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ABSTRACT 

Mallorca cathedral is one of the largest ever built cathedrals in the world. When compared with all other 
Gothic cathedrals in the world, it is found that its columns have the highest slenderness ratio, its main nave 
span is the second longest after Girona cathedral, and its main nave is the third highest after those of 
Beauvais and Milan cathedrals. The preservation of the cathedral was always of concern due to its audacious 
dimensions and slender structural members. About one century ago, a pioneering structural assessment was 
carried out by Rubió. Since then, and up to date, a relevant number of studies have been carried out on this 
cathedral and covered many aspects such as the history of construction, the characterization of the 
construction materials, the seismic assessment, the static and the dynamic monitoring, and the investigation 
of the foundation soil, among others. The objective of this article is to review these studies making focus on 
their main conclusions that are relevant for future studies on the cathedral and other similar historical 
structures. 
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1. INTRODUCTION 

Mallorca cathedral is considered the crown of the 
Gothic architecture. The studies oriented to under-
stand its construction, structural behavior and seis-
mic safety started about one century ago. In 1912, 
Rubio, a famous Catalan architect, carried out a 
structural assessment using the graphic-static meth-
od to understand the path of gravity loads from the 
dead weights over the vaults to the columns and 
buttresses foundations. This was a pioneering study 
at that time because of the application of such tech-
nique to a large challenging structure like Mallorca 
cathedral.  

The studies continued since that time until today. 
A very detailed historical study was carried out and 
revealed a lot of details regarding the construction 
process by Domenge (1995a, 1995b, 1997). This 
helped in investigating many other aspects related to 
the cathedral, Figure 1. The studies can be classified 
into inspection, structural assessment and monitor-
ing. The inspection included the visual inspection 
and documentation of cracking and deformations. 
The vertical supporting elements of the columns, the 
walls and the buttresses were inspected using geo-
physical techniques. Samples from stone and mortar 
were chemically analyzed to reveal its composition. 
In 2005 and 2010 dynamic identification tests were 
carried out to obtain the modal parameters of the 
cathedral. The foundation soil was subjected to a 
detailed inspection by boreholes and near-surface 
geophysical techniques.  

In the structural assessment studies, several tech-
niques were employed including simple ones like 
graphic-static and limit analysis and more advanced 
ones like nonlinear static (pushover) analysis on 2D 
and 3D models of the cathedral.  

Monitoring was also exploited. Static monitoring 
of cracks, inclinations, environmental actions (tem-
perature, humidity and wind) was carried out. Dy-
namic monitoring was carried out and the effects of 
captured earthquakes on the behavior of the cathe-
dral were investigated.  

It can be said that it is extremely rare to find a his-
torical structure that has been subjected to these 
large number of studies. Therefore, this paper aims 
at presenting a review of all these studies.  

2. CONSTRUCTION, FAILURES AND 
RECONSTRUCTION  

Mallorca cathedral is a Gothic construction built 
during XIV to XVI century, Figure 2. It is in the is-
land of Mallorca, Spain. Since 1931, the cathedral is 
classified as Cultural Heritage of National Interest. 
Comprehensive historical research has been already 
carried out based on the analysis of ancient docu-

ments available in the files of the cathedral’s Chapter 
and can be referred at Domenge (1995a, 1995b, 1997) 
which is the base of the following information. 
Along the three centuries of construction, the cathe-
dral structure passed by a number of distinctive 
phases. The construction history of Mallorca cathe-
dral can be divided into five phases: (a) from 1300 to 
1370; (b) from 1370 to 1601; (c) from 1601 to 1851; (d) 
from 1851 to 1888 and (e) from 1888 to today.  

About the year 1300 the construction of the cathe-
dral started. The financial support was given by the 
king Jaume II who left an important legacy in his 
testament for the construction of the Trinity chapel, 
part 1 in Figure 3 . From 1311 to 1330, the works of 
the following body of the apse named the Real chap-
el, was concluded, part 2 in Figure 3. By the end of 
the year 1370, six lateral chapels were built; three on 
the south side and three on the north side of the ca-
thedral, part 3 in Figure 3.  

The second period extended from 1370 to 1601. In 
this period the full construction of the cathedral was 
carried out. The cathedral Chapter was the one who 
decided to build the main nave with its magnificent 
dimensions (Llompart, 1995). In the year 1374, the 
first bay of the nave was constructed, part 4 in Fig-
ure 3. The second bay of the nave was concluded by 
the year 1385 in addition to the construction of two 
lateral chapels, part 5 in Figure 3. By the end of the 
XIV century, the work concentrated in the construc-
tion of the west entrance and the adjacent chapel, 
part 6 in Figure 3. Around 1406, the third bay and 
two lateral chapels at the north side were built, part 
7 in Figure 3. The fourth bay was finalized by the 
mid of the XV century, part 8 in Figure 3. The fifth 
bay had some difficulties during its construction due 
to the increase in the span and was concluded 
around 1560. By that year also, three chapels on each 
side were built, part 9 in Figure 3. In the next thirty 
years, the remaining three bays of the nave (part 10 
in Figure 3) were rapidly concluded. The full con-
struction of the cathedral was concluded by the con-
struction of the west façade, part 11 in Figure 3, 
around the year 1601. It can be noticed from the con-
struction sequence that the lateral chapels’ construc-
tion was always in advance to the naves’ construc-
tion because of the funding provided by noble fami-
lies or corporations willing them as pantheons or 
gremial chapels. Also the long period of interruption 
in the construction from 1450 to 1560 is noticeable.  

The third period can be called the reconstruction 
period. The first structural problem started in 1639 
and the last important dismantlement was for the 
west façade in 1851. Thereby, this period lasted from 
1639 to 1851. In this period, many parts of the cathe-
dral failed or manifested critical cracking so that it 
was decided to dismantle and rebuilt it again. In the 
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17th century, some of the vaults and arches col-
lapsed and were reconstructed. The earthquake of 
March 18th, 1660 resulted directly in the failure of 
two arches and initiated the out-of-plumb overturn-
ing of the west façade. In the 18th century, some 
vaults suffered from severe cracking and large de-
formations, furthermore some of them collapsed, 
therefore, they were reconstructed. In addition, six 
flying arches were propped. In Roca and González 
(2001) a discussion is given about possible reasons of 
this intervention and the real necessity of it. Till the 
mid of the 19th century, the main concern was about 
the west façade only and other structural elements 
didn’t show any collapses. The out-of-plumb of the 
west façade increased from 80 cm near the mid of 
the 17th century to 90 cm at the beginning of the 19th 
and reached a very alarming value of 130 cm and it 

was essential to demolish it. The earthquake of 1851 
affected the already deteriorated west façade. 

The fourth period extended from 1851 to 1888 and 
was mainly focused in the dismantling and recon-
structing the west façade. The new façade had a 
flamboyant neo-Gothic style and was very different 
from the old façade and also from the rest of the ca-
thedral, Figure 4. The buttresses’ sections were sig-
nificantly increased with respect to the former ones. 
The reconstruction works finished in 1888.  

The fifth period from 1888 till today included a se-
ries of interventions. During the last decades, Mal-
lorca cathedral has been subjected to continuous re-
pair and maintenance works. The west and south 
façades were restored about ten years ago (CPA, 
2003a; CPA, 2003b), and recently Herráez (2012) car-
ried out visual inspection and documentation to the 
current state of these two facades. 

 
Figure 1. Studies carried out on Mallorca Cathedral. 

 

 
Figure 2. Mallorca Cathedral: external view showing the apse area and the south façade. 
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Figure 3. Plan showing the progress of Mallorca cathedral construction from 1306 to 1601. The indicated years are for 

the approximate end of the construction of each part (Elyamani, 2015). 

 
 

Figure 4. The west façade: comparison between the original façade (left) and the new façade of Baptist (right). 

 

3. DESCRIPTION  

This part is based on Roca (2001; 2004) and Roca 
and Lodos (2001). To a large extent, the cathedral of 
Mallorca is a Gothic cathedral. Nonetheless, it has 
some Renaissance characteristic, because the works 
began in the XIV century and finalized in the heat of 
the Renaissance period. The plan and the longitudi-
nal section (Figure 5) show two distinct bodies. The 
first body is formed by the main nave and the se-
cond body includes the choir and the surrounding 

chapels. The first body includes a central and two 
lateral naves. This body is flanked by eight powerful 
buttresses lodging between the lateral chapels. The 
second body includes the Royal chapel, a single nave 
imposing Gothic construction by itself, and the 
smaller Trinity Chapel. The length of the nave of the 
main body is of 77m and is distributed across seven 
bays. The width covered by the naves is of 35.3 m, of 
which 8.75x2 m are spanned by the two lateral naves 
and 17.8 m by the central nave. 
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The lateral naves are covered by pointed vaults of 
simple square plan; whereas, in the central nave they 
are of double square plan. This scheme is repeated 
both in all the bays of the naves except in the 5th one 
(from the choir), due to the presence of lateral doors. 
In this bay, the longitudinal span of the vaults is 
slightly longer. The height reached by the vaults in 
their highest point (the key of the transverse arches) 
is of 43.95 m.  

The cathedral of Mallorca is also unique in being 
the Gothic cathedral with the highest lateral naves 
(29.4m). All of the octagonal columns have a circum-
scribed diameter of 1.7m except those of the first 
three bays from the east façade that have a slightly 
lesser value of 1.6m. The singularity of the building 
becomes more patent when its cross section is com-
pared with the ones of other Gothic cathedrals, Table 
1. Some internal views are shown in Figure 6 for 
naves, vaults and clerestory. 

The transverse arches of both the lateral and cen-
tral naves are diaphragmatic, meaning that they are 
provided with masonry spandrels wall filling all the 
space to the key height. The vaults are filled just 

with a light structure composed of slender stone 
wallets and slabs. The structure of the cross section is 
complemented with significant additional weight, in 
the shape of triangular masonry masses placed upon 
the transverse arches and the keys of the vaults of 
the central nave, Figure 7. On the transverse arches, 
Figure 7-a, a symmetrical triangular wall exists 
reaching its maximum depth at the key of the arch. 
On the keys of the vaults, the overload appears as a 
pyramid of square base, Figure 7-b. According to 
Rubió (1912), these overloads are necessary to assure 
the stability of the cathedral. 

The slenderness of the piers, reaching a ratio of 
14.6 between diameter and height, constitutes the 
more unique and audacious aspect of the building 
and contributes largely to a sense of internal great 
spaciousness. The diaphanous interior space is made 
possible, in fact, by the very robust external buttress-
ing system provided to the construction. The base of 
the main buttresses is 7.7m long and 1.5m wide; its 
maximum dimension represents a 44% of the span of 
the central nave. 

Table 1. Comparing main dimensions of some of the largest Gothic cathedrals in the world (Salas, 2002).  

Cathedral 
name 

Central nave  Lateral nave  Columns 

Span Height Span Height Height/Diameter  

Mallorca 17,8 43,95 8,75 29,4 14,6 
Girona 21,8 34,20 Single nave cathedral  No columns 
Milán 16,4 44,0 7,0 29,0 9,0 

Beauvais 13,4 46,3 5,0 21,0 7,1 
Amiens 12,4 41,5 6,4 18,7 7,5 
Reims 12,0 36,4 5,3 16,0 5,0 
París 11,85 31,4 4,6 10,2 4,5 

Salamanca 11,0 34,0 7,3 22,4 3,5 
Barcelona 11,0 25,6 5,5 20,5 8,5 

 

4. INSPECTION  

4.1. Cracking survey 

Cracking survey revealed that some of the struc-
tural elements of the cathedral have the following 
types of cracks (González et al., 2008; Roca, 2001; 
Roca et al., 2013; Abacilar, 2010). For columns, verti-
cal or oblique cracks exist in some of the columns 
and tend to concentrate close to the less confined 
parts of the section, i.e., the corners, Figure 8. In 
some cases, the cracks cross several rows and shape 
full wedges partially or totally detached from the 
core of the column. For vaults, two types of cracks 

can be found, Figure 9. The first are the separation 
crack along the contact line between a vault of the 
central nave and the supporting transverse arch. The 
second are cracks inside the vault masonry. For 
walls, cracks in clerestory walls are mostly devel-
oped along the mortar joints. Some of these cracks 
are related to the out-of-plumbing experienced by 
the west façade, even after the reconstruction previ-
ously discussed. For other structural elements, 
cracks also exist such as in the buttresses and lateral 
nave vaults.  
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Figure 5. Mallorca cathedral: plan (top); longitudinal section (center); and transversal section (bottom) (from Director 

Plan of Mallorca Cathedral). 
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Figure 6. Internal views of Mallorca cathedral: looking at west façade and north nave, note the slenderness of columns 
and the upper and lower clerestories (left), and main nave vaults (right). 

  

Figure 7. Additional weights: over the transversal arches keys (left); and over the vaults keys (right). 

    

Figure 8. Cracking in columns: a cracked wedge near to the column corner (most left); and documentation of the cracked 
faces (three drawings). 
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Figure 9. Separation between a vault and supporting arch (left); developed crack in a vault (right). 

4.2. Deformations survey 

A complete survey of the deformations of the ca-
thedral was carried out by González and Roca (2003-
2008). It was found that the deformations of the 
overall structure are perceptible. The columns show 
significant lateral deformations, Figure 10. In some 
cases, it reaches up to 30 cm, near to 1/100 of the 
height at the springing of the lateral vaults. Moreo-
ver, all the bays of the cathedral are showing clear 
deformations. In Figure 11, the deformed shape of 
each of the seven bays of the cathedral is shown and 
the values of the measured deformations at some 
selected key points are reported for each bay. Those 
points are the keys and the springing of the central 
and the lateral arches and the top of columns. It can 
be noticed that both the magnitude and the direction 
of the deformation vary significantly and show al-
most random trend among the different bays. Max-
imum lateral displacement in columns ranges from 2 
cm up to, in a single case, 26 cm, with an average of 
13 cm corresponding to a ratio of 1/175 with respect 
to the height and 1/137 with respect to the free span 
(Roca et al., 2013; González et al., 2008).  

The construction process can be considered the 
main reason for such deformation. It has been possi-
ble to identify the process leading to the complete 
construction of the fourth bay as shown in Figure 12 
(Domenge, 1997). It started with the lateral chapels, 
followed by the columns, then one lateral vault, then 
the other and finally the central one. It can be ob-
served that during a period of about 5 years (from 
1453 to 1458), the lateral vaults were already pushing 
against the columns while the central vault was not 
yet there to counteract their thrust. The lateral vaults 
were built before the construction of the central ones. 
In this case, historical research has not provided, so 
far, any hint on the way the structures were stabi-
lized while the central vault was not yet built (Figure 
12 (c)). Bourgeois (2013) and Pela et al. (2014) 
showed that they could have been stabilized by 
means of auxiliary devices, in specific, iron ties 

across the lateral arches and struts across the central 
one (Figure 13).  

4.3. Geophysical surveys of columns, 
buttresses and walls 

The two geophysical techniques of the ground pene-
trating radar (GPR) and the seismic tomography 
were carried out to characterize the inner structure, 
the properties of the columns, the buttresses and the 
clerestory walls. They were used also to identify low 
quality zones and internal cracks. A summery is giv-
en here and the full details about the methodology 
followed and the obtained results can be consulted 
at Pérez-Gracia et al. (2013); Roca et al. (2008), 
Martínez (2007); Caselles et al. (2006); Caselles et al. 
(2005) and Caselles et al. (2004).  

For walls, the obtained radargrams showed that 
they were composed of a single 45cm layer of stone 
masonry with no inner filling, Figure 14 (left). There 
was no important reflector inside the block stones 
meaning that no significant internal cracks affect the 
walls. For buttresses, it was found that they were 
constructed using one external stone masonry leaf 
about 35cm wide at both sides with an internal layer 
of a poorer stone block masonry, Figure 14 (right). A 
single core perforated in a buttress showed that the 
inner material consists of blocks of a poor and easy 
workable type of local limestone. For columns, GPR 
images indicated that they were built with five stone 
blocks, four external stones and one internal block 
(Figure 15). No important anomalies associated to 
voids or important internal cracks were found. Three 
of the cracked columns were selected for inspection 
using seismic tomography. The seismic tomography 
images confirmed the results of the GPR that the 
columns have an inner sector built with a stone simi-
lar to the outer limestone ashlars and no voids or 
filling materials exist. The tomography images 
showed good quality unions between block stones 
using low quantity of mortar. 
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Figure 10. Deformed columns: internal column (left); and column at triumphal arch (right). 

(a)  

 

(b)  
 

Figure 11. Deformation survey: (a) bays’ deformed shapes (numbering from east to west); and (b) values of 
deformations (cm) at each of the seven bays in the same order of (a) (from Clemente, 2006). 

 

(a) 

 

(b) 

(c)  (d)  

Figure 12. Fourth bay construction: (a) lateral chapel (1391-1406) then columns (1406-1426); (b) lateral vault (1453-
1454); (c) lateral vault (1458); and (d) central vault (1459-1460) (Domenge, 1997). 
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Figure 13. Evidences of using of ties in Mallorca cathedral construction: northern nave of 7th bay (left); northern 
nave of 6th bay (center); and southern nave of 4th bay (right) (Bourgeois, 2013). 

 

 

Figure 14. GPR inspection: radargram of clerestory wall with red lines showing possible distribution of stones (left); 
and radargram of a buttress with inner filling surrounded by a red closed shape (right) (Roca et al., 2008). 

 

  

Figure 15. Reconstruction of columns internal structure using GPR inspection: distribution of blocks in elevation (most 
left); two cross sections (center); and 3D reconstruction of columns (most right) (Pérez-Gracia et al., 2013; González et 

al., 2008). 

4.4. Chemical analysis 

Samples from the stone were taken over the build-
ing and analyzed using scanning electron micro-
scope (SEM), and Energy-dispersive X-ray spectros-
copy (EDX). The analysis showed that the cathedral 
was built with four types of carbonate rock from the 
Miocene. The main structure of the cathedral is of 
white dolomite and white limestone. A grained 

limestone was used to close up some large windows, 
while oolitic limestone was used at the west and the 
south façades (Alonso et al., 1996). A clear correla-
tion was found between construction stages and dif-
ferent stone varieties. The chemical analysis allowed 
confirmation of the hypothesis on the construction 
process as suggested by the historical research. The 
substitution of all flying arches during the XVIII cen-
tury is also recognizable in that of them are built 
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with the same variety of local sandstone that is not 
present in the rest of the building. Information has 
been also been gained on the extent of the repairs 
historical repairs and particularly joint repointing. 
The deterioration of the facades’ stone due to air pol-
lution and sea sprays was also investigated (Roca et 
al., 2008; Alonso et al., 1996). In a similar investiga-
tion, on Amfissa cathedral (Greece), Liritzis et al. 
(2015) investigated the mortar used in wall painting 
using XRD and SEM analyses and the compressive 
strength of this mortar.  

4.5. Dynamic identification 

Ambient Vibration Testing (AVT) (Elyamani and 
Roca, 2018a) was performed during 3rd and 4th May 
2005 on several points of the façade, the chapels, the 
lateral naves and the main nave using one tri-axial 
accelerometer (Caselles et al., 2015; Boromeo, 2010; 
Martínez, 2007; Martínez et al., 2007; Martínez et al., 
2006). Using the Peak Picking technique several 
modal frequencies were determined and were used 
in updating the Finite Element (FE) model of the ca-
thedral.  

In 2010, AVT was repeated again (Elyamani et al., 
2017a; Elyamani, 2015; Caselles et al., 2012; Bettoni, 
2011). Three tri-axial force balance accelerometers 
were used. AVT configuration was based on a pre-
liminary modal analysis carried out using the FE 
model of the cathedral. It was noticed that only the 
modes number 1 (Figure 16-a) and 2 (Figure 17-a) 
were global ones with considerable mass participa-
tion and characterized by predominant movement of 
the main and lateral naves of the cathedral. There-
fore, the sensors were organized so that capturing 
these two modes would be achievable. The dynamic 
identification was carried out using multiple meth-
ods implemented in the software MACEC (MACEC, 
2011). The global modes number 2,3 and 4 were the 
best estimated ones because from all methods they 
had very near modal parameters. These modes were 
global ones with high mass participation, which 
made their identification more attainable than in the 
case of more local ones, Figures 16-b and 17-b. For 
the remaining modes, only their natural frequencies 
were satisfactory identified and the remaining mod-
al parameters were poorly identified. More informa-
tion can be consulted at Elyamani (2015). 

4.6. Soil investigation  

A number of boreholes and an integrated near-
surface geophysical study was performed to investi-

gate the soil under and around the cathedral (Az-
uaje, 2012; Pérez-Gracia et al., 2009; Caselles et al., 
2009; Martínez, 2007; Caselles et al., 2007; Caselles et 
al., 2005). 16 boreholes were carried out (S1 to S16 in 
Figure 18). The boreholes showed that there is a first 
layer of filling underneath the structure of a depth 
from 1 to 2.5m followed by a layer of rock has a 
depth from 3 to 4m and that the majority of the 
foundations of buttresses, columns and facades rest 
on this layer of rock, except near the south side of 
the apse area where the foundations rest on the layer 
of filling. The existence of the rock layer may be one 
of the reasons that encouraged the builders to con-
struct such a huge heavy structure without fearing 
from any geotechnical problems, specifically what 
regards the bearing capacity.  

For the geophysical surveys, the main objective 
was to determine the shallow geological stratigraphy 
and the depth and continuity of the soils or rocks 
underneath the structure. A large number of 
Ground-penetrating radar (GPR) profiles (from G1 
to G37 in Figure 18) and ten profiles using the capac-
itively coupled resistivity method (ERT) (from R1 to 
R10 in Figure 18) were used to obtain 2D images of 
the shallow subsurface. Five profiles using the Re-
fraction microtremor array measurements (ReMi) 
(from M1 to M5 in Figure 18) were used to character-
ize the rock and soil properties. These different in-
vestigation techniques proved that the stratigraphy 
consists of five types of soils: (A) filling materials 
formed by stones, soil and pottery; (B) some layers of 
sand and silt; (C) a layer of gravel; (D) conglomerate 
rock and (E) Quaternary limestone.  

The measured shear wave velocities at five points 
(from Point1 to Point5 in Figure 18) in each of these 
soil types were reported. The investigation results 
suggested that the soil can be divided into three 
main zones: Zone 1, Zone 2 and Zone 3, Figure 18. 
Zones 1 and 2 are in the south side; both present a 
thick soft sediment layer of filling used during the 
Roman epoch. Zone 2 is characterized by the thick-
ness of the soft filling layer reaching up to 30 m 
which shows very low shear wave velocities. Zone 3 
is characterized by homogeneous layers with higher 
shear wave velocities. Finally, an investigation of 
one of the columns foundation was also carried out 
using one 2D GPR profile. It suggested that the col-
umns were built over a foundation that took a py-
ramidal shape, i.e., the width increases with the in-
crease in depth.  
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a) 

 

b) 

 

Figure 16. (a) First numerical mode shape, and (b) second experimental mode shape 
(Elyamani et al., 2017a). 

c) 

 

d) 

 

 
Figure 17. (a) Second numerical mode shape, and (b) fourth experimental mode shape 

(Elyamani et al., 2017a). 
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Figure 18. Different profiles and drilling points on plan (Ss: boreholes, Gs: GPR, Rs: ERT, Ms: ReMi profiles) and the 
division of the soil into three zones (adapted from Pérez-Gracia et al., 2009). 

 

(a) 

 

(b) 

Figure 19. (a) Static-graphic analysis of Rubió (1912), (b) Photo-elasticity analysis of Mark (1982). 

5. STRUCTURAL ASSESSMENTS  

5.1. Pioneering studies 

5.1.1. Graphic-statics (Rubió, 1912) 

Rubió (1912) studied the equilibrium of a typical 
bay of the cathedral using the graphic-statics meth-
od. He found, after several trials, a thrust line fully 
contained within the sections of the main nave arch, 
the column, the flying arches and the buttress, Fig-
ure 19. He found that the fitting of the descending 

thrust line inside the column was difficult and it be-
came almost tangent to the column perimeter at the 
springing of the lateral nave vault. He related the 
curvature already exist in the column with this find-
ing. He pointed out the necessity of the additional 
weights above the main nave arches and vaults for 
the equilibrium. For the upper flying arches and be-
cause they push against the main nave vault, not 
building them at all would be better for the equilib-
rium of the cathedral typical bay. On the contrary, 
the lower flying arches are well suited and have op-

Zon
e 1 

Zon
e 3 

Zon
e 2 
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timal shapes. He calculated the maximum compres-
sive stresses in the arch and the column sections to 
be 3,1 and 4,5 MPa, respectively.  

5.1.2. Photo-elasticity (Mark, 1982) 

Robert Mark (1982) performed pioneering studies 
using the photo-elasticity method on the structure of 
some Gothic cathedrals such as Chartres and 
Bourges. Mallorca Cathedral was also studied. A 
model for the typical bay of the cathedral was creat-
ed and then scaled loads equivalent to the gravity 
and the wind loads were applied. Afterwards, a pat-
tern of light was passed through the model, and us-
ing the obtained images, the distribution of internal 
stresses was qualitatively interpreted, Figure 19. 
Mark conclusions were in agreement with the ones 
of Rubió (1912) in that having only the lower battery 
of flying arches with more inclination towards the 
buttresses would be better than using two batteries. 
Mark was not in agreement with Rubió (1912) re-
garding the state of stress in the columns. The photo-
elastic study showed a uniform state of compression 
in the columns under gravity loads of 2,2 MPa which 
cannot result in the visible bending of the columns. 
Even under wind loads, this value could reach 2,7 
MPa. He proposed an explanation for the strength-
ening intervention carried out on the upper battery 
of the flying arches. He noticed that this battery was 
subjected to tensile stresses and moreover, its deflec-
tion that resulted initially from the self-weight 
would increase under the effect of wind loads.  

5.2. Recent studies  

5.2.1. Graphic-statics (Maynou, 2001) 

This work represented the modernization of the 
work of Rubió (1912). Maynou (2001) created a 
MatLab code for the automatic implementation of 
the graphic-statics method to a typical bay of the 
cathedral. While Rubió (1912) found one equilibrium 
solution after several trials, Manynou found a lot of 
solutions, Figure 20 .He confirmed the necessity of 
the over-weights above the main nave arches and 
vaults for the stability of the cathedral. Also, he con-
firmed the same comment of Rubió about the upper 
flying arches.  

5.2.2. Kinematic limit analysis  

5.2.2.1. Coutinho (2010)  

This researcher studied 14 possible collapse 
mechanisms of the cathedral, Figure 21, related to 
the west façade, the typical bay, and the east façade. 
He applied first the linear kinematic limit analysis 
and the safety was checked according to the regula-
tions of the Italian code (Circ. NTC08, 2009). All the 

considered mechanisms verified the demands of the 
Eurocode, the Spanish code and the deterministic 
scenario. For the probabilistic scenario, two mecha-
nisms didn’t verify the demand for the return period 
of 475 years, and the four mechanisms didn’t verify 
the demand for the return period of 975 years. When 
the nonlinear kinematic limit analysis was used, the-
se mechanisms were verified.  

5.2.2.2. Elyamani (2015, 2017b) 

Based on the collapse mechanisms found in the 
longitudinal direction by the pushover analysis, two 
collapse mechanisms were studied by the kinematic 
limit analysis technique. The west and the east fa-
çades overturning were considered, the found capac-
ities were 0,144g and 0, 118g, respectively. Those 
values were near to the capacities obtained by the 
pushover analysis.  

5.2.3. Numerical analysis  

5.2.3.1. Salas (2002)  

Salas (2002) used the FE method with isotropic 
damage model and the Generalized Matrix Formula-
tion (GMF) method (Molins, 1996; Molins and Roca, 
1998) in studying the structural behavior of a typical 
bay of the cathedral. Using the FE method, he car-
ried out linear and nonlinear analysis under the ef-
fect of the own weight using the theoretical unde-
formed geometry and the actual deformed geometry 
of the bay. He compared the maximum compression 
stress in the bay, the deflection of the main nave arch 
and the horizontal displacement of the top of the 
column. The results were found to be very near and 
no significant differences were found whether con-
sidering the actual deformed geometry or the theo-
retical undefomred geometry. The results of the non-
linear analysis using the GMF method were not dif-
ferent from the FE method. In a following stage of 
the study, he increased the own weight up till the 
complete collapse, the FE and GMF gave a collapse 
load multiplier of 1,7. Afterwards, the author exam-
ined different configurations of the bay by (a) ignor-
ing the overweight on the main nave arch, (b) ignor-
ing the upper battery of flying arches and (c) ignor-
ing the overweight and the upper battery of flying 
arches. It was found that ignoring the overweight 
reduced the collapse load multiplier to 0,9 only, i.e., 
the structure was not able to bear its self-weight. 
Thus, it was assured the necessity of the overweight 
for the stability as was concluded before by Rubió 
(1912) and Maynou (2001). The collapse load multi-
plier was reduced to 0,7 when neglecting the upper 
flying arches. Interestingly, when ignoring both of 
the overweight and the upper flying arches, the col-
lapse load multiplier reached 1,6. Wind and earth-
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quake analyses were also carried out according to 
the Spanish codes NBE-AE/88 (NBE-AE/88, 1988) 
and NCSE-94 (NCSE-94, 1994), respectively. The 

analyses showed that the cathedral would resist a 
wind pressure of 1,45 kN/m2 and a base shear of 
0,12g.  

 
Figure 20. Automatic static-graphics of Maynou (2001): thrust lines (in red) giving the maximum eccentricities at the 

base of the column. 

    

    

Figure 21. Some of the collapse mechanisms studied by Coutinho (2010). 

5.2.3.2. Roca et al. (2012a, 2012b, 2012c, 2013); 
Clemente (2006); Clemente et al. (2006); 
Pelá et al. (2011) 

A number of analyses were carried out using the 
distributed damage model and the localized damage 
model (Clemente, 2006 and Pelá, 2009) using 2D and 
3D models of the typical bay of the cathedral. A 
number of analyses were carried out under the effect 

of (1) the self- weight, with and without considering 
the construction process and a sensitivity analysis 
was also carried out (2) creep loads and (3) the seis-
mic loads. The collapse load factor under the self-
weight using the distributed damage model was 2 
and using the localized damage model increased 
slightly and reached 2,15. The collapse mechanism 
obtained from the two models was similar and oc-
curred due to a combination of compressive and ten-
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sile damage, Figure 22. The compressive damage 
was observed at the base of the buttress and the ten-
sile damage was observed at the flying arches, the 
naves’ vaults, the main nave arch and around the 
window opening of the buttress. In Figure 23 a com-
parison is made between the damage when applying 
the full self-weight (load factor of 1) without consid-
ering the construction process and with considering 
the construction process. It was found that the hori-
zontal displacement of the top of the column in-
creased from 0,75 cm to 1,84 cm when considering 
the construction process. According to the authors, 
this result suggested that the deformations of the 
piers were mostly due to the construction process. It 
was also observed larger areas affected by damage in 
the top of the column, the flying arches and the 
vaults when considering the construction process. 
Another analysis was carried out to investigate the 
effect of masonry creep using viscoelasticity model 
and considering the geometric nonlinearity. It was 
found that the horizontal displacement of the top of 
the column reached a value of about 12 cm which is 
comparable to the actual displacement existing in the 
cathedral. This value was only 0,75 cm in case of in-
stantaneous analysis without considering creep. No 
change in the collapse mechanism was noticed.  

The found collapse load factors under the effect of 
self-weight were checked via a sensitivity analysis 
on the tensile strength, the compressive strength and 
the tensile fracture energy. The localized damage 
model was found to be less sensitive to the tensile 
strength than the distributed damage model. For 
both models, the collapse load factor decreased with 
the reduction in the tensile strength. A linear relation 
was noticed between the compressive strength and 
the attained load factor for both used models. A 
clear effect of the tensile fracture energy on the ca-
pacity was found for both used models. When this 
material parameter is very low, the structure is not 
able to bear its self-weight and after a certain value, 
stabilization in the attained capacity was noticed. 

5.2.3.3. Martínez (2007) 

The pushover analysis was used to perform the 
seismic assessment of the cathedral. Not the full 
model was used but instead five chosen macro ele-
ments were used. After obtaining the capacity curves 
of the macro elements, the capacity spectrum meth-

od was utilized. The seismic demand was character-
ized using the Spanish code for seismic design 
(NCSE-02, 2002), the deterministic scenario and the 
probabilistic scenario. The level of damage was 
evaluated using the proposed methodology of Lag-
omarsino et al. (2003). It was found that the macro 
element of the longitudinal bay would be subjected 
to the level of damage D3; whereas, all other macro 
elements would have lesser damage.  

5.2.3.4. Murcia et al. (2009); Roca et al. (2009); 
Das (2008),  

In these studies, nonlinear analysis of the typical 
bay of Mallorca cathedral was carried out under 
gravity and seismic loads using a tension-
compression distributed damage model. The same 
collapse mechanisms found under the effect of gravi-
ty loads and seismic loads found by Clemente (2006) 
were also found here. For the seismic analysis two 
load patterns were used, the first was proportional 
to mass and the second was proportional to the first 
mode of vibration. The second pattern gave a higher 
capacity. A sensitivity analysis was performed on 
the tensile strength and showed, similar to the stud-
ied mentioned in section 5.2.3.2, the clear influence 
of this parameter on the seismic capacity. For per-
formance evaluation, the capacity spectrum method 
was applied and revealed that the cathedral would 
show acceptable performance with only limited 
damage.  

5.2.3.5.  Pela et al. (2014), Bourgeois (2013) 

They studied the effect of the usage of ties during 
the construction on the structural behavior of a typi-
cal bay of the cathedral. The study included also the 
analysis of the long-term deformation considering 
the effects of the removal of the ties. Parametric 
analyses focused on the influence of the section of 
the ties and the tensile strength of the masonry. 
Smaller horizontal displacements were found at the 
top of the column because the ties balanced the de-
formations caused by the horizontal thrust of the 
lateral vault and the removal of the ties resulted in 
an increase in the displacement. The presence of the 
ties didn’t affect the vertical deformation of the ca-
thedral.  
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Figure 22.Collapse mechanism of a typical bay under self- weight: distributed damage model: tensile damage (left) and 

compressive damage (center); localized damage model (right) (Clemente, 2006).  

 
Figure 23.Tensile damage of nonlinear analysis of a typical bay under self-weight without considering the construction 

process (left); and considering the construction process (center and right) (Clemente, 2006).  

5.2.3.6. Elyamani et al. (2017); Elyamani (2015); 
Caselles et al. (2012) 

The seismic behavior of the cathedral was studied 
using a 3D model updated using the AVT results 
(Elyamani and Roca, 2018b). The pushover and the 
nonlinear dynamic analysis were employed. It was 
found that the seismic resistance of the cathedral in 
the longitudinal direction is lower than that in the 
transversal direction. This is due to the fact that in 
the former case the buttresses (the main earthquake-
resisting elements) are loaded by lateral loads acting 
in their out-of-plan direction, whereas, in the latter 
case, the buttresses are loaded in their stronger in-
plane direction. In the longitudinal direction, the 
collapse can occur due to the overturning of the fa-
cades. The zones that can be severely damaged are 
those around the large windows of the clerestory 
walls and the apse walls, the first bay of the central 
nave vault after the west faced, and the top and ba-
ses of the columns. In the transversal direction, the 
collapse can occur due to the cracks (hinges) appear-
ing in the flying arches, the arches and vaults of the 

naves, the top and bases of the columns and the ba-
ses of the buttresses.  

6. MONITORING  

6.1. Static monitoring (González and Roca, 
2003-2008; Godde, 2009) 

A static monitoring system was installed in the ca-
thedral for a period of about five years from 2003 to 
2008. The system aimed at measuring the cracks 
widths, the tilts and the convergences at some criti-
cal positions in the cathedral, in addition to measur-
ing the environmental actions of the temperature, 
the humidity and the wind. In Figure 24 the com-
plete system is shown. As seen, the cracks were 
monitored at three columns (F1 to F4), two locations 
at the upper south clerestory wall (F5 and F6) and 
two vaults (F7 and F8). The convergences were mon-
itored at six positions (C1 to C6), two of them (C5 
and C6) gave indication of the movement of the west 
façade.  

The tilts were monitored at two positions (R1 and 
R2), the second position was aimed at measuring the 
tilt of the west facade. The temperature and the hu-
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midity were monitored at two positions (EC1 and 
EC2) and the wind was monitored at the position V1. 
It was concluded that the crack with the highest 
opening rate was the one between the sixth vault 
and the supporting arch (F7) that had a trend of 
about 10 mm/century. This showed that the west 

façade perhaps was still tilting out-of-plane. The 
cumulative trends of the convergences were not con-
sidered alarming. It was also observed that both of 
the cracks and the convergences tended to increase 
with the temperature raising and decrease with the 
temperature lowering. 

 

Figure 24. The static monitoring system of Mallorca cathedral (González and Roca, 2003-2008). 

6.2. Dynamic monitoring  

6.2.1. Boromeo (2010) and Martínez (2007) 

A dynamic monitoring system was installed in the 
cathedral. The objective was to capture any seismic 
events that would result in a higher level of excita-
tion than that registered during AVT, hence charac-
terizing better the cathedral dynamic behavior. In 
addition it was aimed to study the effect of the envi-
ronmental actions on the dynamic behavior, in spe-
cific the natural frequencies. The system was com-
posed of two tri-axial force feedback accelerometers, 
a DAQ system and a GPS antenna. The first accel-
erometer was installed on the second arch from the 
west façade and worked alone for about one year 
starting from 8th June 2005. The second accelerome-
ter was added later on 22nd June 2006 at the ground 
level of the second north chapel from the west fa-

çade. The two accelerometers worked together for 
about one year.  

Boromeo (2010) processed the recorded signals for 
a period of about ten continuous months from 15th 
December 2005 to 24th October 2006. Within this 
period the daily registered signals between 6 a.m. to 
8 am using the peak picking technique was ana-
lyzed. A number of modes were detected. The first 
mode was identified in rare occasions because the 
accelerometer was installed on a point that was a 
node in this mode. A clear correlation was observed 
between the temperature and the natural frequen-
cies. The increase in the temperature resulted in the 
increase of the natural frequencies and vice versa. 
For the correlation with the humidity and the wind 
velocity, the contrary was found. A number of seis-
mic events were captured. All of them were far-field 
earthquakes. The maximum registered acceleration 
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was not more than 0,005g. The identified values of 
the natural frequencies during these seismic events 
were not different from the average values found 
during the entire monitoring system.  

6.2.2. Caselles et al (2018); Elyamani et al. 
(2017a); Elyamani (2015); Elyamani et al. 
(2012); Bettoni (2011) 

A continuous monitoring system was used. It con-
sisted of a system adequately equipped and pro-
grammed to continuously measure, record, and 
wirelessly transfer the records of the accelerations 
during a long period of time, on a 24h basis, without 
having to set up an activating threshold. The system 
was composed of a digitizer, a Data Acquisition sys-
tem (DAQ), a Global Positioning System (GPS) an-
tenna, an internet router and three tri-axial accel-
erometers. The monitoring campaign was installed 
for a period of more than 15 months during the years 
2010, 2011 and 2012. The obtained results allowed 
for a detailed observation of the dynamic properties 
with time under environmental actions and some 
captured seismic events. The conclusions drawn 
from the dynamic monitoring were: 1) the obtained 
frequencies for the identified eight modes under low 
level of excitation during the AVT (Elyamani, 2015) 
were confirmed by the dynamic monitoring cam-
paign under higher levels of excitation in the vicinity 
of higher wind speeds and some captured seismic 
events; 2) the global modes of the cathedral were 
more detectable than the local ones because of their 
higher mass participation; 3) for the modes from 2 to 
8, temperature was a more influential environmental 
parameter than humidity and wind; 4) the first lon-
gitudinal mode correlated well with wind and was 
detectable only when wind was acting according to a 
certain direction and velocity; 5) the usage of a high-
er cost continuous dynamic monitoring system was 
useful in capturing very low intensity seismic 
events. These events would not be detected with the 
usage of a lower cost triggered system. Therefore, 
this type of monitoring seems interesting for the dy-
namic identification of large buildings in low seismic 
zones; 6) for the recorded earthquakes; it was ob-
served a doubling of some frequency peaks, Figure 
25. This was probably due to the breathing crack ef-
fect, i.e. the opening of the cracks that resulted in 
decreasing the stiffness, and therefore in; lower val-
ue of the natural frequency. 

6.3. Thermography monitoring (Elyamani et 
al, 2018; Elyamani, 2015; Grande, 2013) 

An infrared (IR) camera of type “Thermo GEAR 
G120” produced by NEC Company was used. Its 
main characteristics were: 1) measuring range from -
40° C to 500° C with accuracy of ±2°C or ±2% of 
reading, whichever is greater; 2) thermal image of 
320 pixels (horizontal) X 240 pixels (vertical); 3) spec-
tral range from 8 to 14 μm; 4) frame rate of 60 
frames/sec; 5) automatic focusing with focal dis-
tance from 10 cm to infinity; and 6) automatic re-
cording of images with interval from 3s to 60 min.  

It worked at the same location in two periods: 1) 
in the winter of 2011 for 14 days from 27/1 (at 11:15) 
to 9/2 (at 23:45), and 2) in the summer of the same 
year for 16 days from 28/6 (at 8:16) to 13/7 (at 
22:46).  

The IR camera was located inside the north pulpit 
and directed to the arches, the vaults, the upper 
clerestory and the columns of the main nave. This 
place allowed the IR camera to cover a large portion 
of the first five bays of the main nave. 

The IR camera recorded one photo each half an 
hour. For each day of the two monitoring periods, 
four IR photos were processed and the stone surface 
temperature was determined for the considered 
structural element (the columns, the clerestory walls, 
the arches and the vaults). A comparison was made 
between the external temperature, the internal tem-
perature and the stone surface temperature of the 
considered structural elements for the summer peri-
od and the winter period, Figure 26. It was noticed 
that the stone surface temperatures of the different 
structural elements were in phase and very near to 
each other for the two monitoring periods. For the 
summer period, the internal and the external tem-
peratures were in phase, whereas, the stone surface 
temperature was sometimes delayed with respect to 
the external and the internal temperatures. In the 
winter period, the stone surface temperature was in 
phase with the external temperature. The thermog-
raphy monitoring revealed an acceptable correlation 
between the stone internal surface temperature and 
the cathedral frequencies. In the winter period high-
er correlation coefficients than in the summer period 
were found. It was observed also that the natural 
frequencies were more correlated with the external 
temperature then the internal temperature and final-
ly with the internal stone surface temperature.  
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Figure 25. Spectrogram of the EW component at 145 Station for Menorca earthquake (Elyamani et al., 2017a). 

 
Figure 26. Comparison between external, internal and stone surface temperatures in the summer period from 28/6/2011 to 

13/7/2011. 

7. CONCLUSIONS  

 Many studies have been carried out on Mallorca 
cathedral. These studies included the historical 
research on its construction process, the inspec-
tion of its structural elements and the underneath 
soil, the structural assessments using simple and 
complex techniques and monitoring.  

 The construction process lasted for three centu-
ries. This long process resulted in the perceptible 
deformations seen nowadays. The long span 
arches and vaults of the cathedral suffered from 
partial collapses, for different reasons, and were 
reconstructed. The west façade was totally de-
molished and rebuilt due to the progressing out-
of-plumbing that reached 130 cm.  
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 Cracks exist in almost all the structural elements 
of the cathedral including the columns, the vaults 
and the clerestory walls. The static monitoring 
revealed that the crack existing between the sixth 
vault and the supporting arch is the one with the 
highest progress rate of about 10mm/century.  

 The columns have internal solid composition; 
whereas, the buttresses and the clerestory walls 
have an internal layer of a regular block stone 
masonry with a lower strength than the external 
layers.  

 The soil underneath the cathedral can be divided 
into three different zones with different proper-
ties. Almost all of the cathedral foundations rest 
on rock except a small part on the south east part 
that rest on filling material.  

 The studies carried out using the capacity spec-
trum method on many possible collapse mecha-
nisms employing many different seismic de-
mands showed the cathedral would resist the ex-
pected earthquakes, although experiencing some 
damage.  

 The seismic analysis of the typical bay of the ca-
thedral showed that the collapse could be due to 
the tensile damage at the flying arches, the main 
nave vault and around the buttresses opening.  

 The detailed studies of the effect of masonry 
creep showed deformations values that are com-
parable with the actually measured values in the 
cathedral.  

 The dynamic monitoring system showed the 
clear dependency of the environmental actions on 
the natural frequencies of the cathedral.  
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