did not agree with the real state of the structure (as the displacement of 

the column varied 4 to 16cm). The model reproduced the damage in the large windows (already 

repaired) of the buttresses. The analysis again showed damage due to tension in lateral vault and in 

the wall on the central vault. Apart from these the results were in good agreement with the 

undamaged part of the structure in other locations. 

After reaching 100% of the self-weight, further analysis was carried out by increasing the gravity load 

in a fictitious way (although this conditions are little realistic) to determine the load necessary to arrive 

at the collapse and the mechanism it forms. The load factor reached to 2.0 at collapse. The state of 

stress and collapse shows that the structure fails mainly because of the fracture that happened in the 

buttresses due to concentration of tension and compression next to each other. Severe tension 

damage occurred in lateral vault and also in the flying buttresses and in the central vault. 

 

Figure 2.18: 300 x (a) Deformed shape, (b) Damage due to tension. Clemente (2007). 
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Figure 2.19: Collapse mechanism. (a) Damage due to tension; (b) Damage due to compression. 

Clemente (2007). 

 

 

 (ii) Sequential analysis for the simulation of the construction process with nonlinear material 

 

To examine possibility of damage in the column during construction phase of the cathedral, sequential 

analysis was performed. The construction process had been simulated by dividing the structure into 

two parts by cutting the structure over the lateral vault. Thus analysis was performed first in the inferior 

part and then in the whole part. These analyses show the horizontal displacement of the superior part 

of the column which confirmed the deformation of the column during the construction of the structure. 

Compared to the previous analysis (gravity load simulated in one phase), there were no significant 

increase of stress level in the phase analysis. 

 

(iii) Sequential analysis with nonlinear material to account the effect of creep 

 

A study considering the effect of creep was carried out to clarify whether the existing deformation due 

to the creep of material and also to justify if the continual progress of damage resulting from the effect 

of creep would cause collapse of the structure in future. But there had been no significant change in 

the state of stress. 

 

(iv) Sequential analysis with nonlinear material and geometry to account the effect of creep 

 

The same was analyzed with large displacement formulation instead of small displacement 

formulation as in the previous analysis to observe the effect of creep deformation in the damage of the 

structure. 
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(v) Analysis under gravitational loads under localized damage 

 

To examine the applicability of the discrete crack model algorithm a two dimensional plane stress 

model equivalent to the original three dimensional model of the bay had been prepared by maintaining 

the weights of different structural elements (by varying the thickness and unit weight of different 

components).  

 

(vi) Sensibility analysis 

 

The sensibility analysis comprised of analyses by changing three important material parameters 

namely tension resistance, compression resistance and the fracture energy. In each case the gravity 

load was increased fictitiously until collapse. 

 

Tensile strength 

 

The tensile strength were considered full, one-half, one-fourth and one-tenth of the original keeping 

other parameters unaltered. And the analyses were performed for both the distributed and localized 

damage model. Result shows that in case of distributed damage model collapse load has direct 

relationship with tension resistance of the material.  

 

Tensile fracture energy 

 

From the plot of collapse load factor vs. tensile fracture energy, it can be noticed that this relation is 

very similar for both the distributed and localized damage models. The final load resistance capacity of 

the structure significantly diminishes with the fragility of the material. In particular, in the case of Gf=1 

J/m2 (fragile material) the structure fails after attaining 35% of the collapse load obtained in case Gf = 

(ductile material). It is natural that the model with smaller energy of fracture collapse before, since in 

these cases exists a faster dissipation of energy and therefore the damaged elements transfer tension 

to the neighbor more quickly and thereby accelerating the process of structural deterioration. This type 

of behavior of numerical model used for historical buildings creates complexity when it is desired to 

find the collapse load, since there is no enough information to determine the energy of fracture of the 

historical materials. 

 

Compressive strength 

 

Existence of linear relationship between collapse load factor and compressive strength, fc proved that 

the collapse mechanism was formed not only due to tensile damage of material but also due to 
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compressive damage. For instance, collapse of the structure took place due to complete failure of 

buttresses under compression at the height of the base of the large window. 

 

(vii) Seismic load analysis 

 

Complete 2D and 3D model were prepared considering both distributed damage and localized 

damage model. In this case condition of symmetry of the bay about the longitudinal axis passing 

through the central vault had been eliminated had been eliminated. Two phase load namely gravity 

and horizontal seismic load in the terms of gravity were applied in consecutive phases. 

Deformation and collapse mechanism for the models (2D and 3D with distributed damage) were 

similar except a couple of difference. Buttress in the 2D model was more affected, whereas the central 

vault in the 3D model underwent severe damage (see Figure 2.20). 

 

Figure 2.20: Seismic analyses with distributed damage. Collapse mechanism and tension damage. 

Clemente (2007). 

 

2.7.5  Martinez (2007) 

 

In the first part of the study, geotechnical and geophysical studies conducted to understand the 

mechanical and stratigraphic properties of the underground of foundation of the cathedral of Mallorca 

are mentioned. 

As the main objective of this study is to evaluate the seismic vulnerability of this structure, it is 

necessary to know the dynamic properties of the ground support ahead of checking soil-structure 

possible interaction effects, in addition to the information needed to estimate dynamic amplifications of 

soils and their impact on seismic demand (or actions) involved. 

Secondly, the fieldwork carried out in the cathedral of Mallorca. It provides detailed measurement 

criteria and information processing of environmental vibration accelerometer collected at various 

points on the building, aimed at obtaining the modal parameters in the frequency domain by non-

parametric structural identification.  
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In order to raise the visibility of the distribution of stiffness of the Cathedral of Mallorca, in this 

investigation, the identification by dynamic auscultation is done. Vibration modes and associated 

natural frequencies are a function of the rigidity of the structure, so that such properties can be 

obtained from the vibration of the structural system. 

 

Level 1 Level 2 Level 3

(Hz) (Hz) (Hz)

1 1.28 1.19 1.31

2 1.47 1.44 1.5

3 1.59 1.59 1.59

4 1.84 1.94 1.94

5 2.03 2.13 2.09

Modal 

vibration

 

Table 2.2: Measurement frequencies for the first modes. 

 

The following section presents the generation of a three-dimensional finite element model 

for the Cathedral of Mallorca, for which also details the procedure followed in the calibration of the 

mechanical properties of the materials that comprise it, from the information obtained experimentally 

with a view to building structural analysis and subsequent evaluation of seismic vulnerability of the 

whole structure. 

In developing the complete geometry of the structure was used at different software packages, such is 

the case of Autocad, Rhino3D and GID (v. 7.0). The rest of the building's geometric information was 

obtained from the plan metric survey conducted for the Master Plan of the Cathedral of Mallorca 

(Gonzalez and Roca, 2000). 

The general criterion for model development was the construction of each individually macroelement 

(façade, frameworks, apse, etc.), to be assembly further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21: Generating Meshing for the global model. 
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During the modeling the idea was getting the curves and capacity spectrum for macro elements model 

generated from the global structure, calibrated as described. Once known stiffness properties for the 

different structural elements that constitute the global analytical model, these can be assigned to 

different macroelements that has divided the structure. 

The capacity spectrum method has the great advantage of simplicity besides that is fairly widespread 

at the present as a valid method and should not be dismissed for any reason, however to be a closer 

approximation, it is prudent to leave open the possible improvements to this methodology viable. 

 

Figure 2.22: Generating Meshing and capacity spectrum of the facade. 

 

All information compiled in this study serves as a starting point for using the finite element method as 

an alternative structural analysis to estimate the seismic vulnerability is a good option prior to the 

application of other techniques. 

 

2.7.6  DAS (2008) 

 

In the study, the structural analysis of a single bay of Mallorca Cathedral has been performed with the 

help of the numerical tools. The numerical analysis is based on macro modeling and tension-

compression damage model (synonymous with the term distributed damage model) for the material. 

The main aim of the analysis is to verify the applicability of the tools to represent the behavior of large 

historical masonry complex under gravitational and seismic loading and thereby assessing the 

strength capacity of the structure before collapse in either case. 

The numerical model is constructed in three dimensions using the program GiD (version 8), on a 

geometry as considered by Casarin and Magagna (2001), Salas (2002) and Clemente (2007). Figure 

2.23 below shows the geometry of the bay considered for numerical modeling. The bay considered for 

analysis had been implemented into a three dimensional finite element meshing. The meshing has 

been done keeping in view the same considerations as used by Clemente, 2007.  
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(a)                                                                (b) 

Figure 2.23: Bay of Mallorca Cathedral (a) Geometry (b) Meshing in Finite Element Model. 

 

This study contain the analysis which considerate of low fracture energy both for tension and 

compression, which would give more realistic modeling of the material. Among the possible outcomes, 

the vertical load at collapse (though it does not have much realistic sense) and maximum lateral load 

carrying capacity come to be lesser than that obtained by Clemente, 2007. Capacity spectrum 

method, based on performance based seismic analysis, will give clear interpretation of the structural 

behavior. It will also be interesting to see the impact of the tensile strength on the lateral collapse of 

the structure. It is worth mentioning that there are no reliable data to consider tensile strength, rather it 

is adopted on empirical basis. 

The constitutive model for the material has been characterized by adopting necessary material 

parameters. Tensile strength has been very low (5% of compressive strength). Young‟s modulus of 

elasticity of different materials has been considered as the same as considered by Martinez, 2008. 

In all the cases Poisson‟s ratio has been assumed to be 0.2. Table 2.3 below summarizes the material 

parameters used for materials for different structural components of the bay of the cathedral. 

 

 

Table 2.3: Parameters considered for material characterization 

 

Fracture energy is another very important parameter for tension-compression damage model. This 

regulates the behavior of the material after reaching the peak strength.  
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Gravity load analysis using linear elastic material 

 

Gravity load has been applied instantaneously at one step. The aim was to get an idea of the 

deformation of different parts of the structure. The deformed shape and stress level obtained will be 

used to compare in the next analysis. 

Figure 2.24 shows the deformed shape of the structure and the horizontal displacements. It can be 

noticed that maximum horizontal displacement occurs at the top region of the columns (maximum 

displacement is 3.06 mm), which significantly lesser than the real value obtained from site measure 

measurement. 

 

Figure 2.24: Horizontal displacement. 

 

Gravity load analysis using non-linear material 

 

The same instantaneous gravity load analysis has been performed, but this time considering 

nonlinearity of the material, which, in turn, needs the load to be applied in step by step. Therefore full 

gravity load was applied giving 10% load increment at each step. The aim of this analysis was to find 

the effect of non-linearity of the material in the deformation of the structure. Also observation of the 

prevailing state of stresses existing in the structure is important. 

The deformed shape in Figure 2.25 shows that maximum displacement near the top region of the 

structure increased from 3.06mm (in the earlier case) to 4.4 mm, whereas this value was 7.6 mm 

obtained by Clemente (2007). This increase of horizontal displacement signifies that the structure 

follows a nonlinear path within the range of gravitational load. But this comes to be less 7.6 mm is due 

to the fact that the present study utilizes the updated modulus of elasticity of the materials (see Table 

2.2). Again none of these values are in the order of that found in the real observation in the structure 

(found to be 4 to 16cm).  
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Figure 2.25: Horizontal displacement of the bay. 

  

                  (a)                                                                           (b) 

Figure 2.26: (a) Tension damage; (b) Compressive damage. 

 

Seismic load analysis using non-linear material model 

 

Seismic load analysis has been planned in two ways. In the first case a horizontal load proportional to 

the gravity has been applied in small increments (load-control method see figure 2.27) until collapse. 

In the second case, instead of horizontal load, displacements according to the first mode shape have 

applied until collapse. 

Figures 2.28 and 2.29 show the horizontal displacement, tension damage and compressive damage in 

the structure at collapse load condition. The structure mainly collapses due to severe tensile damage 

at the base and top of the large windows, lateral vault and wall above it, central vault and battery of 

flying arches. 

Compressive damage has been found to occur at the base of the buttresses, and side of the large 

windows at bottom of the clerestory wall. But the compressive damage is limited to some areas. 
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Figure 2.27: Force control method. Force - displacement diagram at the top of pillar. 

 

 

Figure 2.28: Horizontal displacement of the bay. 

  

                                      (a)                                                                         (b) 

Figure 2.29:  (a) Tensile damage; (b) Compressive damage. 
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2.7.7  Cuello (2007) 

 

In this study, the model responses to the solicitation of its self-weight in linear and nonlinear analysis. 

For the nonlinear case has been implemented constitutive model to simulate cracking in the case of 

tensile stresses. Graphic shows results of the tensions in the directions of the XYZ axes instead of the 

principal stresses. 

 

Linear analysis: 

 

This analysis is a first approximation, and serves to validate the model with respect to the current 

situation of the building for further application in the case of the analysis compared to the case of 

seismic action. 

 

s1 s3 sx sy sz

Flying arches 6.7-9 - - 4-6.4 -

Vaults of the central nave 2.6 - - 1.9 -

Windows between the 

buttresses 4.2 - - 2.5 -

Zone of contact Nave - Facade 3 - 1.9 - -

Zone of contact Nave - Apse - -47 - - -47

Zone of Old Rose window in the 

main facade 3.3 - - 1.9 -

Zone of Old Rose window in the 

main facade 4 - - 3 -

Base of the columnas - -32 - - -32

Studied zone
Tensile (kp/cm2)  

Table 2.4: Tensile stress results from the linear analysis. 
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Figure 2.30: Stresses in the Y direction in the flying arches of the north facade. 

 

Nonlinear analysis: 

 

This analysis was done considering the criteria of Smeared cracking in tension, the model reproduces 

the cracking in the masonry, with the consequent loss of stiffness and strength presenting a 

redistribution of stresses similar to the real. 

However due to the size of the model and the consequent limitation of the density of items used this 

analysis loses its validity because of the difficulty to reproduce the cracking in low-density mesh. 

Although it is considered that analysis facilitates understanding of the behavior of the building. 

The results show that the tensile stress level reached is lower than in the linear case, due to the 

limitation of resistance given by the constitutive model implemented on the other hand the strains are 

higher. Below are the values of the principal stresses and the images obtained from the same areas 

exposed in the linear case. 
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s1 s3 sx sy sz

Flying arches 3.7 - - 0.2 -

Vaults of the central nave 2 - - 0.2 -

Windows between the 

buttresses 3 - - - -

Zone of contact Nave - Facade 2 - - - -

Zone of contact Nave - Apse - -55 - - -55

Zone of Old Rose window in the 

main facade 1.9 - - - -

Zone of Old Rose window in the 

main facade 3 - - 0.2 -

Base of the columnas - -33 - - -33

Studied zone
Tensile (kp/cm2) 

 

Table 2.5: Tensile stress results from the linear analysis. 

 

 

Figure 2.31: Stresses in the Y direction in the buttresses of the north facade. 

 

Seismic analysis: 

 

Obtaining seismic acceleration calculation made in this paragraph, taken from studies carried out by 

Martinez (2006). To do this analysis the first aspect to consider is the generation of the elastic 

spectrum, from which we get the magnitude of the seismic force to use. For a return period of 475 

years, we must consider that the spectrum should be softening by the discretion of the Eurocode 8 

from the soil classification of the area as type B. 
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Once the spectrum has been generated and knowing that the fundamental frequency of the 

structure is 1.28 Hz so your period is 0.78 sec., watching the graph reaches the conclusion that the 

acceleration to be applied will be 0.1131g. 

 

Figure 2.32: Spectrum softened and obtaining acceleration calculation. Source Martínez (2006). 

 

To do the combination of actions has also used the criteria of Eurocode 8, mainly studying the case of 

any acceleration in the longitudinal direction of the cathedral and 0.3 times the acceleration of 

calculation in the transverse direction: 

(Ex 0.1131g, 0.3 * 0.1131Ey, 9.8gEz) 

 

The results as in the previous sections have analyzed graphically in the directions of the coordinate 

axes, while in terms of their numerical values have also considered the values of the principal 

stresses, the following is a summary table: 

 

s1 s3 sx sy sz

Flying arches 28 - - 17 -

Vaults of the central nave

Windows between the 

buttresses - - - 3.3 -

Zone of contact Nave - Facade 28 - - 20 -

Zone of contact Nave - Apse - 13 - 7.51-52

Zone of Old Rose window in the 

main facade 11 - - 3.3 -

Zone of Old Rose window in the 

main facade 11 - - 3.3 -

Base of the columnas - -33 - - -33

Studied zone
Tensile (kp/cm2) 

 

Table 2.6: Tensile stress results from the seismic analysis. 
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Figure 2.33: Stresses in the Y direction in the buttresses of the north facade. 
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3.  STRUCTURAL ANALYSIS OF HISTORICAL CONSTRUCTIONS 

 

3.1 Introduction 

 

An ancient heritage construction is a major challenge to sophisticated modern procedures. Studies 

oriented of historical structures have appeal to structural analysis as a way to better understand the 

genuine structural features of the building, to characterize its present condition and actual causes of 

existing damage to determine the true structural safety for a variety of actions and to conclude on 

necessary remedial measures.  Structural analysis contributes to all the phases and activities 

(including diagnosis, reliability assessment and design of intervention) oriented to grant an efficient 

and respectful conservation of monuments and historical buildings. 

Unsurprisingly, ancient structures have been studied, since time ago, using the most advanced tools 

available for structural assessment. The application of advanced computer methods to the analysis of 

historical structures was pioneered by the studies of the Brunelleschi Dome by Chiarugi, the Pisa 

tower by Macchi or the Coliseum in Rome by Croci. Methods available were not yet prepared to deal 

the specific problems of ancient constructions concerning materials, structural arrangements and real 

preservation condition.   

Some difficulties encountered are related to the description of the geometry, materials and actions, all 

of which acquire remarkable singularity in the case of historical construction. Additional important 

difficulties are related to the acquisition of data on material properties, internal morphology and 

damage.   

In the case of materials such as earth, brick or stone masonry and wood are characterized by very 

complex mechanical and strength phenomena still challenging our modeling abilities. In particular, 

masonry is characterized by its composite character a brittle response in tension, a frictional response 

in shear and anisotropy. These historical materials are normally very heterogeneous even in a single 

building or construction member. Moreover, historical structures often show many additions and 

repairs done with different materials. Non-destructive tests (NDT) and minor structure tests (MDT) 

should be preferred. 

It does not exist recording of the construction clearly. Sometimes historical natural hazards 

(earthquake, cyclone, soil settlements etc.) that caused damage to the structure had not been 

archived for its future use. Therefore analysis of the historical structures is mainly challenged by the 

material and the structural characterization.  

Because of all these difficulties, it is generally accepted (Icomos/ Iscarsah Committee) that the study 

of a historical structure should not only based on calculations, but should integrate as well a variety of 

complementary activities involving detailed historical investigation, deep inspection by means of non-

destructive techniques (NDT) and monitoring, among other. 

From ancient study of simple analytical procedure (thrust-line analysis) to modern sophisticated 

numerical analysis, there are different procedures (depending on the aim and complexity of the 
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structure involved) of the structural modeling that could be well representative for its analysis. 

Sometimes, a simple procedure could give us the same information as a very complex calculation 

using sophisticated numerical analysis. 

In this chapter, it deals the available modeling strategies of historical masonry structure. A small 

description has been made on the formulation of material selected considering nonlinear behavior 

(chapter 5) for the analysis of Mallorca cathedral. Finally a brief note introduces the methodology of 

capacity spectrum method that has been employed to assess the seismic strength of the cathedral. 

 

3.2 Numerical modeling strategies of masonry structures 

 

Masonry is a composite material consisting of units of bricks or stone blocks and mortar, a weak 

material joining the individual units at their interface. These two materials have distinct characteristics 

of their own. Therefore the representation of the materials for the simulation of the structure globally is 

a bit complex. The approaches for its numerical representation mainly focus on two different ways of 

modeling namely modeling of individual components of units and mortar called micro-modeling and 

simplified modeling considering masonry as a composite material called macro-modeling. Depending 

on the type and size of the structure and the result intended the following strategies are taken into 

consideration (see Computations of Masonry Structures, Lourenco, 2002). 

 

Detailed micro-modelling: Here the concept lies in representing the units and mortars as continuum 

elements whereas unit-mortar interface is represented by discontinuous elements. In this approach, 

material parameters such as Young‟s modulus, Poisson‟s ratio and inelastic properties (optional) of 

both unit and mortar are taken into account. The interface, which is actually a plane of potential 

crack/slip, is modeled with initial dummy stiffness to avoid interpenetration of the continuum. Therefore 

this enables the combined action of unit, mortar and interface to be studied under magnification 

(Figure 3.1a). 

 

Simplified micro-modeling: In this approach, each joint that consists of mortar and the two unit– 

mortar interfaces, considered as an average interface while the units are expanded in order to keep 

the geometry unchanged (Figure 3.1b). Masonry is thus considered as a set of elastic blocks bonded 

by potential fracture/slip lines at the joints. Since the Poisson effect of the mortar is not included in this 

kind of modeling, the accuracy of results is lost. 

 

Macro-modeling: Macro-modeling approach is simplified by means of abolishing the difficulty of 

distinctive characteristics of unit, mortar and unit-mortar interface, and introducing the concept of 

homogeneous anisotropic continuum into the masonry as a whole (Figure 3.1c). 

 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model Title of the thesis 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                38 

 

                         (a)                                                           (b)                                              (c) 

Figure 3.1: Masonry modeling: (a) detailed micro-modeling, (b) simplified micro-modeling, (c) macro-

modeling (Lourenco, 2002). 

 

Consideration of above mentioned methods for structural modeling varies from situation to situation 

depending on the size of the structure and purpose of analysis. Therefore it is not justifiable to make 

comparison of different methods, when the local behavior of a structural masonry is a prime concern 

of understanding macro-modeling plays an efficient tool in that case. Macro-modeling is applicable for 

structures consisting of solid wall and sufficiently large dimensions such that variation of stresses 

across or along the micro-level is insignificant (can be considered as uniform). But macro-modeling 

has a great advantage over micro-modeling in the sense that it consumes less time and computer 

memory to carry out an optimal analysis. 

 

3.2.1 Finite element method based approaches (macro-modeling) 

 

The finite element method offers a widespread variety of possibilities concerning the description of the 

masonry structures within the frame of detailed of non-linear analysis. Mostly in all the ancient 

structures the complexity in geometry is associated with massive structural parts like columns, 

buttresses combined with arches and vaults. Finite Elements Method is an efficient method in modern 

time to represent suitably a historical structure in two-dimension and three dimensions overcoming 

this geometrical complexity. But main difficulty of implementation of macro-modeling is still prominent 

because of the lack of comprehensive experimental data explaining pre or post-peak behavior. 

Another fact is complexity that is still needs to be overcome to formulate adequately anisotropic 

inelastic property of material. Formulation of the behavior of isotropic quasi-brittle materials considers, 

generally, different inelastic criteria for tension and compression. The model introduced by Lourenco 

et al. (1998) recently extended to accommodate shell masonry behavior, combines the advantages of 

modern plasticity concepts with a powerful representation of anisotropic material behavior, which 

includes different hardening/softening behavior along each material axis.  

 

 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 39 

3.2.2 Discontinuous models (micro-modeling) 

 

Masonry joint is the plane of weakness in the interface of units. The representation of the joints and 

the units in a numerical model needs a specific algorithm leading to rigorous analysis tool. This kind of 

analysis is adequately used for small structures where the state of stress and strain has sharp 

variation. Characteristic properties of each of the units, mortar and interface are required in this case. 

Finite Elements Method can be used as an efficient tool for the analysis of micro-models. This 

approach is still limited to research and small models as it needs more computational cost. As all the 

possible features of constituents materials and their interface is taken into consideration, this kind of 

analysis must include the failure mechanisms namely cracking of joints, sliding, cracking of the units 

and crushing of masonry. 

 

3.2.3 Idealization of geometry 

 

It is well accepted opinion about the inherent complexity of historical structures. Therefore geometrical 

idealization should be done in a simplest way up to the extent where it would be sufficient enough for 

the analysis. Careful judgment made by Lourenco (2002) includes the following: 

 Fully three-dimensional models are usually very time-consuming with respect to preparation of 

the model, to perform the actual calculations and to analyze the results. In the case of the 

widely spread finite element method, several authors use eight node bricks, with one element 

over the thickness of the walls or vaults. The errors associated with such a discretization are 

very large, even in the case of a linear elastic analysis, yielding meaningless results. 

 The results of models incorporating shell elements are fairly difficult to analyze owing to the 

variation of stresses along the thickness of the elements. In addition, the large thickness of 

the structural elements may yield a poor approximation of the actual state of stress. 

 Increasing the detail and size of the model might result in a large amount of information that 

blurs the important aspects. 

The author pointed towards simplification of geometry by (a) using two-dimensional models rather 

than three-dimensional models; (b) avoiding the use of shell elements in areas important for the global 

behavior of the structure; and (c) modeling structural parts and details instead of modeling complete 

and large structures. 

 

3.2.4 Idealization of structural behavior 

 

Commonly adopted behavior for analysis is elastic behavior (with or without taking into account the 

redistribution of stresses), plastic behavior and nonlinear behavior. Linear elastic analysis assumes 

that the material obeys Hooke‟s law. This is hardly the case for masonry under tension, which cracks 

at very low stress levels. 
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Nonlinear analysis is the most powerful method, able to trace the complete response of a structure 

from the elastic range, through cracking and crushing, up to complete failure. These nonlinearities can 

be combined efficiently in structural analysis. It may be used for both ultimate limit states (ULS) and 

serviceability limit states (SLS). 

Plastic analysis or limit analysis aims at evaluating the structural load at failure. It is to be used only for 

verification of ULS and, theoretically, the material must exhibit a ductile response. This method can be 

assumed as adequate for the analysis of historical masonry structures if a zero tensile stress is 

assumed. 

The plastic analysis is based either on the lower-bound (static) method or on the upper-bound 

(kinematic) method. Its application to larger structures is rather difficult, and the issue of structural 

safety is difficult to solve. The inherent difficulty in the use of this tool is the selection of an adequate 

collapse mechanism for a given load combination. For traditional masonry structures, such as the 

buildings in historic centers, the method is readily applicable to analysis and strengthening. For more 

complex and unique monumental structures, this method is still of interest to calculate strengthening, 

once the relevant collapse mechanisms are identified and the structural behavior is understood from 

nonlinear analysis. 

Finally, it need mention that linear elastic finite element models have been widely used for analyzing 

historic structures. Sometimes, cracks have been included in the model, by assuming a zero stiffness 

set of elements in areas where cracks already exist in the structure Lourenco (2002), or in areas 

where the linear elastic calculation predicts high tensile stresses. The use of linear elastic analysis 

seems debatable, taking into account the advanced tools today available to solve engineering 

problems. 

 

3.3 Capacity spectrum method 

 

The main objective is to identify the masonry structures susceptible to damage and also determine the 

acceptable level of damage. Simplified linear static analyses are found to be inadequate to make such 

kind of assessment. A continual research by the structural engineering community has successfully 

developed a new generation of analysis procedure called performance based structural evaluation 

and thereby leading the analysis procedure from linear static towards the nonlinear (inelastic) 

analysis. An inelastic procedure commonly referred to as the pushover analysis is a viable method to 

assess damage vulnerability of existing buildings. Basically, a pushover analysis consists of a series 

of incremental static analysis carried out to develop a capacity curve for the building. Based on the 

capacity curve, a target displacement which is an estimate of the displacement that the design 

earthquake will produce on the building is determined.  

The extent of damage experienced by the structure at this target displacement is considered 

representative of the damage experienced by the building when subjected to design level ground 

shaking. Many methods were presented to apply the nonlinear static pushover (NSP) to structures.  
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These methods can be listed as: (1) the capacity spectrum method (CSM) (2) displacement coefficient 

method (DCM) (3) modal pushover analysis (MPA). 

The capacity spectrum method was developed by Freeman (1975). By means of a graphical 

procedure, it compares the capacity of a structure with the demands of earthquake ground motion on 

the structure (Figure 3.2). The graphical presentation makes possible a visual evaluation of how the 

structure will perform when subjected to earthquake ground motion. The method is easy to 

understand. The capacity of the structure is represented by a force-displacement curve, obtained by 

nonlinear static (pushover) analysis. The base shear forces and roof displacements are converted to 

the spectral accelerations and spectral displacements of an equivalent Single- Degree-Of- Freedom 

(SDOF) system, respectively. These spectral values define the capacity spectrum. The demands of 

the earthquake ground motion are defined by highly damped elastic spectra. The Acceleration-

Displacement Response Spectrum (ADRS) format is used, in which spectral accelerations are plotted 

against spectral displacements, with the periods represented by radial lines. The intersection of the 

capacity spectrum and the demand spectrum provides an estimate of the inelastic acceleration 

(strength) and displacement demand. 

 

Figure 3.2: Capacity spectrum method. 

 

3.3.1 Modeling of capacity curve and capacity spectrum 

 

Capacity curve 

 

A building capacity curve, termed also as „pushover‟ curve is a function (plot) of a buildings‟ lateral 

load resistance (base shear, V) versus its characteristic lateral displacement (peak building roof 

displacement, R). Building capacity model is an idealized building capacity curve defined by two 

characteristic control points (as in Figure 3.3): 1) Yield Capacity (YC), and 2) Ultimate Capacity (UC). 
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Figure 3.3: Building capacity model. 

 

Yield capacity (YC) is the lateral load resistance strength of the building before structural system has 

developed nonlinear response (Figure 3.3). 

Ultimate capacity (UC) is the maximum strength of the building when the global structural system has 

reached a fully plastic state (Figure 3.3). Beyond the ultimate point buildings are assumed capable of 

deforming without loss of stability, but their structural system provides no additional resistance to 

lateral earthquake force. 

Both, YC and UC control points are defined as: 

                                         3.1 

Where: 

Cs is design strength coefficient (fraction of building‟s weight), 

T   is true “elastic” fundamental-mode period of building (in seconds), 

    is “over strength” factor relating design strength to “true” yield strength, 

    is “over strength” factor relating ultimate strength to yield strength, and 

  is “ductility” factor relating ultimate (u) displacement to P times the yield (y) displacement (i.e., 

assumed point of significant yielding of the structure). 

The over strength (,) and ductility () parameters are defined by the code requirements, based on 

experimental/empirical evidence and/or on an expert judgment. 

 

Capacity spectrum 

 

For assuring direct comparison of building capacity and the demand spectrum as well as to facilitate 

the determination of performance point, base shear (V) is converted to spectral acceleration (Sa) and 
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the roof displacement (R) into spectral displacement (Sd). The capacity model of a model structure 

presented in AD format (Figure 3.4) is termed Capacity Spectrum (Freeman, 1975, 1998). 

Conversion of capacity model (V,R) to capacity spectrum shall be accomplished by knowing the 

dynamic characteristics of the structure in terms of its period (T), mode shape (∅i) and lumped floor 

mass (mi). For this, a single degree of freedom system (SDOF) is used to represent a translational 

vibration mode of the structure. Two typical control points, i.e., yield capacity and ultimate capacity, 

define the Capacity Spectrum (Figure 3.7): 

 

Figure 3.4: Building capacity spectrum. 

                                      3.2 

Where 1 is an effective mass coefficient (or fraction of building weight effective in push-over mode), 

defined with the buildings modal characteristics as follows: 

                                                                                                                       3.3 

Where: 

mi is i-th story masses, and ∅i is i-th story modal shape coefficient. 

Based on first mode vibration properties of vast majority of structures, literature suggests even more 

simplified approaches. Each mode of an MDOF system can be represented by an equivalent SDOF 

system with effective mass (Meff) equaling to: 

                                                                                                                                         3.4 

Where M is the total mass of the structure. When the equivalent mass of SDOF moves for distance Sd, 

the roof of the multi-store building will move for distance R. Considering that the first mode 
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dominantly controls the response of the multi-storey buildings, the ratio of R /Sd = PFR1 is, by 

definition the modal participation for the fundamental (first) mode at a roof level of MDOF system: 

                                                                                                                3.5 

Where ∅R1 is the first modal shape at the roof level of MDOF system. 

In RISK-UE for most multi-storey buildings 1 0.80 and PF∅R 1.4 (Freeman,1998). 

Consequently, Sa =  [V/(1Mg)] and Sd =  (R / PF∅R) can be estimated at 

Sa = 1.25  Cs 

Sd =R /1.4                                                                                                                                          3.6 

To define quantitatively the capacity model and the related AD spectrum, five parameters are to be 

known or estimated: 

1) Design strength (Cs); 

2) Over strength factors  and ; 

3) Ultimate point ductility (μ); and, 

4) Typical elastic period of the structure T. 

 

3.4.2 Modeling of demand spectrum 

 

The level and frequency content of seismic excitation controls the peak building response. The elastic 

response spectrum (Sae) is an extremely useful tool characterizing ground motions demand. 

It also provides convenient means to summarize the peak responses of all possible linear SDOF 

systems to a particular component of ground motion. It is usually computed for 5 percent damping 

being representative for a waist majority of structures. 

 

General procedure 

 

The application of the Capacity Spectrum technique requires that both, the structural capacity and the 

demand spectra (elastic spectra reduced for developed level of nonlinearity) be defined in AD 

(spectral acceleration vs. spectral displacement) coordinate system. General procedure for developing 

demand spectrum assumes: 

STEP 1: Calculation of elastic, 5 percent damped, site-specific demand spectrum for selected period 

range or a set of discrete period values; 

STEP 2: For buildings with elastic damping radically different than 5 percent, the 5 percent damped 

site-specific demand spectrum should either be modified, or a new elastic spectrum calculated by 

considering the proper damping ratio; 

STEP 3: Conversion of elastic demand spectrum in AD format. 

STEP 4: Reduction of elastic AD demand spectrum to account for developed nonlinearity. 
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Traditionally the elastic seismic demand is defined in the form of an elastic pseudo-acceleration 

spectrum (Sae) in which ordinates [Sae(T)] are directly linked to corresponding ordinates of elastic 

displacement spectra [Sde(T)] by factor (T
2
/4

2
). While, for defining the elastic demand any spectrum 

form can be used, the most convenient one is of Newmark-Hall type, i.e., a spectrum with constant 

acceleration, constant velocity and constant displacement regions. 

 

AD Conversion of elastic demand spectrum 

 

For an elastic SDOF system the following relation applies between the pseudo-acceleration (Sae) and 

displacement (Sde) response spectra: 

                                                                                                                              3.7 

Thus, each spectral acceleration ordinate associated to period T is converted into corresponding 

spectral displacement ordinate by multiplying it with a factor T
2
/4

2
. The Sae vs. Sde plot is usually 

referred to as seismic demand in AD format. 

 

Ductility strength reduction of AD demand spectrum 

 

The acceleration spectrum [Sa(T)] and the displacement spectrum [Sd(T)] for an inelastic SDOF 

system of a bilinear force-deformation relationship are defined as (Vidic et al., 1994): 

                                                                                                            3.8        

Where; 

 is the ductility factor, defined as the ratio between the maximum displacement and the yield 

displacement; and, 

R is strength reduction factor due to ductility, counting for hysteretic energy dissipation of ductile 

structures. 

For selected damping ratio and predefined ductility, the R factor converts the elastic response 

spectrum [Sae(T)] to the corresponding nonlinear one [Sa(T)]. Since Sa(T) or Sd(T) are defined for 

predefined value of , they are often referred as constant ductility spectra. 

A bilinear representation of the strength reduction factor R (Vidic et al, 1994; Fajfar, 2000 as referred 

in RISK-UE, 2003) can be: 

                                                                                                              3.9 
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Where TC is a characteristic period of the ground motion, typically defined as the transition period 

where the constant acceleration segment of the response spectrum passes to the constant velocity 

segment (corner period at the beginning of constant velocity range). A typical value of TC, as proposed 

by Faifar, 2000 is TC = 0.6s, or TC = 0.7s (Cosenza and Manfredi, 1997) (as referred in RISK-UE, 

2003). 

 

3.4.3 Obtaining performance point 

 

The capacity spectrum method initially characterizes seismic demand by an elastic response 

spectrum. Converted and plotted in AD format it shows the spectral accelerations as a function of 

spectral displacements. The AD format allows the demand spectrum to be “overlaid” on the buildings‟ 

capacity spectrum. The intersection of the demand and capacity spectra is seismic demand [from the 

structure]. It represents a point where demand and capacity are equal, and often is termed building 

„performance‟ point, or simply „Performance Point‟. 

The location of the performance point must satisfy two conditions: 

1. The point must lie on the capacity spectrum curve in order to represent the structure at the given 

displacement; and, 

2. The point must lie on a spectral demand curve, reduced from the elastic 5 percent damped 

response spectrum that represents the nonlinear demand at the same structural displacement. 

If the performance point is located in the linear range of the capacity, it defines the actual 

displacement of the structure. This is not normally the case as most structures experience inelastic 

(nonlinear) behavior when exposed to strong seismic action. For seismic inputs being of interest for 

damage/loss assessment, the performance points will regularly be out of linear, i.e., in inelastic 

(nonlinear) capacity range. 

When the performance point is located in the nonlinear range of the capacity, in the general case, 

determination of the performance point requires a trial and error search for satisfying the two criteria 

specified above. There are three different procedures in RISK-UE, 2003. All are based on the same 

concepts and mathematical relations, but vary in assumptions made in solution process and the 

dependence on graphical versus analytical techniques. Below is the procedure for bi-linear 

representation of the capacity curve. 

 

Performance point for bi-linear representation of capacity spectrum 

 

In the case the capacity spectrum is represented by bilinear shape, as it is the case with 

developments achieved under RISK-UE, a simplified and more direct approach can be used for 

defining the performance point (see Figure 3.5). It is based on the assumption that not only the initial 

slope of the bilinear representation of the capacity model remains constant, but also the yield point 
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and the post-yield slope. This simplifying assumption allows a direct solution without drawing multiple 

demand spectra, i.e.: 

 

Figure 3.5: Capacity Spectrum Procedure for Bilinear Capacity Model 

 

STEP 1: Plot the 5 percent damped elastic spectrum and the capacity spectrum on the same chart; 

STEP 2: Chose several values of Sd,i, i=1, 2, 3, U, N, such as Sd,i > Sdy, Sd,i+1 > Sd,i 

STEP 3: For each chosen Sd,i define ductilities μi = Sd,i/Sdy, spectral periods Ti, Ti=2/(Sd,i/Sa,i) and 

define the spectral range (acceleration Ti < TC, or velocity TiTC) where it falls 

STEP 4: Calculate strength reduction factors Rμ,i using the appropriate expression of Eqs. 3.9. 

STEP 5: Calculate reduced spectral accelerations (Sa,i) by reducing the corresponding 5% damped 

elastic spectral accelerations (Sae,i) for adequate strength reduction factor Rμ,i; 

                                                                                                                               3.10 

STEP 6: Plot the calculated discrete acceleration/displacement spectral values (Sd,i, Sa,i) and draw a 

line connecting plotted points. The intersection of this piecewise linear line with the capacity spectrum 

is the demand spectral displacement, i.e., the performance point. 

Although procedure requires plotting of multiple (Sd,i, Sa,i) points, the only (Sd,i, Sa,i) point that has any 

real significance is the one that lies on the capacity spectrum curve. This point defines the intersection 

point of the capacity spectrum with the adequate constant damping demand spectrum, and thus 

defines the demand displacement. It is evident from Figure 3.8 that the (Sd,i, Sa,i) piecewise line 

steadily slopes down until intersect with the capacity spectrum. This provides opportunity for the 

procedure to be fully coded and completely automated. 
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4. DEFINITION OF THE GLOBAL MODEL: 

4.1 Introduction: 

This chapter presents the generation of the tridimensional modeling in finite elements for the 

Mallorca‟s Cathedral. A global model of the Mallorca‟s cathedral was required of a correct 

interpretation of the geometry to get one better behavior during the calculation. 

It is considering that the cathedral as a symmetric building minimizes the small differences due to the 

inaccuracy of the original constructer. In the same time, it was not taken into account the currently 

existing distortions; the simplifications displayed individually in sections where it will explain the 

generation of each part of the Cathedral. The software used to the generation of the global model had 

been mainly done in Autocad (2010) and GID (v.7.0). 

The input data used were the plans to the “Master Plan of the Mallorca‟s cathedral”, the model 

developed in the dissertation by Salas (2002) and Cuello (2007) and photographic documentation of 

the Cathedral. 

 

4.2 Definition of the Global Geometry: 

 

The definition started from the geometrical modeling made by Casarin and Magagna (2001) uses the 

software GID (v.7.0) which consists in the quarter of the typical frame of the cathedral as shown in the 

figure 4.1. 

 

Figure 4.1: Geometry of the typical frame (Casarin y Magagna, 2001). 

 

In the generation of the model it was made some simplifications respect to the initial real conditions of 

the building. First, the existing deformations were neglected as well the cracking in the wall, columns 

and vaults.    
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4.2.1 The naves 

 

Using the original model made by Casarin and Magagna (2002) were built the three naves, except the 

false transept which had to modify the model, due to differences in the size of this frame. The 

magnitude of the amended section is extracted from the Director Plan (2002). 

  

Figure 4.2: Geometry of the naves (View1-3D) Figure 4.3: Geometry of the naves (View 2-3D) 

 

  

Figure 4.4: Half of an original frame. Figure 4.5: False modified transept. 

 

4.2.2 The Facade: 

 

From the data collected in the Master Plan build the geometry of the facade, integrating the first 

section of the vault in this part of the model, it replied to the geometry of the naves previously defined. 
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Figure 4.6: Geometry of facade (Views of the front and the back) 

 

4.2.3 The Apse. 

 

When constructing the geometry are 2 aspects that could be called contradictory: 

 Reproduce the geometry, in same way that it responds to the limited longitudinal movement of 

the cathedral and in the same time permitting detect the local effects of the apse.  

 Try to reduce the maximum number of elements due to the size of the full model.  

The size of the elements are not limiting in this area of the cathedral as in the rest of it. Therefore it 

was decided to simplify the geometry and used surfaces to reproduce the behavior of the vaults.  

 
 

Figure 4.7: Geometry of the Apse. 
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4.2.4 The Bell tower: 

 

In the case of the tower we made a significant simplification of the geometry because the role of this 

element of the cathedral is limited to restrict the movement of it, producing the asymmetrical behavior 

of the building. Due to this fact was modeled as an equivalent thickness prismatic tube, so reducing 

the number of elements, limiting its connection with the naves in18 meters similar to the reality.  

 

Figure 4.8: Geometry of the bell tower. 

 

4.2.5 The Cathedral: 

 

To perform the complete model of the Cathedral proceeded to join the different parts, that due to the 

fact that from the beginning were designed as part of a whole. 

 

 

Figure 4.9: Complete geometry of the cathedral (3D View 1). 
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Figure 4.10: Complete geometry of the cathedral (3D View 2). 

 

4.3 Loads: 

 

Some elements not being structural elements like the pinnacles and the pyramids on the keys of the 

vaults are not included in the model. Instead the excess weight of those elements is placed in 

corresponding positions. In both the cases the values taken were as adopted by Rubio (1912).For the 

pinnacle located on the top part of the cloister (on the axis of the column), a weight of 283.5kN has 

been placed in the form of distributed load. Distributing this load on the surface of the support gives 

2.70MPa. The weight of the pyramid on the top of the keys of the vaults is 44.1kN. Applying the 

condition of symmetry, the concentrated load at the key of the vault appears to be 22.05kN for part of 

the structure under consideration. Finally, filling on side vaults is also omitted in the geometry. This 

was taken into consideration by placing an equivalent distributed load of 3600Pa. 

 

4.4  Materials: 

 

The constitutive model for the material has been characterized by adopting necessary material 

parameters. Tensile strength has been very low (5% of compressive strength). Young‟s modulus of 

elasticity of different materials has been considered as the same as considered by Martinez, 2008. 

In all the cases Poisson‟s ratio has been assumed to be 0.2. Table 4.1 below summarizes the material 

parameters used for materials for different structural components of the bay of the cathedral. 
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Young's 

Modulus
Density

Compresive 

strength

Tensile 

strength

(MPa) (kg/m3) (MPa) (MPa)

Columns and flying 

arches
8000 2400 0.2 8 0.4

Buttresses, vaults, 

clerestory and walls.
2000 2100 0.2 2 0.1

Filling over the vaults 1000 2000 0.2 1 0.05

Structural Element
Poisson's 

ratio

 

Table 4.1: Material parameters used by Clemente, 2007. 

 

The Mallorca‟s Cathedral was mainly built by limestone but in function of the necessities of the 

different structural members it is possible to get some different type of this limestone according to the 

porosity and content of clay. According to the previous simplifications and suppositions it was obtained 

the following zone with different properties of masonry: 

1. Columns and flying arches                       

2. Existing fillings over the vaults, 

3. Buttresses. 

4. Buttresses of the north gate. 

5. Rest of the structure. 

To obtain an appropriate model, we proceeded to calibrate the properties of different materials based 

on the vibration modes. 

 

4.5  Boundary conditions: 

It was supposed that the foundations of the building do not permit the rotation and displacement in 

anyone directions. 

 

4.6 Type of elements in the modeling: 

 

It exist two type of element in the model, 2D-elements (surface) were used in the zone of apse and 

3D- tetrahedral elements are used to generate the volumetric meshing and offer an excellent 

adaptability in irregular geometries.   
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4.6.1  T15SF – triangle, 3 nodes. 

 

Figure 4.11: Element T15SF 

 

The T15SF element (See figure 4.11) is a three-node triangular isoparametric flat shell element. The 

plate bending is according to the Mindlin–Reissner theory with an adapted transverse shear 

interpolation. The geometry and the displacements are interpolated by bi-linear functions. The 

integration perpendicular to the element face is direct. The polynomials for the translations u and the 

rotations ∅ can be expressed as 

                                                                                                                                                             4.1 

                                                                                                                                                             4.2 

These polynomials yield a constant strain and stress over the element area. By default Diana applies 

a 1-point integration scheme; 3-point is a suitable option. 

 

4.6.2  TE12L – pyramid, 3 sides, 4 nodes 

 

Figure 4.12: Element TE12L 

 

The TE12L (See figure 4.12) element is a four-node, three-side isoparametric solid pyramid element. 

It is based on linear interpolation and numerical integration. The polynomials for the translations uxyz 

can be expressed as: 
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 3210),,( aaaaui 
                                                                                                    4.3 

These polynomials yield a constant strain and stress distribution over the element volume. By default 

Diana applies a 1-point integration scheme over the volume, 4- and 5-point are suitable options.  

 

4.7  Meshing: 

 

The meshing was done by the software GID, exporting the meshing for the using in the software 

DIANA.  

Zone Type of element Quantity of elements 

Nave Tetrahedron 210835 

Triangular - 

Façade Tetrahedron 41829 

Triangular - 

Apse Tetrahedron 207490 

Triangular 28473 

Bell Tower Tetrahedron 3614 

Triangular - 

Global Cathedral  Tetrahedron 463768 

Triangular 28473 

 

Table 4.2: Final results of meshing. 
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Figure 4.13: Meshing of the naves. 

 

 

 

 

 

 

 

Figure 4.14: Meshing of the naves (front view) Figure 4.15: Meshing of the naves (lateral view) 
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Figure 4.16: Meshing of the facade. Figure 4.17: Meshing of the bell tower. 

 

 

 

 

Figure 4.18: Meshing of the Apse (Front view) Figure 4.19: Meshing of the Apse (Plant view). 
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Figure 4.20: Meshing of the Global Cathedral. 
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5  DEFINITION OF THE STRUCTURAL MODEL 

 

5.1  Introduction: 

 

The Finite Element method was used to analyze the model, as this method is suitable for modeling 

massive structures like Historical Constructions built in masonry. Linear static analysis and Nonlinear 

static analysis were run in (DIANA, 2009), by changing different geometrical properties and material 

properties in the model, such as elastic modulus or material thickness, also by modeling the presence 

of damage. The main purpose of running different numerical analysis was to analyze the influence of 

each parameter in the behavior of the structural model by measuring the principal stresses, natural 

frequencies and mode shapes and comparing them with the experimental and historical data. 

 

5.2 Linear static analysis. General concepts: 

 

The main goal in the linear static analysis is to solve the equilibrium conditions and compatibility 

assuming that the response of the structure is linear and proportional to the actions applied on it 

because the structure is idealized as if it was made of an elastic material (Equation 4.1). In these 

preliminary analyses, the action is the gravity, and the task is to analyze the structure reactions, 

stresses, strains and displacements when it is subjected to its own weight. 

 

              5.1 

Where: 

s: is the stress vector 

D: is the Elastic stiffness matrix 

: is the strain vector 

 

The principal stresses are a relevant result of interest in this task because they give the distribution of 

tensile and compressive stresses among the structure, and they can be compared with masonry 

compressive and tensile strengths. The principal stresses are calculated solving the characteristic 

equation (Equation 5.2), which has three invariants that are independent of the coordinate system, 

and whose real roots are the principal stresses. 

 

                                                                                                   5.2 

Where: 

s: is the stress tensor. 

I1, I2, I3: are the invariants of the stress tensor. 
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5.2.1 Global formulation: 

 

For elastic lineal problems, the equation system to solve is: 

      fKu           5.3 

Where: K is the stiffness matrix of the system, u is the displacement and rotation vector and f is the 

nodal forces vector corresponding with the degree of freedom of u.  

The tridimensional problems are characterized because it exist unknown displacement (u) and forces 

per known volume unit (g). The external forces are applied in the boundaries St. these forces are 

called conditions of natural boundary. The displacements u are specified as known values u  in the 

area Su of the boundary and are called conditions of natural boundary. 

 

Displacements: 

In the boundary Su, the displacements have satisficed the condition of the essential boundary 

(Equation 5.4). It exists a condition of continuity and differentiability about the displacement. 

                                                                   
 _

uu     in uS                                                                     5.4 

The displacement of one particular point (x,y,z) are expressed although of continuous functions in 

terms of discretized variables in the nodes and it is approximated by the expression (5.5), where N is 

the matrix of displacement interpolation and u the vector of the nodes (displacements and rotations). 

                                                              

 
     uzyxNzyxuzyxuc ,,,,,,

~


                              5.5 

 

Stresses: 

 

The stresses at any point in the structure are determined by the expression (5.6), Where L is a 

differential operator that defines a stress field compatible. Thus the stress field can be expressed as 

the derivative of the vector u (5.7), where the matrix B defines the stress-strain relationship for a 

particular point and is called the differential matrix. By assuming linear elastic behavior, the 

relationship between the stresses and strains for a particular point will be of the form (5.8). Since the 

matrix D is the material stiffness relation and is a function of their material properties such as Young's 

modulus and Poisson's ratio. The vector o denotes the initial changes of deformation, and the vector 

so contains the initial residual stresses. 

                                                                               Lu                                                                   5.6 
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~

                                                     5.7 

                                                                      
   00 ss  D

                                                    5.8 
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Equilibrium: 

 

In a structural equilibrium equations can be expressed as (5.9) where V is the vector of known forces 

per unit volume, with V as the total volume or the domain model. The stress vector t is known in 

outline. 

                                                                                                                             5.9 

 

Principle of virtual displacements: 

 

A simple way to introduce the relations of equilibrium (5.9) is given by using the principle of virtual 

displacements. This principle says that an elastic structure is in equilibrium under a given load, if there 

is some virtual displacement in correspondence with a state compatible deformation, the virtual work 

is equal to the virtual stress energy. The virtual work equation can be written as: 

                                                           

   
V V S

t

TTT

t

tdSugdVudV s

                                     5.10 

Where  are the virtual stresses which corresponding to the virtual displacement u. Obtaining the 

following equation: 

                                                                                                                                                           5.11 

Where r is the vector of the internal forces corresponding to the nodal vector u.  

The principle of virtual work said that it is needed to satisfy the following equation: 

                                                                                                                                                           5.12 

These equations do not guarantee that the equilibrium is obtained in all the points, but rather that the 

stresses satisfy the equilibrium of the domain.  With the adequate substitutions in the left side of the 

previous expression, we can obtain:  

                                                                                                                                                           5.13 

 

Combined 5.11 and 5.13, we obtain the expression 5.2 Where: 

                                  is the stiffness matrix and f is the vector defined by the 5.14. 
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V

T dVBf 00
ss

, effect of the stresses initial 

cf , the contribution of the nodal forces 

Finally, we solve the problem with the following expression: 

                                                                              
fKu 1

                                                            5.15 

Discretization 

 

The solution domain V in the finite element method is divided into a finite number of elements Ve that 

are connected by nodes on the limits of inter element. Thus the solution domain is discretized and 

represented. The unknown displacement in each element is approximated by continuous functions 

expressed in terms of nodal variables. 

 

5.3  Nonlinear analysis. General concepts: 

 

Different strain-stress relationships were defined for tensile and compressive nonlinear behavior of the 

material. It is known that the masonry has a linear hardening behavior up to its tensile strength, and 

the post peak tensile behavior is exponential softening (Roca & Lourenço, 2008-2009) (see Figure 

5.1.a). 

Regarding its compressive behavior a model with parabolic hardening up to its compressive strength 

was adopted, followed by compressive post peak behavior idealized with a parabolic softening 

function (see Figure 5.1.b). The post-cracked shear behavior was modeled using a retention factor of 

its linear behavior (see Figure 5.1.c) which reduces its shear capacity according to Equation 5.16. 

                                                                  5.16 

 

Where: 

: is the retention factor which varies between 1 and 0 

G: is shear modulus of the uncracked material 

 

In nonlinear analysis with finite elements method (FEM), the relationship between the force vector and 

displacement vector is not linear. As in the case of linear analysis, we calculate the displacements that 

balance the internal and external forces. To determine the equilibrium state, we need to discretize the 

problem in the space using finite elements and also the time with increments. The combination of 

these two effects is called incremental-iterative procedure. 

Consider a vector of increasing displacement produces a balance between the external and internal 

forces and stiffness matrix which relating the internal forces with increasing displacement. 
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5.3.1 Iterative Procedures: 

 

A purely incremental method usually leads to inaccurate solutions in nonlinear analysis, unless very 

small step sizes are used. In an iterative process the errors that occur can be reduced successively. 

The allowable step size is usually higher than in case of a process without iterations. 

 The general procedure is the same for all iteration processes, in all procedures the total displacement 

increment u is adapted iteratively by iterative increments u until equilibrium is reached, up to a 

prescribed tolerance. Indicating the iteration number with a right subscript, the incremental 

displacements at iteration i + 1 are calculated from: 

                                                                                                               5.17 

 

 

 

Figure 5.1: Iteration process 
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5.3.2 Quasi-Newton or Secant method: 

 

The Quasi-Newton method (also called „Secant method‟) essentially uses the information of previous 

solution vectors and out-of-balance force vectors during the increment to achieve a better 

approximation. Unlike Regular Newton–Raphson, the Quasi-Newton method does not set up a 

completely new stiffness matrix in each iteration. In this case the stiffness of the structure is 

determined from the known positions at the equilibrium path. If the iterative displacement increment is 

called ui and the change in out-of-balance force vector related to this increment gi = gi+1 − gi, the 

Quasi-Newton relation is Ki+1 ui = gi. 

 

Figure 5.2: Quasi-Newton iteration 

 

With a matrix Ki that fulfills with previous expression, the next iterative increment is calculated from ui  

= Ki+1
-1

= gi. For a system with more than one degree of freedom, the secant stiffness matrix K is not 

unique. The methods implemented in Diana are known as the Broyden, the Broyden–Fletcher–

Goldfarb–Shanno (BFGS) and the Crisfield methods.  

 

In the next expressions 5.18 and 5.19 the vector c can be chosen freely.  

                                                                                           5.18 

                                                    5.19 

The Quasi-Newton methods can be used efficiently because the inverse of the new stiffness matrix 

can be derived directly from the previous secant stiffness and the update vectors by using the 

Sherman–Morrison formula. 
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5.4 Constitutive Model: 

 

For nonlinear analysis done in this study was chosen in the range of constitutive models available in 

the TNO DIANA (2009) using the Drucker-Prager model for the case of the states of compression, and 

smeared cracking or extended cracking for the states of tensile. This distinction is due to attempt to 

get to better reproduce the different behavior in tension and compression of the masonry. 

 

5.4.1 Drucker Prager constituve model. Mohr–Coulomb 

 

The yield condition of Drucker Prager is a smooth approximation of the yield condition of Mohr–

Coulomb, which is a conical surface in the principal stress space. 

 

 

Figure 5.4: Mohr–Coulomb and Drucker–Prager yield condition. 

 

The formulation is the following expression: 

                                                                                            5.20 

Where        is the variable of cohesion which is internal function of the state. 

 

5.4.2 Smeared Cracking constitutive model: 

 

Strain decomposition:  

 

The fundamental feature of the decomposed crack model is the decomposition of the total strain  into 

an elastic strain e and a crack strain cr as: 

                                                         = e + cr                                                                                   5.21 

The sub-decomposition of the crack strain cr  gives the possibility of modeling a number of cracks that 

simultaneously occur. 
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Crack initiation: 

 

The constitutive model is complete if the criterion for crack initiation and the relation between the crack 

stresses and the crack strains have been defined. The initiation of cracks is governed by a tension 

cut-off criterion and a threshold angle between two consecutive cracks. For successive initiation of the 

cracks Diana applies the following two criteria which must be satisfied simultaneously: 

 The principal tensile stress violates the maximum stress condition. 

 The angle between the existing crack and the principal tensile stress exceeds the value of a 

threshold angle TD. 

However, with these criteria it is possible that the tensile stress temporarily becomes greater than 

three times the tensile strength while the threshold angle condition was still not violated. 
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6.  LINEAR ELASTIC ANALYSIS AND MODAL ANALYSIS 

 

6.1  Modal analysis: 

 

Initially, it was proposed some values to the Young‟s modulus and strength in the different structural 

members which compose the Cathedral as shown in the table 4.1. These values were established 

from experimental compression tests made in the masonry of the different elements of the structure 

(Gonzales and Roca, 2003). In the charter 4, Martinez considered some values to define the 

mechanical properties of materials. 

The Young‟s modulus is estimate according to the recommendations of the Eurocode 6 (EC-6) and 

PIET 70 as E=1000 fc, where fc is the compressive strength of the masonry. The tensile strength has 

been a value of 5% of compressive strength, according to the experience and the code mentioned 

above.  

The main objective in the modal response analysis is to determine the vibration modes and their 

contribution to the dynamic response of the structures. The Eurocode 8 (EN 1998-1, 2004) state that 

several modes of vibration should be determined until the total mass participation factor reaches 90%. 

It is important to remark that this is an ancient construction dated to the end of 13th century, which is 

out of the scope of the Eurocode rules and this parameter is only mentioned as a reference. For this 

structure only the first 5 modes were calculated in order to compare them with the first six measured 

modes of vibration in the dynamic identification test reported in (Lourenço and Ramos, 2008). 

As a first approach to the modal response problem, the eigenvalue problem shown in Equation 6.1 

should be solved and therefore angular frequencies of the structure are estimated. Later on, the mode 

shape vectors are estimated using Equation 6.2, which are proportional to the mass matrix, the 

stiffness matrix and its respective angular frequency. 

                                                                                                             6.1 

Where: 

k: is the stiffness matrix 

1: is each one of the angular frequencies 

m: is the mass matrix 

 

Where:  

                                                                                                               6.2 

i is each one of the mode shapes 

 

In order to know the mass participation factor for each mode, several variables should be calculated 

according to the following equations: 
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                                                                                                                         6.3 

Where:                         mi  is the excited mass of the i mode 

                                                                                                                          6.4 

Where:                        r : influence vector of the resultant mass to an unitary displacement at the base. 

                                                                                                                                         6.5 

Where:            Γi: is the modal participation factor of the i mode 

                                                                                                                                    6.6 

Where:   meff ,i is the modal mass per vibration mode and direction. 

 

6.2 Calibration of the numerical model: 

 

From dynamic measurements obtained from ambient vibrations (see Table 6.1) was performed to 

identify model. Subsequently, we performed model calibration based on initial values for the different 

characteristics of the materials that compose the estimated Cathedral Pere Roca and Guillermo 

Martinez. From these values and modifying the value of Young's modulus of different materials was 

achieved after several iterations perfect alignment of the first mode or fundamental mode and a 

minimal error in the first 5 modes (See Table 6.2). 

Mode of 

Vibration

Frequency 

(Hz)

1 1.28

2 1.47

3 1.60

4 1.84

5 2.00

6 2.31

7 2.50

8 2.66

9 2.84

10 3.25  

Table 6.1: Ambient vibrations. 

 

Since the beginning, we were searching some mechanical properties of materials in the structures to 

match with the first vibration mode. In the first calibration, we increased the Young‟s modulus in 25% 

for all the members.  
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MODE
EXPERIMENTAL 

FREQUENCIES (Hz)

CALIBRATED 

FREQUENCIES (Hz)
ERROR (%)

1 1.28 1.28 0.00

2 1.47 1.60 8.85

3 1.60 1.70 6.25

4 1.84 1.86 1.09

5 2.00 1.93 3.50

6 2.31 1.95 15.59

7 2.50 2.12 15.20

8 2.66 2.28 14.29

9 2.84 2.45 13.74

10 3.25 2.65 18.47  

Table 6.2: Comparisons between experimental and calibrated frequency. 

 

Finally, the table 6.3 shows the final mechanical properties obtained after the calibration to the 

different structural members of the building. 

 

Young's 

Modulus
Density

Compresive 

strength

Tensile 

strength

(MPa) (kg/m3) (MPa) (MPa)

Columns and flying 

arches
15264 2400 0.2 8 0.4

Vaults, clerestory 

and walls.
3816 2100 0.2 2 0.1

Filling over the vaults 1908 2000 0.2 1 0.05

Buttresses. 3600 2100 0.2 2 0.1

Structural Element
Poisson's 

ratio

 

Table 6.3: Material parameters after the calibration. 

 

  

Figure 6.1: MODE 1 (f=1.28 Hz) 

 

Figure 6.2: MODE 2 (f=1.60 Hz) 
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Figure 6.3: MODE 3 (f=1.70 Hz) Figure 6.4: MODE 4 (f=1.86 Hz) 

  

Figure 6.5: MODE 5 (f=1.93 Hz) Figure 6.6: MODE 6 (f=1.95 Hz) 

  

Figure 6.7: MODE 7 (f=2.12 Hz) Figure 6.8: MODE 8 (f=2.28 Hz) 
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Figure 6.9: MODE 9 (f=2.45 Hz) Figure 6.10: MODE 10 (f=2.65 Hz) 

Mode Frequency (%)X-X (%)Y-Y

1 1.28 59.80 0.00

2 1.60 0.66 26.92

3 1.70 3.19 3.43

4 1.86 0.13 5.79

5 1.93 0.03 0.81

6 1.95 0.01 0.19

7 2.12 0.12 0.01

8 2.28 0.01 3.56

9 2.45 0.06 0.03

10 2.65 0.19 5.02

Percentage

 

Table 6.4: Participation Factors from Modal analysis. 

 

As shown in the figures, the firs mode is translational in the longitudinal direction of the cathedral, the 

second and third modes may be considered for flexural-torsional, in other ways and due to of the 

complexity of building the characteristic superposed effects that cause the appearance of mixed 

modes, the bell tower produced in part torsional effects of these, as does the difference in stiffness 

between the façade and the apse. 

 

6.3  Linear Static Analysis: 

 

The graphics show the results of the stresses in the XYZ axes directions instead of the principal 

stresses, due to the program does not allow softening it later, however, we also have studied the 

numerical results from them. The X axis is parallel to the longitudinal direction of the cathedral in the 

apse to the façade, and corresponds to the transversal Y of the bell tower into the sea. 

This analysis is a first approximation; it serves to validate the model with respect to the current 

situation of the building, for subsequent application in the case of the analysis compared to the case of 

seismic action. It also uses to compare the results with the maximum strength in each different 

structural member of the building. 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model Title of the thesis 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                72 

Type of element 

Stresses in the model (Kg/cm2) Maximum 

Strength 

(Kg/cm2) 
s1 s3 sx sy sz 

Flying arches (Tension) 9.3 - 1.7 8.1 1.6 10 (OK) 

Flying arches (Compression) - -22.4 -3.9 -12.8 -21.2 -80 (OK) 

Vaults (Tension). 7.8 - 3.6 5.0 2.3 1 (CRACK) 

Vaults (Compression). - -27.9 -5.2 -5.8 -27.8 20 (PLAS.) 

Clerestory and walls (Tension) 5.4 - 4.3 4.1 3.2 1 (CRACK) 

Clerestory and walls (Compression) - -35.5 -5.6 -19.2 -25.4 
-20 

(PLAS.) 

Buttresses (Tension) 6.5 - 2.3 5.1 5.6 1 (CRACK) 

Buttresses (Compression) - -15.9 -8.2 -5.7 -15.7 -20 (OK) 

Façades (Tension) 6.4 - 3.6 4.7 - 1 (CRACK) 

Façades (Compression) - -17.5 -10.9 -8.7 -13.6 -20 (OK) 

Columns (Tension) 5.2 - 4.5 5.2 - 10 (OK) 

Columns (Compression) - -34.9 -7.3 -7.5 -34.5 -80 (OK) 

 

Table 6.5: Stresses obtained from the Global model of the Mallorca‟s Cathedral. 

 

The table 6.3 shows the flying arches and columns do not present problems in the linear static 

analysis, but in the reality, some columns show some vertical cracking in the bottom due to the 

compressive and flexural stresses due to the slenderness (see figure 2.11) or due to the different 

quality of the materials. 

In this analysis, we can find the next observations:  

Due to the façade was out-of-plumb exist some cracking close the walls and clerestory (see figure 

2.12a) and it also was presented in the model done (see figure 6.13) due to tensile stress produced by 

the vaults of the lateral naves. 

Additional it is important to mention that the upper line of flying arches suffer tensile stress as show 

the figures 6.11 to 6.14 and it was the reasonable reason to put some retrofit element between the 

flying arches in side of the sea. Also in the figure 6.12 it is possible note that exist some deformations 

in the clerestory due to the weight of the vaults which produce this tensile stress in the line upper of 

flying arches and compressive stress in the line down of them. 

Inside the façade, it appears some tensile stress in area close the flying arches in the zone of 

supports of clerestory and walls (see figure 6.14) and in the walls of the apse close the last frame. 

Finally, the vaults of Apse present some tensile stress which it is possible match with the reality. 

In the case of the compression, the vaults only present some compressive stresses in the area close 

to the columns in the supporting of these vaults. In general, all the vaults do not present compressive 

stresses higher than the maximum.   
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Principal Tensile stress:  

 

Figure 6.11: Principal tensile stress in Longitudinal section. 

 

Figure 6.12: Principal tensile stress in Global View. 
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Figure 6.13: Principal tensile stress in North Facade. 

 

Figure 6.14: Principal tensile stress in Plant view. 
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Principal Compressive Tensile: 

 

Figure 6.15: Principal compressive stress in Longitudinal section. 

 

Figure 6.16: Principal compressive stress in Global View. 
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Figure 6.17: Principal compressive stress in North Facade. 

 

Figure 6.18: Principal compressive stress in Plant view. 

 

6.4 Non-linear static analysis under gravity loads: 

 

In this section, we will use the mechanical properties of the material obtained by the calibration. The 

main difference of this analysis and the linear static analysis is that with the results of the stresses is 
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not enough information to know how is the behavior of material and localizes the cracking and 

plastification. 

 

Type of element 

Stresses in the model (Kg/cm2) Maximum 

Strength 

(Kg/cm2) 
s1 s3 sx sy sz 

Flying arches (Tension) 4.0 - 1.0 3.7 1.0 10  

Flying arches (Compression) - -21.8 -4.7 -13.2 -20.7 -80  

Vaults (Tension). 1.1 - 1.0 1.0 0.9 1  

Vaults (Compression). - -27.8 -5.8 -7.5 -27.5 20  

Clerestory and walls (Tension) 1.0 - 0.9 0.9 0.4 1  

Clerestory and walls (Compression) - -25.0 -6.3 -14.2 -24.6 -20  

Buttresses (Tension) 1.8 - 0.1 1.6 0.3 1  

Buttresses (Compression) - -18.6 -8.9 -5.1 -15.7 -20  

Façades (Tension) 1.0 - 0.9 0.9 0.4 1  

Façades (Compression) - -18.3 -10.0 -6.2 -15.2 -20  

Columns (Tension) 4.0 - 4.0 3.8 - 10  

Columns (Compression) - -35.5 -7.4 -7.8 -35.4 -80  

 

Table 6.6: Stresses obtained from the Global model of the Mallorca‟s Cathedral. 

 

According to the analysis, the structure was under the 100% gravity loads (initial condition or point 1 in 

all of the graphics) and present some cracking (see figure from 6.19 to 6.22) and zone of plasticity as 

show in the figure 6.23 and 6.24. 

According to the constitutive model, the crack strains are appeared in the followings areas: 

 Flying arches: Mainly in the upper lines of them. It is due to the deformation of columns 

produces that the flying arches and the arch in the vault in the down level work in 

compression and produce that the structures go out to outside and generate tensile stress 

and strain in the top. 

 Vaults:   The damage appeared mainly in the vaults of the apse close to the beginning of the 

buttresses and also in the bigger vaults in the central and lateral naves in the zone of 

transept. Also it is possible note that the vaults from lateral naves have more damage than the 

vaults from central nave. 

 Clerestory and walls: There are mainly damage close to the façade and three chapel from the 

façade in the lateral clerestory. 

 Buttresses: Minimum damage in the zone of windows. 

 Façade: Mainly where the clerestory walls are supported. 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model Title of the thesis 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                78 

 Apse: Mainly in the wall in the transition with the main structure. It appears also in the vaults 

and in zone close to the windows. 

 Columns: Some damage appears in the joint between columns, clerestory and vaults. 

From other side, due to the self-weight it appears some plasticity in some areas as follow: 

 Apse: The mainly damage appears in the transition between apse and main cathedral. In the 

first frame close the apse and in the wall of apse close to the frame (see figure 6.24) 

 Columns: The maximum plastic strains appear in the joint between columns, clerestory and 

vaults. 

Respect to the non-linear analysis, it is possible to note that the constitutive models are working so 

well putting limitation in the stress, which are not bigger than the maximum.   

 

Principal Tensile stress:  

 

  
 

Figure 6.19: Principal tensile stress in longitudinal section. 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 79 

  
 

Figure 6.20: Principal tensile stress in Global View. 

 

  
 

Figure 6.21: Principal tensile stress in North Facade. 
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Figure 6.22: Principal tensile stress in Plant view. 

 

Principal Compressive Tensile: 

  

 

Figure 6.23: Principal compressive stress in Longitudinal section. 
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Figure 6.24: Principal compressive stress in Global View. 

 

 

Figure 6.25: Principal compressive stress in North Facade. 
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Figure 6.26: Principal compressive stress in Plant view. 

 

Principal crack strains: 

 

 

Figure 6.27: Principal crack strains in Longitudinal section. 
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Figure 6.28: Principal crack strains in Global View. 

 

 

Figure 6.29: Principal crack strains in North Facade. 
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Figure 6.30: Principal crack strains in Plant view. 

 

Principal plastic strains: 

 

 

Figure 6.31: Principal crack strains in longitudinal section. 
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Figure 6.32: Principal crack strains in the Apse. 
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7 PUSHOVER ANALYSES PROPORTIONAL TO MASS IN GLOBAL DIRECTIONS 

 

For this analysis, a horizontal acceleration was applied by small increments so that the horizontal load 

acting on the elements was increased proportional to the total mass of the structure. According to the 

analysis, in first step of this analysis is when the structure was under the 100% gravity loads (initial 

condition or point 1 in all of the first graphics in each direction). 

 

7.1 Pushover analysis in +X global direction 

 

The used load direction is shown in Figure 7.1b. In order to plot the capacity curve of the structure, the 

node that had the maximum displacement during the analysis was selected, and it is node 22148 with 

the location shown in Figure 7.1c. The resultant capacity curve for this analysis is plotted in Figure 

7.1a, where a maximum load coefficient of 0.089g was reached, with highly nonlinear behavior 

exhibited in the structure by the line when the capacity of the cathedral started to decay in the point 1 

after the almost pseudo-linear behavior in the analyzed direction. This phenomenon is possibly due to 

the use of tetrahedron and triangular element mesh in the all the regions and the opening process of 

several cracks (smeared cracking behavior); besides numerical problems, this phenomenon can be 

related with the appearance of damage patterns along loading stages as it is discuss later on. The 

load coefficient obtained for this collapse mechanism was 1.11 due to the initial horizontal was 0.08g. 
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Figure 7.1: (a) Capacity curve of pushover analysis in X global direction, (b) applied load direction 

and (c) selected control point. 
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For a better understanding of the non-linear behavior of the structure, four load stages were selected 

in the capacity curve (see Figure 7.1a) and the principal tensile strains at those stages were plotted in 

the following figures (see Figure 7.2 to Figure 7.19). The principal crack strain, plastic strain and 

stresses distribution of stage (1) is shown from the Figure 6.18 until 6.24, the details of the crack and 

plastic strain are detailed in the previous chapter. The maximum value of crack strain () increased 

since 0.121E-2 until 0.425E-2 and also the value plastic strain since 0.341E-3 until 0.542E-3.  

After the point (1), the structure suffered an increase of its capacity almost linear until 0.042g and then 

its capacity decreased in the point (2). Some cracks strains appeared or increased in some elements 

of the structure as clerestory walls, vaults and apse (see in Figure 7.2 to 7.7). It appears some plastic 

strains in the clerestory. It is important to highlight that the strain distribution of the damaged regions in 

point (1) is the initial point of the nonlinear push over analysis. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the applied load direction is 

perpendicular to these elements. The crack strains are  from the previous point. 

 Vaults:   The crack strains are notably increased (see figure 7.5) mainly in the vaults of the 

apse close to the beginning of the buttresses and also in the lateral naves. 

 Clerestory and walls: Also in these elements the crack strains are notably increased (see 

figure 7.4) due to the direction of these is parallel to the applied load. It appears crack strains 

in the clerestory of central nave (upper wall) due to the façade try to fall down out-of-plane 

and almost all the other line of walls work as frame. 

 Apse: Some crack strain appear due to the walls of this zone are the most important 

contributed in the lateral stiffness of cathedral. These elements suffered the strongest part of 

the lateral applied load.  

From other side, due to the self-weight it appears some plasticity in some areas as follow: 

 Apse: in the results of the stiffness of the zone. It appears some crack strains. See figure 7.7 

 Columns: The plastic strains are kept. 

 Clerestory and walls: These elements presents some plastic strain due to the behavior as a 

frame to resist the lateral applied loads. See figure 7.6. 
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Principal crack strains: 

 

Figure 7.2: Principal crack strains in longitudinal section (a) point 1 (b) point 2. 

 

 

Figure 7.3: Principal crack strains in Global View (a) point 1 (b) point 2. 
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a 
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Figure 7.4: Principal crack strains in North Façade (a) point 1 (b) point 2. 

 

Figure 7.5: Principal crack strains in Plant view (a) point 1 (b) point 2. 
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Principal plastic strains: 

 

 

Figure 7.6: Principal crack strains in longitudinal section  (a) point 1 (b) point 2.. 

 

 

Figure 7.7: Principal crack strains in the Apse  (a) point 1 (b) point 2. 
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The maximum value of crack strain () increased since 0.425E-2 until 0.944E-2 and also the value 

plastic strain since 0.542E-3 until 0.124E-2.  

After the point (2), the structure suffered an increase of its capacity with some steps until 0.070g and 

then its capacity decreased in the point (3). Some cracks strains appeared or increased in some 

elements of the structure as clerestory walls, vaults and apse almost some zone in 100%(see in 

Figure 7.8 to 7.13) and it starts to cracking perpendicular elements as façade, columns and 

buttresses. It appears also plastic strains in the façade and in the connection between the bell tower 

and the buttresses. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the almost all the rest of elements in 

this step in the same direction of applied load. The crack strains start to appear in the base of 

this elements. 

 Vaults:   The crack strains are notably increased (see figure 7.11) since 45% until 60% of the 

vaults. Almost in 100% in the vaults of the Apse and the lateral naves. 

 Clerestory and walls: The crack strains in these elements are increased almost in 100% (see 

figure 7.10) in the clerestory of lateral naves. The crack strains in the clerestory of central 

nave (upper wall) are increased a bit. 

 Apse: Almost 100% of the lateral walls present the crack strain.  

From other side, it appears some plasticity in some areas as follow: 

 Apse: It increases the deformation in this zone. See figure 7.13 

 Columns: The plastic strains are kept. 

 Clerestory and walls: Also in this step, it appears some more crack strains. 

 Façade: It appears some point in the base due to the failure of other elements which resist the 

lateral applied load (see Figure 7.12). 

 Bell tower: Some crack strains appear in the connection with the buttresses (see Figure 7.12).  
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Principal crack strains: 

  
 

Figure 7.8: Principal crack strains in longitudinal section  (b) point 2 (c) point 3. 

 

 

 

Figure 7.9: Principal crack strains in Global View  (b) point 2 (c) point 3. 
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Figure 7.10: Principal crack strains in North Façade (b) point 2 (c) point 3. 

 

 

Figure 7.11: Principal crack strains in Plant view (b) point 2 (c) point 3. 
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Principal plastic strains: 

 

 

 

Figure 7.12: Principal crack strains in longitudinal section (b) point 2 (c) point 3. 

 

 

 

Figure 7.13: Principal crack strains in the Apse  (b) point 2 (c) point 3. 
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The maximum value of crack strain () increased since 0.944E-2 until 0.234E-1 and also the value 

plastic strain since 0.124E-2 until 0.154E-1.  

After the point (3), the structure suffered an increase of its capacity with some steps until 0.089g and 

then its capacity decreased in the point (4) when the structure collapsed. Some cracks strains 

increase in this step mainly in the perpendicular elements of the structure as columns, façade and 

buttresses especially in the base and these collapses finally did that the structure collapse (see in 

Figure 7.14 to 7.19).  With respect to the plastic strains are appear also in the façade and in the 

clerestory. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: The crack strains increased in the base of 

these elements. 

 Vaults:   The crack strains were kept and the deformation was increased. 

 Clerestory and walls: The crack strains were kept and the deformation was increased. 

 Apse: The crack strains were kept and the deformation was increased. 

From other side, it appears some plasticity in some areas as follow: 

 Apse: The crack strains were kept and the deformation was increased. 

 Columns: The plastic strains are kept and the deformation was increased. 

 Clerestory and walls: Also in this step, it appears some more crack strains. 

 Façade: It appears more plastic strain in the base. 

 Bell tower: It appears more plastic strain in the connection with the buttresses (see Figure 

7.18).  
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Principal crack strains: 

 
 

 

Figure 7.14: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

Figure 7.15: Principal crack strains in Global View (c) point 3 (d) point 4. 
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Figure 7.16: Principal crack strains in North Façade (c) point 3 (d) point 4. 

 

 

Figure 7.17: Principal crack strains in Plant view (c) point 3 (d) point 4. 
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Principal plastic strains: 

 

 

Figure 7.18: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

Figure 7.19: Principal crack strains in the Apse (c) point 3 (d) point 4. 
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7.2 Pushover analysis in -X global direction: 

 

The used load direction is shown in Figure 7.20b. In order to plot the capacity curve of the structure, 

the node that had the maximum displacement during the analysis was selected, and it is node 86025 

with the location shown in Figure 7.20c. The resultant capacity curve for this analysis is plotted in 

Figure 7.20a, where a maximum load coefficient of 0.078g was reached, with highly nonlinear 

behavior exhibited in the structure by the line when the capacity of the cathedral started to decay in 

the point 1 after the almost pseudo-linear behavior in the analyzed direction. This phenomenon is 

possibly due to the use of tetrahedron and triangular element mesh in the all the regions and the 

opening process of several cracks (smeared cracking behavior); besides numerical problems, this 

phenomenon can be related with the appearance of damage patterns along loading stages as it is 

discuss later on. The load coefficient obtained for this collapse mechanism was 0.98 due to the initial 

horizontal was 0.08g. 
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Figure 7.20: (a) Capacity curve of pushover analysis in -X global direction, (b) applied load direction 

and (c) selected control point. 

 

For a better understanding of the non-linear behavior of the structure, four load stages were selected 

in the capacity curve (see Figure 7.20a) and the principal tensile strains at those stages were plotted 

in the following figures (see Figure 7.21 to Figure 7.38). The principal crack strain, plastic strain and 

stresses distribution of stage (1) is shown from the Figure 6.18 until 6.24, the details of the crack and 
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plastic strain are detailed in the previous chapter. The maximum value of crack strain () increased 

since 0.121E-2 until 0.310E-2 and also the value plastic strain since 0.341E-3 until 0.267E-2.  

After the point (1), the structure suffered an increase of its capacity almost linear until 0.038g and then 

its capacity decreased in the point (2). Some cracks strains appeared or increased in some elements 

of the structure as clerestory walls, vaults and apse (see in Figure 7.20 to 7.38). It appears some 

plastic strains in the Apse. It is important to highlight that the strain distribution of the damaged regions 

in point (1) is the initial point of the nonlinear push over analysis. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the applied load direction is 

perpendicular to these elements. The crack strains are almost the same from the previous 

point. 

 Vaults:   The crack strains are notably increased (see figure 7.24) mainly in the vaults of the 

apse close to the beginning of the buttresses and also in the lateral naves. 

 Clerestory and walls: Also in these elements the crack strains are notably increased (see 

figure 7.23) due to the direction of these is parallel to the applied load. It appears crack strains 

in the clerestory of central lateral due to the façade try to fall down out-of-plane and almost all 

the other line of walls work as frame. 

 Apse: Some crack strain appears due to the walls of this zone are the most important 

contributed in the lateral stiffness of cathedral.  

From other side, due to the self-weight it appears some plasticity in some areas as follow: 

 Apse: The Apse is the stiffener zone. It appears some crack strains. See figure 7.26. 

 Columns: The plastic strains are kept. 
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Principal crack strains: 

 

Figure 7.21: Principal crack strains in longitudinal section (a) point 1 (b) point 2. 

 

 

Figure 7.22: Principal crack strains in Global View (a) point 1 (b) point 2. 
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Figure 7.23: Principal crack strains in North Façade (a) point 1 (b) point 2. 

 

 

Figure 7.24: Principal crack strains in Plant view (a) point 1 (b) point 2. 
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Principal plastic strains: 

 

 

Figure 7.25: Principal crack strains in longitudinal section  (a) point 1 (b) point 2.. 

 

 

Figure 7.26: Principal crack strains in the Apse  (a) point 1 (b) point 2. 
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The maximum value of crack strain () increased since 0.310E-2 until 0.658E-2 and also the value 

plastic strain since 0.267E-2 until 0.966E-2.  

After the point (2), the structure suffered an increase of its capacity with some steps until 0.058g and 

then its capacity decreased in the point (3). Some cracks strains appeared in some elements of the 

structure as clerestory walls, columns, facade and buttresses and it increased in the zone of Apse 

(see in Figure 7.27 to 7.32) and it starts to cracking perpendicular elements as façade and flying 

arches.  

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the almost all the rest of elements in 

this step in the same direction of applied load. The crack strains start to appear in the base of 

these elements. 

 Vaults: The crack strains are notably increased (see figure 7.30) since 40% until 55% of the 

vaults. Almost in 90% in the vaults of the Apse and the lateral naves there are crack strain. 

 Clerestory and walls: The crack strains in these elements are increased almost in 80% (see 

figure 7.29) in the clerestory of lateral naves. The crack strains in the clerestory of central 

nave (upper wall) are increased a bit. 

 Apse: Almost 100% of the lateral walls present the crack strain.  

From other side, it appears some plasticity in some areas as follow: 

 Apse: It increases the deformation in this zone. See figure 7.32. 

 Columns: The plastic strains are kept. 

 Clerestory and walls: Also in this step, it appears some more crack strains. 

 Façade: It appears some point in the base due to the failure of other elements which resist the 

lateral applied load (see Figure 7.31). 
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Principal crack strains: 

 

 Figure 7.27: Principal crack strains in longitudinal section (b) point 2 (c) point 3. 

 

 

Figure 7.28: Principal crack strains in Global View (b) point 2 (c) point 3. 
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Figure 7.29: Principal crack strains in North Façade (b) point 2 (c) point 3. 

 

 

Figure 7.30: Principal crack strains in Plant view (b) point 2 (c) point 3. 
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Principal plastic strains: 

 

Figure 7.31: Principal crack strains in longitudinal section (b) point 2 (c) point 3. 

 

 

Figure 7.32: Principal crack strains in the Apse (b) point 2 (c) point 3. 
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The maximum value of crack strain () increased since 0.658E-2 until 0.175E-1 and also the value 

plastic strain since 0.966E-2 until 0.245E-1.  

After the point (3), the structure suffered an increase of its capacity with some steps until 0.078g and 

then its capacity decreased in the point (4) when the structure collapsed. Some cracks strains 

increase in this step mainly in the perpendicular elements of the structure as columns, façade and 

buttresses especially in the base and these collapses finally did that the structure collapse (see in 

Figure 7.33 to 7.38).  With respect to the plastic strains are appearing also in the façade and in the 

clerestory. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: The crack strains increased in the base of 

these elements. 

 Vaults:   The crack strains are increased and cover all the lateral naves. 

 Clerestory and walls: The crack strains were kept and the deformation was increased. 

 Apse: The crack strains were increased until almost 100% of the walls. 

From other side, it appears some plasticity in some areas as follow: 

 Apse: The crack strains were increased. 

 Columns: The plastic strains are kept and the deformation was increased. 

 Clerestory and walls: Also in this step, it appears some more crack strains. 

 Façade: It appears more plastic strain in the base. 

 Bell tower: It appears more plastic strain in the connection with the buttresses (see Figure 

7.37).  
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Principal crack strains: 

 

  

 

Figure 7.33: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

 

Figure 7.34: Principal crack strains in Global View (c) point 3 (d) point 4. 
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Figure 7.35: Principal crack strains in North Façade (c) point 3 (d) point 4. 

 

 

Figure 7.36: Principal crack strains in Plant view (c) point 3 (d) point 4. 
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Principal plastic strains: 

 

 

Figure 7.37: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

Figure 7.38: Principal crack strains in the Apse (c) point 3 (d) point 4. 
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7.3 Pushover analysis in +Y global direction 

 

The used load direction is shown in Figure 7.39b. In order to plot the capacity curve of the structure, 

the node that had the maximum displacement during the analysis was selected, and it is node 36981 

with the location shown in Figure 7.39c. The resultant capacity curve for this analysis is plotted in 

Figure 7.39a, where a maximum load coefficient of 0.116g was reached, with highly nonlinear 

behavior exhibited in the structure by the line when the capacity of the cathedral started to decay in 

the point 2 after the almost pseudo-linear behavior in the analyzed direction. The load coefficient 

obtained for this collapse mechanism was 1.45 due to the initial horizontal was 0.08g. 
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Figure 7.39: (a) Capacity curve of pushover analysis in Y global direction, (b) applied load direction 

and (c) selected control point. 

 

For a better understanding of the non-linear behavior of the structure, four load stages were selected 

in the capacity curve (see Figure 7.39a) and the principal strains at those stages were plotted in the 

following figures (see Figure 7.40 to Figure 7.57). The principal crack strain, plastic strain and stresses 

distribution of stage (1) is shown from the Figure 6.18 until 6.24, the details of the crack and plastic 

strain are detailed in the previous chapter. The maximum value of crack strain () increased since 

0.121E-2 until 0.303E-2 and also the value plastic strain since 0.341E-3 until 0.809E-3.  

 

After the point (1), the structure suffered an increase of its capacity almost linear until 0.046g and then 

its capacity decreased in the point (2). Some cracks strains appeared or increased in some elements 

of the structure as clerestory walls, vaults and apse (see in Figure 7.40 to 7.45). It appears some 
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plastic strains in the clerestory. It is important to highlight that the strain distribution of the damaged 

regions in point (1) is the initial point of the nonlinear push over analysis. 

 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the applied load direction is parallel to 

these elements. The crack strains are increased due to these elements support the horizontal 

applied load. 

 Vaults:   The crack strains are notably increased (see figure 7.43) mainly in the vaults of the 

apse close to the beginning of the buttresses and also in the lateral nave with view to the sea. 

 Clerestory and walls, Apse: Due to the applied load direction is perpendicular to these 

elements. The crack strains are kept from the previous point. Due to the stiffness of the 

façade is bigger than the stiffness of the frame, the clerestory close to the façade present 

some crack strain. 

 

From other side, it appears some plastic strains in some areas as follow: 

 Apse: As in the results of the stiffness of the zone. It appears some crack strains. See figure 

7.45 

 Columns: The plastic strains are kept. 
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Principal crack strains: 

  

 

Figure 7.40: Principal crack strains in longitudinal section (a) point 1 (b) point 2. 

 

  
 

Figure 7.41: Principal crack strains in Global View (a) point 1 (b) point 2. 
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Figure 7.42: Principal crack strains in North Façade (a) point 1 (b) point 2. 

 

  
 

Figure 7.43: Principal crack strains in Plant view (a) point 1 (b) point 2. 
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Principal plastic strains: 

 

  
 

Figure 7.44: Principal crack strains in longitudinal section (a) point 1 (b) point 2.. 

 

  
 

Figure 7.45: Principal crack strains in the Apse (a) point 1 (b) point 2. 
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The maximum value of crack strain () increased since 0.303E-2 until 0.170E-1 and also the value 

plastic strain since 0.809E-3 until 0.471E-2.  

After the point (2), the structure suffered an increase of its capacity with some steps until 0.098g and 

then its capacity decreased in the point (3). Some cracks strains appeared or increased in some 

elements of the structure buttresses, columns, flying arches and vaults (see in Figure 7.46 to 7.51) 

and it starts to plastic cracks in the walls of the Apse, clerestory and in the buttresses close to the 

Apse.  

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the almost all the rest of elements in 

this step in the same direction of applied load. The crack strains start to appear in the base of 

these elements and it extended in the elements. In the case of flying arches, the crack strain 

increase. 

 Vaults:   The crack strains are notably increased (see figure 7.49) since 45% until 60% of the 

vaults. Almost in 100% in the vaults of the Apse and the lateral naves. Similar to the other 

direction. 

 Clerestory, Apse: Due to the applied load direction is perpendicular to these elements. The 

crack strains are kept from the previous point.  

From other side, it appears some plastic strains in some areas as follow: 

 Apse and Buttresses: It increases in the upper zone of the buttresses in the supports of 

clerestory and also in the transition between Apse and buttresses. See figure 7.51 

 Columns: The plastic strains appear in the bottom of these elements. 

 Façade and Clerestory walls: It appears some plastic strain in this area (see Figure 7.50). 

 Bell tower: Some crack strains appear in the connection with the buttresses (see Figure 7.50).  
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Principal crack strains: 
 

  

 

Figure 7.46: Principal crack strains in longitudinal section  (b) point 2 (c) point 3. 

 

 

 

Figure 7.47: Principal crack strains in Global View (b) point 2 (c) point 3. 
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Figure 7.48: Principal crack strains in North Façade (b) point 2 (c) point 3. 

 

 

Figure 7.49: Principal crack strains in Plant view (b) point 2 (c) point 3. 
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Principal plastic strains: 

 

Figure 7.50: Principal crack strains in longitudinal section (b) point 2 (c) point 3. 

 

 

 

Figure 7.51: Principal crack strains in the Apse  (b) point 2 (c) point 3. 
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The maximum value of crack strain () increased since 0.170E-2 until 0.432E-1 and also the value 

plastic strain since 0.471E-2 until 0.118E-1.  

After the point (3), the structure suffered an increase of its capacity with some steps until 0.116g and 

then its capacity decreased in the point (4) when the structure collapsed. Some cracks strains 

increase in this step mainly in the elements as columns, façade and buttresses and clerestory and the 

apse (see in Figure 7.52 to 7.57).  With respect to the plastic strains are appearing also in the façade 

and in the clerestory. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Buttresses, columns and Façade: The crack strains increased in the bottom of these 

elements.  

 Flying arches: The elements suffer strong damages due to the crack strains. 

 Façade: Due to the clerestory supported in the façade produce same detachment in the 

facade 

 Vaults:   The crack strains were kept and the deformation was increased. 

 Clerestory and walls: The crack strains were increased due to the failure of the butresses. 

 Apse: The crack strains were kept and the deformation was increased. 

From other side, according to the deformation in plant (see figure 7.55) it is possible to note that the 

façade and the buttresses together with apse have a bigger stiffness than the frames. it appears some 

plastic strains in some areas as follow: 

 Apse and first Buttress: These elements work together as a unit. The plastic strains appears 

mainly in the buttresses. 

 Columns: The plastic strains appear in the bottom of these elements. 

 Façade and Clerestory walls: It appears some plastic strain in the this area (see Figure 7.56). 

 Bell tower: Some crack strains appear in the connection with the buttresses (see Figure 7.56).  

 

 

 

 

 

 

 

 

 

 

 

 

 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model Title of the thesis 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                122 

Principal crack strains: 

  

Figure 7.52: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

 

Figure 7.53: Principal crack strains in Global View (c) point 3 (d) point 4. 
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Figure 7.54: Principal crack strains in North Façade (c) point 3 (d) point 4. 

 

 

Figure 7.55: Principal crack strains in Plant view (c) point 3 (d) point 4. 
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Principal plastic strains: 

 

 

Figure 7.56: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

 

Figure 7.57: Principal crack strains in the Apse (c) point 3 (d) point 4. 
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7.4 Pushover analysis in -Y global direction 

 

The used load direction is shown in Figure 7.58b. In order to plot the capacity curve of the structure, 

the node that had the maximum displacement during the analysis was selected, and it is node 128307 

with the location shown in Figure 7.58c. The resultant capacity curve for this analysis is plotted in 

Figure 7.58a, where a maximum load coefficient of 0.136g was reached, with highly nonlinear 

behavior exhibited in the structure by the line when the capacity of the cathedral started to decay in 

the point 2 after the almost pseudo-linear behavior in the analyzed direction. The load coefficient 

obtained for this collapse mechanism was 1.70 due to the initial horizontal was 0.08g. 
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Figure 7.58: (a) Capacity curve of pushover analysis in Y global direction, (b) applied load direction 

and (c) selected control point. 

 

For a better understanding of the non-linear behavior of the structure, four load stages were selected 

in the capacity curve (see Figure 7.58a) and the principal tensile strains at those stages were plotted 

in the following figures (see Figure 7.59 to Figure 7.68). The principal crack strain, plastic strain and 

stresses distribution of stage (1) is shown from the Figure 6.18 until 6.24, the details of the crack and 

plastic strain are detailed in the previous chapter. The maximum value of crack strain () increased 

since 0.121E-2 until 0.343E-2 and also the value plastic strain since 0.341E-3 until 0.746E-3.  

 

After the point (1), the structure suffered an increase of its capacity almost linear until 0.046g and then 

its capacity decreased in the point (2). Some cracks strains appeared or increased in some elements 

of the structure as clerestory walls, vaults and apse (see in Figure 7.59 to 7.64). It appears some 
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plastic strains in the clerestory. It is important to highlight that the strain distribution of the damaged 

regions in point (1) is the initial point of the nonlinear push over analysis. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the applied load direction is parallel to 

these elements. The crack strains are increased due to these elements support the horizontal 

applied load. 

 Vaults:   The crack strains are notably increased (see figure 7.62) mainly in the vaults of the 

apse close to the beginning of the buttresses and also in the lateral nave with view to the 

mountain. 

 Clerestory and walls, Apse: Due to the applied load direction is perpendicular to these 

elements. The crack strains are kept as the previous point. Due to the stiffness of the façade 

is bigger than the stiffness of the frame, the clerestory which has joint with the façade present 

some crack strain. Also it happens in the case of the Apse and the buttresses in the transition. 

   

From other side, it appears some plastic strains in some areas as follow: 

 Apse: As in the results of the stiffness of the zone. It appears some crack strains. See figure 

7.64 

 Columns: The plastic strains are kept. 

 Buttresses: It appears some plastic strain in the zone close to the Apse. 

 Clerestory: Due to the stiffness of the façade. It appears also here some plastic strains. 
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Principal crack strains: 

  

 

 

Figure 7.59: Principal crack strains in longitudinal section (a) point 1 (b) point 2. 

 

  
Figure 7.60: Principal crack strains in Global View (a) point 1 (b) point 2. 

b a 

b 

a 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model Title of the thesis 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                128 

  

 

Figure 7.61: Principal crack strains in North Façade (a) point 1 (b) point 2. 

 
 

 

Figure 7.62: Principal crack strains in Plant view (a) point 1 (b) point 2. 
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Principal plastic strains: 

  

 

Figure 7.63: Principal crack strains in longitudinal section (a) point 1 (b) point 2. 

 

  

 

Figure 7.64: Principal crack strains in the Apse (a) point 1 (b) point 2. 
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The maximum value of crack strain () increased since 0.343E-2 until 0.128E-1 and also the value 

plastic strain since 0.746E-3 until 0.324E-2.  

After the point (2), the structure suffered an increase of its capacity with some steps until 0.110g and 

then its capacity decreased in the point (3). Some cracks strains appeared or increased in some 

elements of the structure buttresses, columns, flying arches and vaults (see in Figure 7.65 to 7.70) 

and it starts to plastic cracks in the walls of the Apse, clerestory and in the buttresses close to the 

Apse.  

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: Due to the almost all the rest of elements in 

this step in the same direction of applied load. The crack strains start to appear in the base of 

these elements and it extended in the elements. In the case of flying arches, the crack strain 

increase until the collapse of most of them. 

 Vaults:   The crack strains are notably increased (see figure 7.69) since 65% until 80% of the 

vaults. Almost in 100% in the vaults of the Apse and the lateral nave with view to the sea. 

 Clerestory, Apse: The crack strains are increased due to the different stiffness between the 

frame of buttresses and the façade, Apse and tower.  The applied load direction is 

perpendicular of these elements but the tower and the facades give more stiffness and less 

displacements in their axes, the frame of the buttresses has more freedom, for this reason 

appears the crack strains. 

From other side, it appears some plastic strains in some areas as follow: 

 Apse and Buttresses: It increases in the upper zone of the buttresses in the supports of 

clerestory and also in the transition between Apse and buttresses. See figure 7.70 

 Columns: The plastic strains appear in the bottom of these elements. 

 Buttresses: It appears some plastic strain in the bottom of them. 

 Façade and Clerestory walls: It appears some plastic strain in this area (see Figure 7.69). 

 Flying arches: Some crack strains appear in the connection with the buttresses due to these 

elements work in this direction (see Figure 7.69).  
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Principal crack strains: 

 
 

 

Figure 7.65: Principal crack strains in longitudinal section (b) point 2 (c) point 3. 

 

 

Figure 7.66: Principal crack strains in Global View (b) point 2 (c) point 3. 

c 

c 

b 

b 



Detailed structural analysis of Mallorca‟s Cathedral structure on a global model Title of the thesis 

 
 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                132 

 

Figure 7.67: Principal crack strains in North Façade (b) point 2 (c) point 3. 

 

 

Figure 7.68: Principal crack strains in Plant view (b) point 2 (c) point 3. 
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Principal plastic strains: 

 

Figure 7.69: Principal crack strains in longitudinal section (b) point 2 (c) point 3. 

 

 

Figure 7.70: Principal crack strains in the Apse (b) point 2 (c) point 3. 
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The maximum value of crack strain () increased since 0.128E-2 until 0.352E-1 and also the value 

plastic strain since 0.324E-2 until 0.101E-1.  

After the point (3), the structure suffered an increase of its capacity with some steps until 0.136g and 

then its capacity decreased in the point (4) when the structure collapsed. Some cracks strains 

increase in this step mainly in the elements as columns, façade and buttresses and clerestory and the 

apse (see in Figure 7.71 to 7.76).  With respect to the plastic strains are appearing also in the façade 

and in the clerestory. 

According to the constitutive model, the crack strains in this step are increased in the followings areas: 

 Flying arches, Buttresses, columns and Façade: The crack strains were increased in the base 

of these elements and it extended inside of the elements.  

 Vaults:   The crack strains are notably increased (see figure 7.74) since 80% until 90% of the 

vaults.  

 Clerestory, Apse: The crack strains continue increased. 

From other side, it appears some plastic strains in some areas as follow: 

 Apse and Buttresses: It increases in the upper zone of the buttresses in the supports of 

clerestory and also in the transition between Apse and buttresses. See figure 7.76 

 Columns: The plastic strains appear in the bottom of these elements. 

 Buttresses: It appears some plastic strain in the bottom of them. 

 Façade and Clerestory walls: It appears some plastic strain in this area (see Figure 7.75). 

 Flying arches: Some crack strains appear in the connection with the buttresses due to these 

elements work in this direction (see Figure 7.75).  
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Principal crack strains: 

  
 

Figure 7.71: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

 

Figure 7.72: Principal crack strains in Global View (c) point 3 (d) point 4. 
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Figure 7.73: Principal crack strains in North Façade (c) point 3 (d) point 4. 

 

 

Figure 7.74: Principal crack strains in Plant view (c) point 3 (d) point 4. 
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Principal plastic strains: 

 

Figure 7.75: Principal crack strains in longitudinal section (c) point 3 (d) point 4. 

 

 

Figure 7.76: Principal crack strains in the Apse (c) point 3 (d) point 4. 
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7.5  Results of stress of Pushover Analysis: 

 

In this section, we made the analysis of the structure under gravity loads and seismic actions (0.08g). 

 

7.5.1  Results of stress of Pushover Analysis direction X: 

 

Direction +X: 

 

Type of element 

Stresses in the model (Kg/cm2) Maximum 

Strength 

(Kg/cm2) 
s1 s3 sx sy sz 

Flying arches (Tension) 4.0 - 4.0 4.0 4.0 - 

Flying arches (Compression) - -27.5 -10.2 -16.7 -24.6 - 

Vaults (Tension). 4.2 - 3.8 2.9 3.1 - 

Vaults (Compression). - -29.6 -13.8 -22.2 -29.2 - 

Clerestory and walls (Tension) 2.5 - 1.1 2.3 1.6 - 

Clerestory and walls (Compression) - -53.4 -50.1 -23.4 -34.0 - 

Buttresses (Tension) 3.6 - 1.7 1.8 1.8 - 

Buttresses (Compression) - -52.9 -38.1 -31.4 -36.1 - 

Façades (Tension) 1.0 - 1.0 1.0 1.0 - 

Façades (Compression) - -28.9 -7.7 -8.1 -27.6 - 

Columns (Tension) 4.0 - 4.0 4.0 4.0 - 

Columns (Compression) - -72.9 -30.1 -14.6 -29.2 - 

 

Table 7.1: Stresses obtained from the Global model of the Mallorca‟s Cathedral in the direction +X. 
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Direction -X: 

 

Type of element 

Stresses in the model (Kg/cm2) Maximum 

Strength 

(Kg/cm2) 
s1 s3 sx sy sz 

Flying arches (Tension) 4.0 - 4.0 4.0 4.0 - 

Flying arches (Compression) - -28.5 -6.1 -18.5 -25.8 - 

Vaults (Tension). 2.5 - 2.2 1.2 1.2 - 

Vaults (Compression). - -27.1 -11.9 -15.0 -27.1 - 

Clerestory and walls (Tension) 1.4 - 1.0 1.3 1.0 - 

Clerestory and walls (Compression) - -27.4 -22.0 -14.1 -27.3 - 

Buttresses (Tension) 2.0 - 1.4 1.7 1.7 - 

Buttresses (Compression) - -34.7 -24.0 -14.4 -32.8 - 

Façades (Tension) 1.0 - 0.9 1.0 0.9 - 

Façades (Compression) - -27.1 -19.2 -8.6 -26.2 - 

Columns (Tension) 4.0 - 3.8 3.7 2.5 - 

Columns (Compression) - -73.1 -17.8 -17.8 -71.1 - 

 

Table 7.2: Stresses obtained from the Global model of the Mallorca‟s Cathedral in the direction -X. 

 

The table 7.1 and 7.2 shows that the buttresses, columns and the clerestory walls constitute a frame 

system which increased the value of the compressive and tensile stress respect to values shown in 

the table 6.3 in almost 100% in the case of direction +X and 30% in the case of direction -X.  This 

difference is due the participation of the stiffness of the Apse in the direction –X. The flying arches, 

façade and vaults keep more or less the same value of compressive stress but it appears more 

quantity of points with tensile stress in all the elements as shown in figure 7.77 and 7.78.  
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Figure 7.77: Principal tensile stress in longitudinal section. 

 

Figure 7.78: Principal compressive stress in transversal section. 
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7.5.2  Results of stress of Pushover Analysis direction Y: 

 

Direction +Y: 

 

Type of element 

Stresses in the model (Kg/cm2) Maximum 

Strength 

(Kg/cm2) 
s1 s3 sx sy sz 

Flying arches (Tension) 3.9 - 2.6 3.5 2.9 - 

Flying arches (Compression) - -27.3 -3.6 -19.5 -21.5 - 

Vaults (Tension). 2.1 - 2.0 1.2 1.5 - 

Vaults (Compression). - -27.3 -10.8 -14.4 -27.2 - 

Clerestory and walls (Tension) 1.0 - 1.0 0.9 0.9 - 

Clerestory and walls (Compression) - -27.3 -10.2 -13.8 -27.2 - 

Buttresses (Tension) 1.8 - 1.2 1.5 1.7 - 

Buttresses (Compression) - -38.6 -14.8 -14.8 -35.6 - 

Façades (Tension) 1.0 - 1.0 1.0 1.0 - 

Façades (Compression) - -19.3 -7.8 -9.1 -18.2 - 

Columns (Tension) 4.0 - 4.0 4.0 4.0 - 

Columns (Compression) - -93.3 -16.5 -21. -89.1 - 

 

Table 7.3: Stresses obtained from the Global model of the Mallorca‟s Cathedral in the direction +Y. 
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Direction -Y: 

 

Type of element 

Stresses in the model (Kg/cm2) Maximum 

Strength 

(Kg/cm2) 
s1 s3 sx sy sz 

Flying arches (Tension) 4.0 - 4.0 4.0 4.0 - 

Flying arches (Compression) - -48.2 -8.7 -37.9 -25.4 - 

Vaults (Tension). 5.2 - 2.5 2.1 3.3 - 

Vaults (Compression). - -45.7 -28.3 -27.5 -31.5 - 

Clerestory and walls (Tension) 3.1 - 3.1 1.0 1.0 - 

Clerestory and walls (Compression) - -34.6 -16.7 -23.6 -32.6 - 

Buttresses (Tension) 1.8 - 1.7 1.6 1.8 - 

Buttresses (Compression) - -29.9 -12.5 -15.8 -29.0 - 

Façades (Tension) 1.0 - 1.0 1.0 1.0 - 

Façades (Compression) - -22.9 -10.6 -12.4 -21.1 - 

Columns (Tension) 4.0 - 3.8 3.7 2.5 - 

Columns (Compression) - -73.1 -17.8 -17.8 -71.1 - 

 

Table 7.4: Stresses obtained from the Global model of the Mallorca‟s Cathedral in the direction -X. 

 

The table 7.3 shows that the buttresses have increase of 100% of compressive stress, columns 200% 

and the flying arches 25% because these elements constitute a frame system and the seismic 

resistance mechanism respect to the structure only under gravity loads.  In the table 7.4, the 

difference in the direction –Y is due to the tower which give stiffness to the structure and due to the 

different lateral stiffness produce that the flying arches and the vaults started to work as seismic 

resistance element, the stresses in the elements as buttresses and columns are reduced between 25-

30%. The flying arches, façade and vaults keep more or less the same value of compressive stress 

but it appears more quantity of points with tensile stress in all the elements as shown in figure 7.79 

and 7.80.  
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Figure 7.79: Principal tensile stress in longitudinal section. 

 

Figure 7.80: Principal compressive stress in transversal section. 
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8 CONCLUSIONS 

 

(i) The Analysis for gravity load considering linear and non-linear material model to justify the 

suitability of the numerical model with non-linear material done considering the constitutive model give 

as a real behavior of masonry as a material a brittle capacity in tensile stress. During the linear 

analysis under gravity loads we can note that some elements of the structure exceed the maximum 

strength obtained by experimental tests as show as the table 6.5 in the buttresses, flying arches, 

vaults and others. In the reality, it is possible found some evidence of cracking in studied zone. 

 

(ii) We found out the lateral load carrying capacity employing non-linear static analysis (step by step 

horizontal force proportional to gravity) to the both principal direction (plane XY). According to 

Martinez (2007), he expressed that in the longitudinal direction (X) the stiffness of building is lower 

than the other direction. It was proof with the results of the pushover analysis because we obtained 

capacity of structures 45% and 70% upper than the lateral load applied (%) in the direction +Y and –Y 

while in the other direction +X and –X we obtained lower capacity -2% and 10%. 

 

(iii) Parametric analysis to find the effect of tensile strength on lateral load carrying capacity using non-

linear static analysis. The global model of the structure shows important behavior where the stiffener 

elements as the Apse and the tower are submitted under lateral and the structure is supported by this 

elements (See direction –Y and –X). It is possible appreciate the decreasing of stresses in the rest of 

elements as show the section 7.5.   

 

(iv) As mentioned Martinez (2007) is important to do a seismic micro zonification study of mechanics 

of soils. 

 

(v) Possible mechanisms of failure basis on the generation of hinges and previous studies were 

establish although the generation of cracking. For example in the direction X-X, when we incremented 

the lateral  load until values around 50% of the total of lateral applied load we can observed the failure 

initially of the wall of the Apse, then the clerestory were affected by damage due to these element start 

to work as frame system with the buttresses and columns. Also the stiffness of the façade in this 

direction produces crack strain in the supports of the clerestory walls and vaults. 

 

(vi) The collapse load factor of 0.056 obtained by Ajoy DAS (5.6% of the existing gravity load) is very 

low if we consider a global model of the structure. We obtained to the same direction values of 

collapse load factor of 0.116g and 0.136g due to the contribution of stiffness of the Apse, tower and 

façade. 

. 
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