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3.1 Introduction 

Mallorca cathedral is the crown of the Gothic architecture. 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, its main 

nave is the third highest after those of Beauvais and Milan cathedrals.  

About one century ago, a pioneering structural assessment was carried out by Rubió 

(1912). 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 chapter is to briefly present these studies making focus on their 

main conclusions that are relevant for the present research.   

3.2 History of construction 

3.2.1 Introduction 

Mallorca cathedral, also called La Seu and the cathedral of Saint Mary of Palma, is a 

Gothic construction built during XIII to XV century,  Figure  3.1. It is in the city of Palma, the 

island of Mallorca, Spain. Since 1931, the cathedral is classified as Cultural Heritage of 

National Interest. The elevation where Mallorca cathedral is built is full of history. Before 

the cathedral, the location hosted other structures built by the Romans and the Muslims. 

Roman pedestals of possible statues perhaps belonging to a Roman forum have been 

found in the cloister of the cathedral. The existence of a mosque before the construction of 

the cathedral is well documented and it seems that the cathedral was constructed around 

the mosque and that the latter was not demolished until the cathedral was finished. 

Comprehensive historical research has been already carried out based on the analysis of 

ancient documents available in the files of the cathedral’s Chapter and can be referred at 

Domenge (1995a, 1995b, 1997). (Roca, 2004; D9.1-NIKER, 2012) 

Along the three centuries of construction, the cathedral structure passed by a 

number of distinctive phases. Moreover, and similar to many historical structures, a 

number of failures occurred for some parts of the cathedral and reconstruction was 

needed. In the following, the history of construction of the cathedral is discussed.  
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 Figure  3.1. Mallorca Cathedral: aerial view 1 (left); and external view showing the apse area and the 

south façade (right). 

3.2.2 Construction, failures and reconstruction 

This part is based on Domenge (1995a, 1995b and 1997), González and Roca (2003-

2008), Roca (2004), D9.1-NIKER (2012) and Cuello (2007). The construction history of 

Mallorca cathedral since the beginning till today 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. Though great efforts were made by historians for the 

documentation of the construction history, it is normal to still have some uncertainties 

and debates about the exact date of the concluding of each part of the cathedral.  

The first period of construction lasted from 1300 to 1370 and is called the royal 

construction. About the year 1300, during the first reign of the insular dynasty, the 

construction of the cathedral 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  3.2. In the crypt of this first body the tombs of the royal family were 

lodged. From 1311 to 1330, the works of the following body of the apse named the Real 

chapel, was concluded, part 2 in Figure  3.2. 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 cathedral, part 3 in 

Figure  3.2.  

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). It is not well known 

whether the cathedral was laid-out in accordance to its final configuration or whether the 

construction of the imposing three-nave huge body resulted as a decision taken after the 

older bodies where already built. 

                                                             
1 http://asombrosaarquitectura.blogspot.com.es/2014/01/catedral-de-palma-de-mallorca.html 
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Figure  3.2. 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.  

 

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. In the year 1374, the first bay of 

the nave was constructed, part 4 in Figure  3.2 .The great rose windows (11 m diameter of 

the central window and 8 m of the lateral two windows) were employed to solve the 

problem of the difference in height between the apse and the nave.  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  3.2. By the end of the XIV century, the work concentrated in the 

construction of the west entrance (portal del Mirador) and the adjacent chapel, part 6 in 

Figure  3.2. Around 1406, the third bay and two lateral chapels at the north side were built, 

part 7 in Figure  3.2. The fourth bay was finalized by the mid of the XV century, part 8 in 

Figure  3.2. The fifth bay (works like a false transept) 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  3.2. In the next thirty years, the 

remaining three bays of the nave (part 10 in Figure  3.2) were rapidly concluded due to 

economical aids given during the Episcopal of Joan de Vich y Manrique. The full 

construction of the cathedral was concluded by the construction of the west façade (portal 

Mayor), part 11 in Figure  3.2, around the year 1601.It can be noticed from the 
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construction sequence that the lateral chapels’ construction was always in advance to the 

naves’ construction because of the funding provided by noble families or corporations 

willing them as pantheons or gremial chapels. Also the long period of interruption and 

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 

cathedral failed or manifested critical cracking so that it was decided to dismantle and 

rebuilt it again. In Table  3.1 this period is shown in a chronological order. In the 17th 

century, it can be noticed that some of the vaults and arches collapsed and were 

reconstructed. Also, the earthquake of March 18th 1660 resulted directly in the failure of 

two arches and initiated the out-of-plumb overturning of the west façade. In the 18th 

century, some vaults suffered from severe cracking and large deformations, furthermore 

some of them collapsed, therefore, they were reconstructed. In addition, six flying arches 

were propped, in the cathedral now, four of those propped flying arches can be seen, 

Figure  3.3 . 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, specifically arches 

and vaults, 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 

did not apparently affect the cathedral elements except the already deteriorated west 

façade. 

The fourth period extended from 1851 to 1888 and was mainly focused in the 

dismantling and reconstructing the west façade. The dismantling works started in the 

summer of 1851 and lasted for 6 months under the supervision of the architect Antoni 

Sureda. The architect Juan Peyronnet Baptist was chosen in the August of 1852 for the 

design of the new façade. He presented the new design in 1854. The new façade had a 

flamboyant neo-Gothic style and was very different from the old façade and also from the 

rest of the cathedral, Figure  3.4. The buttresses’ sections were significantly increased with 

respect to the former ones. This façade has been criticized because of its wide proportions 

and little adaptation to architectural concept and the original cathedral. Also it is 

contrasting the proportions of the Gothic lateral north and south facades of the cathedral 

that are of great verticality and slenderness. The reconstruction works finished in 1888.  
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Table  3.1. Dates of the important failures and reconstruction works of the cathedral in the three 

centuries after construction.  

Date Structural element(s) affected 

17th century  

1639 A group of experts recommended to demolish and rebuilt the main 

nave vault close to the west façade because it was full of cracks.  

1655 Reconstruction of the greater arc of the main nave and the first 

northern flying buttress. 

1659 An arch fell. 

1660, March 18th , 

19th & 26th   

An earthquake of degree VII resulted in the collapse of two arcs near 

the west façade. This event might be the origin of the out-of-plumb of 

the west façade.  

1679  The west façade showed an out-of-plumb of 80 cm.  

1698 The vault of the second bay collapsed. 

1699 The vault of the second bay collapsed again after the reconstruction. 

The same year, the architect recommended a reconstruction of the set 

of the vaults of the nave. 

18th century  

1706 A vault collapsed. 

1717 Another vault collapsed. 

1739 It is issued the order to prop up 6 flying buttresses. 

1743 Another vault collapsed. 

18th century  Reconstruction of the set of the vaults of the main and the north 

lateral naves.  

19th century   

1803 The west façade showed an out-of-plumb of 90 cm.  

1817 A report alarmed for the precarious condition of the west façade.  

1841 A new report alarmed again for the precarious condition of the west 

façade. 

1851, March 28th  The out-of-plumbing of the west façade became 130 cm and a 

definitive report proposed to demolish and rebuilt it again.  

1851, May 15th  

(at 1:45 a.m.) 

An earthquake of intensity between VII and VIII causing probably the 

destruction of some parts of the already deteriorated west façade. 

Apparently, This event did not have greater effect on the rest of the 

cathedral. 
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(a) 

 

(b) 

 

Figure  3.3. Historical intervention in 1739 on the flying arches at: (a) the 4th northern bay; and (b) the 

7th northern bay. The counting is from the east façade.   

 

(a) 

  

(b) 

 

Figure  3.4. The west façade: (a) comparison between the original façade (left) and the new façade of 

Baptist (right); and (b) the dismantling in 1855.  
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The fifth period from 1888 till today included a series of interventions. Gaudí (with 

the collaboration of other architects like Rubió, Jujol, Towers Garcia and Reynés) carried 

out between 1904 and 1914 some reforms like moving the Gothic choir from the middle of 

the central nave to the presbytery, Figure  3.5. During the last decades, Mallorca cathedral 

has been subjected to continuous repair and maintenance works. The west and south 

façades were restored about ten years ago (CPA, 2003a; CPA, 2003b), and very recently 

Herráez (2012) carried out visual inspection and documentation to the current state of 

these two facades. 

  

Figure  3.5. Gaudí reforms in Mallorca cathedral:  the choir in the central nave (left); and the choir 

moved to the presbytery (right) (from Gibert, 2010).  

3.3 Description of Mallorca cathedral  

This part is based on Roca (2004), D9.1-NIKER (2012), Roca (2001) 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. Thanks to the hugeness of its 

interior space, the exceptional dimensions and the extreme slenderness of its structural 

elements, this cathedral is one of the imposing medieval buildings. The plan and the 

longitudinal section (Figure  3.6) show two distinct bodies. The first body is formed by the 

main nave and the second 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. 
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Table  3.2 Comparing main dimensions of some of the largest Gothic cathedrals in the world (Salas, 

2001).   

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 

 

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. 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 circumscribed 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 compared with the ones of other Gothic cathedrals, Table 

 3.2 and Figure  3.7.  Some internal views are shown In Figure  3.8 for naves, vaults and 

clerestory.  

Another aspect to note is the double battery of almost identical flying buttresses, 

Figure  3.3(c). The role of the upper battery of flying arches is not clear since the building 

has never had a high pitched roof (causing lateral thrust due to wind pressure), but just a 

terrace over the vaults until the construction of the existing traditional tile roof in 18th c..  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure  3.7. Comparing the cross section of Mallorca cathedral (always to the left) with the cross 

section of the cathedrals of: (a) Girona; (b) Mílan; (c) Beauvais;  (d) Reims; (e) Amiens; and (f) Paris 

(Salas, 2001).  
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Figure  3.8. Internal views of Mallorca cathedral: looking at apse and south nave, note the large rose 

window (top left); looking at west façade and north nave, note the slenderness of columns and the 

upper and lower clerestories (top right); looking from apse at central nave (bottom left); and main 

nave vaults (bottom right).  

West   

facade 

Upper  

 clerestory  

Lower 

 clerestory  
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 (a) 

 

(b) 

 

Figure  3.9. Additional weights: (a) over the transversal arches keys; and (b) over the vaults keys. 

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 key 

height. The vaults are not filled or backed with rubble masonry, but 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  3.9. On the transverse arches, Figure  3.9 (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  3.9 (b). According to Rubió (1912), these 

overloads are necessary to assure the stability of the cathedral. 

As mentioned, 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 
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contributes largely to a sense of internal great spaciousness. The diaphanous interior 

space is made possible, in fact, by the very robust external buttressing 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.  

3.4 Previous Inspection  

3.4.1 Cracking survey 

In spite of some cracking revealed by inspection, the stricture of Mallorca cathedral 

mostly shows a satisfactory conservation condition thanks to the maintenance works 

carried out throughout the history of the building. In particular, the major repairs 

interventions undertaken during XVIII and XIX centuries have contributed to limit the 

extent of deterioration (Roca et al., 2013). Cracking survey revealed that some of the 

structural elements of the cathedral have the following types of cracks (D9.1-NIKER, 2012; 

González et al., 2008; Roca, 2001; Roca et al., 2013; Abacilar, 2010):  

Columns: Vertical 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  3.10. In some cases, 

the cracks cross several rows and shape full wedges partially or totally detached from the 

core of the column. In the case of one pier, these cracks were repaired in historical time 

and no reopening has occurred. 

Vaults: two types of cracks can be found in vaults, Figure  3.11. 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.   

Walls: cracks in clerestory walls are mostly developed along the mortar joints, Figure 

 3.12.  Some of these cracks are related to the out-of-plumbing experienced by the west 

façade, even after the reconstruction previously discussed.  

Other structural elements: Cracks also exist in other elements such as in the buttresses 

and lateral nave vaults. The problem of deteriorating and losing of mortar in mortar joints 

seems to have affected severely the cathedral in the past. Due to it some of the vaults of the 

main nave had to be repaired or reconstructed during the early 18th, as mentioned earlier.  

For the same reason, the flying buttresses had to be entirely repaired or substituted also 

during the 18th c.  Continuous re-pointing of mortar joints has been carried out on 

exterior walls and flying arches also after their reconstruction.  The reason for this loss of 

mortar is found in the invasion of the mortar by salts present in the stone.  
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The large presence of salts in the stone is due to the fact that it was taken from quarries 

located at the sea side in order to allow ship transportation.  

3.4.2 Deformations survey  

A complete survey of the deformation of the cathedral was carried out by González 

and Roca (2003-2008). It was found that the deformation of the overall structure is 

perceptible. The columns show significant lateral deformation, Figure  3.13. In some cases, 

it is reaching up to 30 cm, near to 1/100 of the height at the springing of the lateral vaults. 

Moreover, all the bays of the cathedral are showing clear deformations.  

  

Figure  3.13. Deformed columns: internal column (left); and column at triumphal arch (right). 

In Figure  3.14 (a), the deformed shape of each of the seven bays of the cathedral is 

shown and in the same figure (b), 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 almost 

random trend among the different bays. Furthermore, the same random trend can be 

noticed between the two halves of a single bay. Maximum lateral displacement in columns 

ranges from 2 cm up to, in a single case, 26 cm, with an average (in absolute value) 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) 
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Figure  3.14. 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). 
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(c)     (d)           

Figure  3.15. 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). 

 

Figure  3.16. 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).  

The construction process can be considered the main reason for such deformation. It 

has been possible to identify the process leading to the complete construction of the fourth 

bay as shown in Figure  3.15 (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 

observed 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 
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3.4.3 Geophysical surveys of columns, buttresses and walls 

The two geophysical techniques of the ground penetrating 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. The methodology followed and the obtained results can 

be found at Pérez-Gracia et al. (2013); Roca et al. (2008), Martínez (2007); Caselles et al. 

(2006); Caselles et al. (2004) and Clapés et al. (2004). A summery is given here.  

Using GPR, the upper clerestory walls were inspected in three zones (P1, P2 and P3 

in Figure  3.18), the lower clerestory walls were inspected also in three zones (P4, P5 and 

P6 in Figure  3.18), and one location in the north façade was inspected as well (P10 in 

Figure  3.18). In each of these zones, GPR data was obtained with a 900 MHz centre 

frequency antenna. For the buttresses, GPR data was acquired in two profiles at different 

heights in three zones with a 900 MHz centre frequency antenna (P7, P8 and P9 in Figure 

 3.18). Three columns (C3, C4 and C5 in Figure  3.18) were intensively studied with a 1.5 

GHz antenna. Data was collected from five profiles in each of the eight sides of the column 

to define properly the internal structure. All other columns were inspected by obtaining a 

single vertical profile with a 900 MHz antenna (C1 to C14 in Figure  3.18).   

 

Figure  3.18. Locations of the GPR profiles and seismic tomography: P1–P10: GPR profiles in walls and 

in some columns; C1–C14: single GPR vertical profiles columns; C3, C4 and C10: columns analyzed with 

GPR profiles in each side and with seismic tomography (Pérez-Gracia et al., 2013).  
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Figure  3.19. 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  3.20. 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).  

For walls, the obtained radargrams showed that they were composed of a single 45cm 

layer of stone masonry with no inner filling, Figure  3.19 (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  3.19 (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  3.20). No important anomalies associated to voids or 

important internal cracks were found. Significant changes in wave velocities were not 

observed meaning that the columns are entirely formed with blocks with no voids or 

filling materials in the inner core.  

Three of the cracked columns were selected for inspection using seismic 

tomography; one column has a smaller cross section (C10 in Figure  3.18) and two columns 

have a greater cross section (C3 and C4 in Figure  3.18). The seismic tomography images 

confirmed the results of the GPR that the columns have an inner sector built with a stone 
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similar to the outer limestone ashlars and no voids or filling materials exist. Figure  3.21 

compares the zones of high, medium and low velocities for each of the inspected columns. 

It is observed that in C3 only 0,3% of its area has low velocity (less than 3000 m/s). C4 has 

larger percent of 2,1% belonging mainly to intra-stone positions and some of these zones 

are on the pier surface and correspond with observable cracked and detached zones. In 

C10, the area of low velocity represents 1,1% of the total area. The tomography images 

show good quality unions between block stones using low quantity of mortar. 

 

Figure  3.21. High, medium and low velocity (m/s) zones: C3 (left); C4 (center); and C10 (right). 

3.4.4 Chemical analysis 

Samples from the stone were taken over the building and analyzed using scanning 

electron microscope (SEM), and Energy-dispersive X-ray spectroscopy (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. In Table  3.3, some of characteristic of these stone types are 

summarized. A clear correlation was found between construction stages and different 

stone varieties. The chemical analysis allowed confirmation of the hypothesis on the 

construction process as suggested by the historical research, Figure  3.22. As previously 

discussed, the construction was interrupted during almost a century after the erection of 

the 4th bay, and this fact is observed by a change in the material used in the two phases. 

The substitution of all flying arches during the XVIII century is also recognizable in that of 

them are built 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 

pollution and sea sprays was also investigated. (Roca et al., 2008; Alonso et al., 1996) 
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(a) 

 
(b) 

 
(c) 

 
Figure  3.25. The soil formation under: (a) the west façade; (b) the north façade; and (c) the south 

façade (adapted from Martínez, 2007). 
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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  3.24) and ten profiles using the capacitively coupled resistivity method (ERT) (from 

R1 to R10 in Figure  3.24 ) were used to obtain 2D images of the shallow subsurface. Five 

profiles using the Refraction microtremor array measurements (ReMi) (from M1 to M5 in 

Figure  3.24) were used to characterize the rock and soil properties. These different 

investigation 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  3.24) in each of these soil 

types are reported in Figure  3.26. This parameter provides the basis of the site classes in 

the modern codes of seismic design of structures.  

 

Figure  3.26. Measured shear wave velocity in each of the soil zones (Pérez-Gracia et al., 2009). 

 

The investigation results suggested that the soil can be divided into three main 

zones:  Zone 1, Zone 2 and Zone 3, Figure  3.26. 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 thickness of the soft filling layer (reaching up to 30 m) which shows 
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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 columns were built 

over a foundation that took a pyramidal shape, i.e., the width increases with the increase 

in depth.  

For dynamic characterization of the soil, the ambient vibration was measured at 53 

points inside and outside the cathedral and then the Nakamura technique was used to 

determine the periods of the different zones of the soil. The soil was found to have periods 

from 0,1s to 0,5s.   

3.5 Previous structural assessments  

3.5.1 Pioneering studies 

3.5.1.1 Graphic-statics (Rubió, 1912) 

Rubió (1912) studied the equilibrium of a typical bay of the cathedral using the 

graphic-statics method. Applying this method to such a large structure made his trial a 

pioneering one at that time.  

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, Figure  3.27.  

He found that the fitting of the descending thrust line inside the column was difficult 

and it became 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 finding. He also 

noticed that displacing the columns 45cm from their current position would have avoided 

their visible curvature. 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 because 

they push against the main nave vault, not building them at all would be better for the 

equilibrium of the cathedral typical bay. On the contrary, the lower flying arches are well 

suited and have optimal shapes.  

He calculated the maximum compressive stresses in the arch and the column 

sections to be 3,1 and 4,5 MPa, respectively. The obtained values should be considered 

rather high for the used masonry in the arches. 
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Figure  3.27. Static-graphic analysis of Rubió (1912). 
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3.5.1.2 Photo-elasticity (Mark, 1982) 

Robert Mark 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 created and then scaled loads 

equivalent to the gravity and the wind loads were applied. Afterwards, a pattern of light 

was passed through the model, and using the obtained images, the distribution of internal 

stresses was qualitatively interpreted, Figure  3.28. Mark conclusions were in agreement 

with the ones of Rubió 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 regarding 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 strengthening intervention 

carried out on the upper battery of the flying arches. He noticed that this battery was 

subjected to tensile stresses and moreover, its deflection that resulted initially from the 

self weight would increase under the effect of wind loads.  

 

 

Figure  3.28. Photo-elasticity analysis  of Mark (1982). 
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3.5.2 Recent studies  

3.5.2.1 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 found one equilibrium solution after 

several trials, Manynou found a lot of solutions, Figure  3.29. He confirmed the necessity of 

the over-weights above the main nave arches and vaults for the stability of the cathedral. 

Also, he confirmed the same comment of Rubió about the upper flying arches. He 

calculated the distance of displacing columns to be 31cm and not 45cm like Rubió.   

 

Figure  3.29. Automatic static-graphics of Maynou (2001): thrust lines (in red) giving the maximum 

eccentricities at the base of the column.  

3.5.2.2 Kinematic limit analysis  

a) Cuzzila (2009, 2008) 

In his research on a number of Gothic cathedrals, Cuzzila (2009, 2008) applied the 

kinematic limit analysis and the capacity spectrum method to Mallorca Cathedral and two 

other cathedrals to evaluate their seismic safety. A focus on the seismic safety of the west 

façade was made by considering seven different collapse mechanisms. Moreover, two 

other mechanisms were investigated related to the typical bay of the cathedral. He defined 

the seismic demand in accordance with the Eurocode 8 (CEN, 2004) and the Spanish code 

for seismic design (NCSE-02, 2002). The safety of a mechanism was expressed in terms of 

a safety factor representing the ratio between the ultimate displacement and the capacity 
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displacement of a chosen control point. The level of damage was defined following the 

methodology proposed by Lagomarsino et al. (2003).  The seven considered collapse 

mechanisms of the west façade showed an elevated safety factor between 5 and 8 and 

level of damage D0, i.e., no damage. The two mechanisms of the typical bay had a level of 

damage D1, i.e. light damage.  

b) Rodriguez (2009) 

In this study, the kinematic limit analysis and the capacity spectrum method were 

applied to assess the seismic safety of the east façade. The researcher considered four 

different collapse mechanisms. She determined the seismic demand using the Eurocode 8 

(CEN, 2004) and the Spanish code for seismic design (NCSE-02, 2002) and also the 

deterministic and probabilistic scenarios calculated by Martínez (2007) for the site of 

Mallorca cathedral. The same methodology followed by Cuzzilla (2008, 2009) in 

determining the safety factor and level of damage was also followed here. The two levels 

of damage D0 and D1 were found for all collapse mechanisms when considering the 

demands of the Eurocode 8, the Spanish code and the deterministic scenario. When 

considering the probabilistic scenario, the level D3 (moderate to extensive damage) were 

found for three collapse mechanisms. Therefore, a strengthening intervention consisted of 

a number of steel ties connecting the east façade with the rest of the cathedral was 

proposed. With this solution the damage level D3 was reduced to D2 (slight to moderate 

damage).  

c) Vacas (2009) 

Vacas (2009) studied three Gothic cathedrals, among them the cathedral of Mallorca. 

He proposed four collapse mechanisms for the west façade and one collapse mechanism 

for the cathedral typical bay. He applied the kinematic limit analysis with the capacity 

spectrum method to evaluate the seismic safety of the proposed mechanisms. The seismic 

demand of the Spanish code for seismic design (NCSE-02, 2002) with a return period of 

975 years and two damping ratios of about 5% and 10% were adopted. The definition of 

the level of damage was based on the recommendations of the European research project 

RISK-UE (RISK-UE, 2001-2004). The west façade and the typical bay were found to suffer 

from light to moderate damage.   

d) Coutinho (2010)  

This researcher studied 14 possible collapse mechanisms of the cathedral, Figure 

 3.30. The first 8 mechanisms are related to the west façade, the mechanisms number 9 and 

10 are related to the typical bay, and the last four mechanisms are related to the east 
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façade. Similar to Rodriguez (2009), the considered seismic demands were calculated 

according to the Eurocode 8 (CEN, 2004), the Spanish code for seismic design (NCSE-02, 

2002), and the deterministic and probabilistic scenarios calculated by Martínez (2007). He 

applied first the linear kinematic limit analysis to and the safety was checked according to 

the regulations of the Italian code (Circ. NTC08, 2009).  

mechanism 1 

 

mechanism 2 

 

mechanism 3 

 

mechanism 4 

 

mechanism 5 

 

mechanism 6 

 

mechanism 7 

 

mechanism 8 

 

mechanism 9 

 

mechanism 10 

 

mechanism 11 

 

mechanism 12 

 

mechanism 13 

 

mechanism 14 

 

  

Figure  3.30. The collapse mechanisms studied by Coutinho (2010). 
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All the considered mechanisms verified the demands of the Eurocode, the Spanish code 

and the deterministic scenario. For the probabilistic scenario, the mechanisms number 6 

and 13 didn’t verify the demand for the return period of 475 years, and the mechanisms 

number 6,7,8 and 13 didn’t verify the demand for the return period of 975 years. When 

the nonlinear kinematic limit analysis was used, these mechanisms were verified.  

e) Capurso (2011)  

He evaluated again the seismic safety of the 14 mechanisms of Coutinho (2010) 

using the Italian code (Circ. NTC08, 2009) for two return periods of 475 and 975 years. 

The level of damage D3 was found for the mechanisms 5,6 and 14 for the return period of 

975 years. Strengthening interventions were proposed for these mechanisms and the level 

of damage was reduced to D2.  

3.5.2.3 Numerical analysis  

a) Salas (2002)   

Salas (2002) used the FE method with isotropic damage model and the Generalized 

Matrix Formulation (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 carried out 

linear and nonlinear analysis under the effect of the own weight using the theoretical 

undeformed 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 considering the actual deformed 

geometry or the theoretical undefomred geometry, Figure  3.31. Also, the increase in the 

stresses and displacement when moving from the linear analysis to the nonlinear analysis 

was not significant. In addition, the results of the nonlinear analysis using the GMF method 

were not different from the FE method, Figure  3.31.  In a following stage of the study, he 

increased the own weight up till the complete collapse, the two methods (FE and GMF) 

gave a collapse load multiplier of 1,7. Afterwards, the author examined different 

configurations of the bay by (a) ignoring the overweight on the main nave arch, (b) 

ignoring the upper battery of flying arches and (c) ignoring the overweight and the upper 

battery of flying arches.  
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a)

 

 

 

 

 

 

  

 
b) 
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 d) 

 

Figure  3.31. Nonlinear analysis of a typical bay under self weight: (a) compressive stresses using 

theoretical undeformed geometry (left) and actual deformed geometry (right); (b) tensile stresses 

using theoretical undeformed geometry (left) and actual deformed geometry (right); (c) compressive 

and tensile stresses using GMF method; and (d) stresses plotted on deformed shape at collapse due to 

wind loads using GMF method (Salas, 2002). 

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 multiplier was reduced to 0,7 when neglecting the upper flying 

arches. Interestingly, when ignoring both of the overweight and the upper flying arches, 
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the collapse load multiplier reached 1,6. Wind and earthquake analyses were also carried 

out according to the Spanish codes NBE-AE/88 (NBE-AE/88, 1988) and NCSE-94 (NCSE-

94, 1994), respectively. For the two cases, the considered return period was 1000 years 

and the lateral load was applied using the equivalent static load approach. The analyses 

showed that the cathedral would resist a wind pressure of 1,45 kN/m2 and a base shear of 

0,12g. The collapse mechanism in the two cases was similar, Figure  3.31 (d). As can be 

noticed a number of hinges developed in the main nave arch, the upper and lower flying 

arches, the lateral naves’ vaults and the bases of the columns and the buttresses.  

b) Clemente (2006), Clemente et al. (2006), Pelá et al. (2011), Roca et al. (2012a, 

2012b, 2012c, 2013) 

A number of analyses were carried out using the distributed damage model and the 

localized damage model using 2D and 3D models of the typical bay of the cathedral. For 

detailed information about these models, the reader is referred to Clemente (2006) and 

Pelá (2009). Guided by the experimental testing of stones carried out by González and 

Roca (2003-2008), the visual inspection and the historical research, three different 

materials were used in the model with different modulus of elasticity and compressive 

strength for each, Table  3.5. For all materials, the tensile and compressive fracture 

energies were 1E+2 and 400E+2 J/m2, respectively, the Poisson ratio was 0,2 and the 

tensile strength was taken as 5% of the compressive strength. 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 seismic loads. The first two analyses are discussed here and the third one is discussed 

in chapter 7, section 7.4.3.4 and also is compared with the new studies within this 

research.  

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. The collapse occurred due 

to a combination of compressive and tensile damage, Figure  3.32. The compressive 

damage was observed at the base of the buttress and the tensile damage was observed at 

the flying arches, the naves’ vaults, the main nave arch and around the window opening of 

the buttress.  

In Figure  3.33 a comparison is made between the damage when applying the full self 

weight (load factor of 1) without considering the construction process and with 

considering the construction process. It was found that the horizontal displacement of the 
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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 instantaneous 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, Figure  3.34. The tensile strength was reduced to one tenth, one fourth and 

one half of its initial value. 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. The 

compressive damage that took place at the base of the buttress and at the base of the 

window opening in the buttress is the reason for this finding. A clear effect of the tensile 

fracture energy on the capacity 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.  

  

 
Figure  3.34. Sensitivity analysis of tensile strength (top left); compressive strength (top right); and 

tensile fracture energy (bottom) (Clemente, 2006). 
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c) Martínez (2007) 

The general objective of this study was to develop a methodology for the seismic 

assessment of historical structures with application to Mallorca cathedral. Some of the 

inspection activities discussed previously were carried out within this study like the soil 

investigation, the dynamic identification of the cathedral and the geophysical survey of 

some of the structural elements. Using the natural frequencies determined experimentally, 

a complete 3D FE model of the cathedral was updated. The updating parameter was the 

modulus of elasticity. The initial and the updated values are reported in Table  3.6.  The 

pushover analysis was used to perform the seismic assessment of the cathedral. Not the 

full model was used but instead five chosen macro elements were used, Figure  3.35. 

Regarding the mechanical properties of the materials, the compressive strength was taken 

as 8 MPa for the columns and the flying arches, 1 MPa for the filling over the vaults and 2 

MPa for the rest of the cathedral. The tensile strength was taken as 5% of the compressive 

strength. After obtaining the capacity curves of the macro elements, the capacity spectrum 

method was utilized. The seismic demand was characterized 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 Lagomarsino 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.  

Table  3.6. Updating the moduli of elasticity (MPa) of different materials of the cathedral (Martínez, 

2007). 

Structural elements Initial value  Updated value 

The whole structure except the following  2500 3816 

Buttresses 2500 3600 

Columns and flying arches 10000 15264 

Filling over the vaults 1250 1906 

 

d) Das (2008), Roca et al. (2009), Murcia et al. (2009) 

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 mechanical properties used by Martínez (2007) were also used 

here. The tensile and compressive fracture energies, the Poisson ratio and the tensile 

strength were taken as those in the studies mentioned in section (b) above. The same 

collapse mechanisms found under the effect of gravity loads and seismic loads found by 

Clemente (2006) were also found here, Figure  3.36 . For the seismic analysis two load 
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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 studied 

mentioned in section (b), the clear influence of this parameter on the seismic capacity. For 

performance evaluation, the capacity spectrum method was applied and revealed that the 

cathedral would show acceptable performance with only limited damage.  

(a)   (b)  (c)  

(d)  (e)  

Figure  3.35. The macro elements studied by Martínez (2007): (a) typical bay; (b) transept bay; (c) 

triumphal arch; (d) west façade; and (e) longitudinal bay.  

 

 

Figure  3.36. Tensile damage at collapse under gravity loads (left); and seismic loads (right) (Das, 

2008). 
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e) Bourgeois (2013) 

He studied the effect of the usage of ties during the construction on the structural 

behavior of a typical 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 deformations 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 cathedral.  

3.6 Previous monitoring   

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

A static monitoring system was installed in the cathedral for a period of about five 

years from June 2003 to September 2008. The system aimed at measuring the cracks 

widths, the tilts and the convergences at some critical positions in the cathedral, in 

addition to measuring the environmental actions of the temperature, the humidity and the 

wind. In Figure  3.37 the complete 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 monitored 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 humidity were monitored at two positions 

(EC1 and EC2) and the wind was monitored at the position V1. A summary of the 

cumulative trends found for the measured quantities is reported in Table  3.7. Other 

measured quantities were either poor to process or didn’t show any cumulative trends. 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 rest of the measured cracks 

showed lesser values not more than 2 mm/century. The cumulative trends of the 

convergences were not considered 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.  
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Table  3.7 The cumulative trends measured by the static monitoring system (Godde, 2009). 

Measured quantity Convergences Cracks 

Position C2 C3 C4 C5 C6 F5 F6 F7 

Trend (mm/year) 0,06 0,09 0,07 0,05 0,08 0,01 0,02 0,10 

 

 

Figure  3.37. The static monitoring system of Mallorca cathedral (González and Roca, 2003-2008). 

3.6.2 Dynamic monitoring (Martínez, 2007; Boromeo, 2010)  

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 excitation than that 
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Table  3.8. Statistical study on the identified modes during ten months (Boromeo, 2010). 

Mode ID.  1 2 3.1 3.2 4 5 

Average frequency (Hz) 1,27 1,394 1,546 1,603 1,829 2,004 

Standard deviation (Hz) - 0,026 0,045 0,035 0,049 0,030 

Coefficient of variation (%) - 1,87 2,88 2,16 2,68 1,51 

3.7 Conclusions  

• Many studies have been carried out on Mallorca cathedral. These studies included 

the historical research on its construction process, the inspection of its structural elements 

and the underneath soil, the structural assessments using simple and complex techniques.  

• The construction process lasted for three centuries. 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 demolished 

and rebuilt due to the progressing out-of-plumbing that reached 130 cm.   

• 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 experimental testing of the masonry, the dynamic identification tests and the 

model updating process showed that four different materials could be roughly classified in 

the cathedral: (1) the columns and the flying arches, (2) the buttresses, (3) the flying 

above the vaults and (4) the rest of the cathedral.  

• The main used stone type in the cathedral is the limestone.   

• The soil underneath the cathedral can be divided into three different zones with 

different properties. Almost all of the cathedral foundations rest on rock except a small 

part on the south east part that rest on filling material.  

• The equilibrium condition of the cathedral typical bay was understood by the 

graphic-statics method.  
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• The studies carried out using the capacity spectrum method on many possible 

collapse mechanisms employing many different seismic demands showed the cathedral 

would resist the expected earthquakes, although experiencing some damage.   

• The seismic analysis of the typical bay of the cathedral 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 comparable 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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4.1 Introduction  

The dynamic identification process is a key phase of the targeted methodology for 

model verification and seismic assessment. Accordingly, the dynamic identification tests 

followed by the identification of the modal parameters were carried out on Mallorca 

cathedral.  

The different aspects of the tests including the design, the execution, the processing of 

tests’ data and the obtained results are discussed in this chapter. The objective is to gain 

knowledge about the global dynamic behavior of the structure by obtaining the modal 

parameters (natural frequencies, mode shapes and damping ratios) which will be used in 

the model updating process, and will be also compared with the results of the dynamic 

monitoring system. Another objective is to formalize the steps followed for the dynamic 

identification process into a proposed methodology applicable to large masonry historical 

structures in general.   

4.2 Design of tests. Initial modal analysis  

4.2.1 Considerations  

In the design phase, the data made previously available by Martínez (2007) about the 

dynamic behavior of the cathedral were considered. The obtained fundamental period of 

the cathedral was used in the present research to define the measurement time. He also 

succeeded in identifying the natural frequencies of the first five modes. A confirmation of 

the range of the cathedral’s natural frequencies was given later by Boromeo (2010). This 

range of frequencies was useful in selecting the suitable frequency range for the 

accelerometers to be used for the new dynamic identification tests.       

In addition, a previously static monitoring system (Godde, 2009) installed based on 

detailed crack survey of the entire cathedral was helpful in setting up some setups 

oriented to capture possible effects of major on the identified mode shapes.  

Another important tool in the design phase is the numerical modal analysis. Via 3D 

finite element (FE) model, the determined mode shapes give a good idea about which 

modes may be identified experimentally and which ones may be difficult to detect. Also, it 

helps in choosing the strategic points where to accommodate the sensors. Full details 

about the 3D model are given in chapter 6. In the following paragraphs, the numerical 

mode shapes are presented (Figure  4.1) and discussed, along with the corresponding 

frequencies and participation factors are summarized in (Table  4.1).  
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Figure  4.1. The first ten numerical mode shapes before model updating.  
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Table  4.1. Frequencies and participation factors for the first ten numerical modes. 

Mode number 1 2 3 4 5 6 7 8 9 10 

Frequency 

(Hz) 
1,270 1,592 1,694 1,854 1,924 1,940 2,116 2,269 2,446 2,638 

           

Participation 

factor (%) 

(longitudinal) 

59,80 0,66 3,19 0,13 0,03 0,01 0,12 0,01 0,06 0,19 

           

Participation 

factor (%) 

(transversal) 

0,00 26,92 3,43 5,79 0,81 0,19 0,01 3,56 0,03 5,02 

 

As can be noticed from Figure  4.1, only the modes number 1, 2 and 10 are global 

modes, while all other modes are local ones. Mode 1 is a pure longitudinal mode with 

participation factor of about 60% in the longitudinal direction. Mode 2 has a participation 

factor around 27% in the transversal direction and the cathedral has a predominant 

transversal movement. Mode 10 is a torsion mode. In modes 3 and 4, the tower is moving 

clearly. In mode 5, the two spires of the main façade are moving. Modes 6, 7 and 8 are 

showing prevailing local behavior of the most east two buttresses. In mode 9 both the 

spires of main façade and the most east two buttresses are moving in a symmetrical way.  

The final decision on the features of the dynamic identification system took also into 

account practical issues like the available number of sensors, the possible places where 

the sensors and equipment could be actually accommodated and the limitations on the 

cables lengths. These issues are discussed more in a following section.  

4.2.2 Equipment  

The tests were planned to be performed under ambient vibrations only (wind, traffic, 

sea waves, etc.). The low level of excitation is one of the disadvantages of this type of tests. 

Hence, very sensitive sensors should be used to overcome the problem of low signal to 

noise ratio. Therefore, two sensors of type CMG-5T (produced by GURALP systems) and 

another sensor of type Titan (produced by Nanometrics) were chosen. Both models of 

sensors are characterized by ultra-low self-noise performance. The CMG-5T is a force 

feedback accelerometer, while the Titan is a force-balance one. Both types were discussed 

in chapter 2, section 2.2.3.2.  

The CMG-5T accelerometer has a frequency range a frequency range from DC to 100 

Hz, sensitivity of 5 V/g, a dynamic range from ±0,01g to ±2g and a weight of 2,7 Kg. The 

Titan accelerometer has a frequency range from DC to 430 Hz, a dynamic range from 
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±0,25g to ±4g, sensitivity from 5 V/g to 80 V/g and a weight of 960 gm. Nine channels 

seismograph of type TAURUS (produced by Nanometrics) was used for data acquisition.  

The dynamic ranges of the chosen accelerometers are sufficient for the ambient 

vibration tests. Also, the chosen frequency ranges of the accelerometers are suitable for 

measuring the natural frequencies of interest of the cathedral as the numerical modal 

analysis showed that the first ten mode shapes are having a minimum frequency of about 

1,27 Hz and a maximum around 2,64 Hz. Also, the previous studies (Martínez, 2007; 

Boromeo, 2010) showed that the first five natural frequencies are in the range from 1,27 

Hz to 2 Hz.  

4.2.3 Configuration of setups   

It was noticed from the numerical modal analysis that the first two modes are both 

global and characterized by predominant movement of the largest body of the cathedral, 

i.e., the main and lateral naves. In addition, they have the highest mass participation 

factors. Thus, identifying them experimentally allows defining to a very good extent the 

global dynamic behavior of the cathedral. Hence, and as a priority of the tests design, the 

sensors were organized so that capturing these modes would be achievable. On the other 

hand, capturing the local modes requires local measurements on some difficult to reach 

places like the top of the buttresses and therefore specific tests for these modes were not 

considered. Consequently, the mid span points of the central and lateral arches were 

chosen as the strategic points to accommodate the sensors. Those points can be simply 

accessed from the arches’ extrados without the need for scaffolding, and were preferred to 

the measurements over buttresses, clerestory walls and facades. The vaults of apse and 

naves were not chosen because their local dynamic behavior might interfere in 

characterizing the structure global behavior.  

Table  4.2. Configuration of each setup (p16 is measured in all setups). 

Setup number 1 2 3 5 6 7 8 

Measured points P3 P6 P20 P1 P2, 

P4 

P5, 

P7 

P8, 

P10 

        

Setup number 9 10 11 12 13 14 15 

Measured points P11, 

P13 

P15, 

P17 

P19, 

P21 

P22, 

P23 

P24, 

P25 

P14, 

P18 

P23, 

P25 
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Figure  4.2. Measurement points depicted on the cathedral plan. 

Some of the selected points on the mid spans of central arches were previously 

measured in the tests conducted by Martínez (2007) and had been already shown as 

useful points in the identification of the natural frequencies. All tests were meant to be 

carried out using three sensors; however, one sensor stopped working and therefore some 

tests were performed using only two sensors. The chosen points for the acceleration 

measurement are shown in Figure  4.2, and the different setups configuration is 

summarized in Table  4.2.  

In all setups, one sensor was kept as a reference at point 16. In setups from number 1 

to number 5 and the last two setups, the roving sensors were arranged longitudinally, 

whereas from setup 6 to setup 13, the roving sensors were arranged transversally. Setup 5 

was planned to assess the cracked connection between the west façade and the central 

nave.   

The measurement time for each setup was chosen to be not less than 1000 times the 

fundamental period of the cathedral. The fundamental period is 0,83 s as found by 

Martínez (2007), and therefore the recording time for each setup was around 15 minutes 

with sampling frequency of 100 Hz.  

4.3 Execution of tests and preliminary post processing  

The dynamic identification tests were carried on 15th and 16th of December 2010. In 

the first day, setups from 6 to 15 were implemented using three sensors (9 channels). In 
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the second day, setups 1, 2, 3 and 5 were executed with two sensors (6 channels). Figure 

 4.3 shows some photos taken during the execution of the measurements.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure  4.3. Photos during measurements of some points: (a) P6; (b) P14; (c) P16; and (d) P24. 

 

 

Figure  4.4. The relative location between the cathedral and the station (adapted from Google Maps). 
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Table  4.3. Circumstances of each setup. 

Day of 

execution 

(number 

of 

channels) 

Setup 

no. 

Time  Temper-

ature 

(°c) 

Hum-

idity 

(%) 

Wind 

Start End  Direction* Speed 

(Km/h) 

Average 

/Gust 

 

 

15 12:34 12:49  8,1 50 ENE 22/40 

14 12:58 13:13  8,1 53 NNE 20/27 

13 13:19 13:34  7,9 55 NNE 15/20 

12 13:39 13:54  8,3 57 NNE 16/25 

11 13:59 14:13  8,2 54 NNE 14/22 

10 14:17 14:32  8,2 54 NNE 13/18 

9 14:36 14:49  7,9 52 NNE 19/26 

8 14:59 15:14  8,1 53 NNE 10/14 

7 15:20 15:40  8,2 51 NNE 13/21 

6 15:40 15:55  8,0 49 ENE 15/17 

 5 8:37 9:12  6,4 58 NE 3/7 

1 9:15 9:36  6,1 68 ENE 11/14 

2 9:39 10:05  5,7 72 North 9/12 

3 10:06 10:23  5,4 77 NE 12/18 

*ENE=midway between northeast and east, NNE=midway between north and northeast, 

NE=northeast 

 

The actual time of execution, and the measured parameters of surrounding 

environmental actions (temperature, humidity and wind) are summarized in Table  4.3. 

The environmental data was obtained from a near meteorological station (IILLESBA9), 

Figure  4.4.   

In the first day, the temperature and the humidity were around 8° C and 53%, 

respectively. In the second day, the temperature decreased to around 6° and the humidity 

increased to about 68%.  

From Table  4.3, it can be noticed that the wind was blowing near to the north 

direction, i.e. the predominant wind was acting in the transversal direction of the 

cathedral. This was effective in exciting clearly the second mode of vibration which is 

characterized by clear transversal movement as will be discussed later on.  
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During the first day, the wind speed in average was around 16 Km/h. In the second 

day, the wind speed was around 10,6 Km/h except for setup 5 in which it was 3 Km/h. The 

highest wind gust in the first day was 40 Km/h and in the second was 18 Km/h. According 

to Beaufort scale, the recorded wind speeds are qualitatively describing the observed 

surrounding to be from gentle to moderate breeze. 

Table  4.4. Values of the RMS of the measured accelerations (mg*) in each setup. 

Setup 

no.  

Direction 

Y X Z  Y X Z  Y X Z 

1 
Point P3  P16  

 
RMS 13 32 45  38 45 11  

   

2 
Point P6  P16  

 
RMS 34 114 40  51 59 17  

   

3 
Point P20  P16  

 
RMS 21 33 50  55 61 17  

   

5 
Point P1  P16  

 
RMS 50 49 133  49 53 16  

   

6 
Point P2  P16  P4 

RMS 58 69 12  35 38 9  31 28 36 

7 
Point P5  P16  P7 

RMS 85 100 14  44 37 10  18 24 28 

8 
Point P8  P16  P10 

RMS 139 62 17  39 48 10  10 10 48 

9 
Point P11  P16  P13 

RMS 68 99 9  28 32 10  32 20 56 

10 
Point P15  P16  P17 

RMS 73 109 12  28 30 8  16 38 17 

11 
Point P19  P16  P21 

RMS 102 212 26  30 32 10  9 12 17 

12 
Point P22  P16  P23 

RMS 143 57 42  29 35 14  12 15 43 

13 
Point P24  P16  P25 

RMS 142 19 52  28 31 8  24 23 41 

14 
Point P18  P16  P14 

RMS 167 43 26  31 32 9  45 49 83 

15 
Point P25  P16  P23 

RMS 56 16 13  39 41 19  36 43 131 

* mg = milligal  

After the qualitative inspection of the environmental actions during the tests, a 

quantitative check on the registered accelerations was carried out. To have an impression 
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about the level of excitation during the tests, the Root Mean Square (RMS) of each channel 

in each setup was calculated and then the RMS’s of all the channels were compared. RMS 

was calculated from the following equation 

��� = �1

n
	� ai

2

n

i�1

 

                                                                                      

Equation  4-1 

 

where: a is the measured acceleration and n is the total number of acceleration samples. 

The comparison between all channels is shown in Table  4.4. The Y-axis is in the 

transversal direction of the cathedral, the X-axis is in the longitudinal direction and the Z-

axis is the vertical direction. As expected from ambient vibration testing, the level of 

excitation was very low and the highest RMS was only 212 mg (about 2E-5 m/s2). When 

averaging all the RMS values for the first day and the second day, the values are clearly 

comparable as indicated in Table  4.5. 

Table  4.5. Average of RMS (mg) of all channels in each day. 

 Y X Z 

First day (setups from 6 to 15) 54 46 30 

Second day (setups from 1 to 3 and setup  5 ) 38 56 41 

4.4 Dynamic identification using different methods   

For ambient vibration testing, the complex non-stationary nature of the unmeasured 

excitation requires not only the use of robust output-only modal identification techniques, 

but also the validation of results through using different methods of different complexity. 

Therefore, the dynamic identification was carried out using multiple methods 

implemented in the software MACEC 3.2 (MACEC 3.2, 2011). First, a rough estimation was 

performed using the frequency domain decomposition (FDD). Afterwards, three more 

sophisticated methods were used, namely: Reference-based covariance-driven stochastic 

subspace identification (SSI-cov/ref), Reference-based data-driven stochastic subspace 

identification (SSI-data/ref) and poly-reference least squares complex frequency domain 

identification (pLSCF). All these techniques have been discussed in the state-of-the-art 

review on the dynamic identification methods in chapter 2.  

Using each of the aforementioned methods, each setup was processed individually, 

and the modes that appeared within each setup were selected. When executing this step, it 
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was found that in each setup some modes appeared clearly while others were difficult to 

recognize. Accordingly, this post processing step helped in selecting the accurate 

combination of setups that would give the best estimation of the modal parameters for any 

mode. Another objective of studying each setup individually was to judge the capability of 

the proposed sensors configuration in identifying the dynamic behavior of the cathedral 

with possible generalization to similar large historical construction.  

In the presentation of the results of each method, the used parameters in processing 

the measured signals are first addressed. As an example of the identification process, one 

figure from each method is presented and the natural frequencies and damping ratios of 

the possibly identified modes are reported. Information about and recommended values 

for the used parameters for the post processing of the measured signals in each method 

can be checked at the software manual (MACEC 3.2, 2011). 

4.4.1 Frequency domain decomposition (FDD) 

To use this technique, the signals were first subjected to the following preprocessing: 

removing offset, high pass filter with a frequency value of 0,1 Hz, and decimation with a 

factor of 10. The periodogram approach was used with a number of data blocks (Nb) = 16, 

so that, in average for all setups each block contained 562 samples, and the time window 

parameter (m) was 2.  

 

Figure  4.5. FDD method, identified modes from setup 10. 
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Figure  4.5 shows the selected modes in setup 10, and Table  4.6 summarizes the 

detected the natural frequencies of the identified modes in each setup. In the table, in case 

that the mode was not identified its corresponding cell was left empty. As can be noticed 

from this first fast estimation, the modes seem to be well separated. Modes 4, 5 and 8 were 

identified in all setups. On the contrary, modes 1, 6 and 7 were identified in few setups and 

were absent in most of them. Modes 2 and 3 were identified in many setups.  

Table  4.6. Detected natural frequencies (Hz) with the FDD. 

Setup  

ID. 

Mode ID. 

1 2 3 4 5 6 7 8 

1 --- 1,439 1,506 1,573 1,941 --- 2,410 2,678 

2 --- 1,439 --- 1,564 1,940 --- --- 2,659 

3 --- 1,445 --- 1,571 1,948 --- --- 2,670 

5 --- 1,415 --- 1,568 1,937 --- --- 2,676 

6 --- 1,423 1,512 1,571 1,956 --- --- 2,668 

7 --- --- 1,518 1,584 1,947 2,244 2,442 2,640 

8 --- --- 1,505 1,569 1,954 --- 2,402 2,626 

9 --- 1,430 --- 1,554 1,927 --- --- 2,642 

10 1,166 1,429 1,504 1,580 1,956 --- 2,369 2,670 

11 --- 1,475 --- 1,576 1,911 --- --- 2,615 

12 --- --- 1,490 1,558 1,964 2,235 --- 2,607 

13 --- 1,425 --- 1,571 1,900 --- --- 2,631 

14 1,128 1,419 --- 1,564 1,928 --- --- 2,655 

15 1,135 1,406 1,487 1,568 1,973 2,216 --- 2,649 

4.4.2 Reference-based covariance-driven stochastic subspace identification (SSI-

cov/ref) 

For this method, in addition to the preprocessing mentioned in the FDD method, the 

following parameters were selected: half the number of block rows: i= 214, and model 

order range: n=2, 4, 6,….., 640. From the first estimation using the FDD, it was noticed that 

eight modes could be possibly estimated. This fact was considered to set the expected 

system order to 16 (two times the number of modes contained in the signals) which 

resulted in a system order of 128 (8 times the expected system order). However, the 

expected system order was increased to 80 and consequently the system order increased 

to 640. Increasing the system order reduces the effect of noise usually found in data and 
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yields more accurate system estimates. To explain this, Figure  4.6 compares between the 

stabilization diagram of the setup 6 when using two system orders of 128 and 640. In the 

case of low maximum system order, it can be observed that the stability of the modes with 

the frequencies 1,423 Hz and 1,512 Hz is not clear and doubtful. When using a higher 

value for the maximum system order the stability of those two modes was insured hence 

they can be confidentially selected.  

 

 

Figure  4.6. Stabilization diagram of setup 6 using maximum system order of 128 (top); and 600 

(bottom). 
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In this technique, the estimation of any mode can be judged qualitatively from the 

continuity of the stabilization column (as previously explained) and more importantly 

quantitatively from the values of the modal phase collinearity (MPC), the modal phase 

(MP) and the modal phase difference (MPD). When the values of MPC, MP and MPD are 

near to 1, 0° and 0° respectively, this means a more accurate estimation of the selected 

modes is obtained.   

Table  4.7 presents the natural frequencies for the identified modes from each setup. In 

the table, only the modes that showed a clear continuous stabilization column are 

highlighted. Other modes that were also identified but did not show the same clear 

stabilization column are not highlighted. For instance, Figure  4.7 shows the stabilization 

diagram of setup 9. The diagram is presented such that on the x-axis the natural 

frequencies of interest are shown. These frequencies fall in the range from 1 to 3 Hz as 

discussed in the design of tests phase. On the y-axis, the order of the state-space model is 

shown and chosen as 640 as previously discussed. As can be noticed the only mode that is 

showing a clear continuous stabilization diagram is mode 4 and therefore it is the only 

highlighted mode in Table  4.7.  

Comparing the results of this method with FDD results, the second and fourth modes 

were identified in many setups in a reliable way, as previously noticed in the FDD. Also in 

line with FDD, the first, the sixth and the seventh modes could not be estimated in a clear 

way. However, and contrary to the FDD, the third, the fifth and the eighth modes were not 

well estimated.  

Regarding damping, Figure  4.8 shows the estimated damping ratios from each setup 

for each mode. The highest found damping ratio is around 5% for the first, the sixth and 

the seventh modes. As can be observed, the highest variability in values can be noticed for 

modes 1, 6 and 7.  In general, the figure shows that damping ratios present significant 

scatter which probably stems from the variation of the level of excitation from ambient 

vibration sources during different setups.  

Regarding sensors configuration, setups number 1, 2, 5 and 15 did not help in 

identifying any mode with enough quality of estimation. In those setups roving sensors 

were organized longitudinally. On the contrary setups from 6 to 13 in which roving 

sensors were organized transversally were useful in identifying some modes with good 

quality of estimation.  
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Table  4.7. Estimated natural frequencies (Hz) of modes using the SSI-cov/ref method. 

Setup  

ID.  

Mode ID 

1 2 3 4 5 6 7 8 

1 1,164 1,442 1,511 1,556 1,912 2,242 2,432 2,697 

2 1,158 1,444 1,519 1,589 1,933 2,213 2,420 2,670 

3 1,151 1,459 1,517 1,584 1,956 2,226 2,436 2,656 

5 1,155 1,450 1,511 1,571 1,935 2,215 2,431 2,640 

6 1,161 1,430 1,518 1,579 1,950 2,174 2,406 2,620 

7 1,166 1,414 1,515 1,583 1,951 2,181 2,438 2,620 

8 1,173 1,432 1,511 1,597 1,942 2,201 2,395 2,631 

9 1,170 1,445 1,506 1,572 1,942 2,237 2,457 2,649 

10 1,164 1,433 1,512 1,584 1,929 2,148 2,381 2,678 

11 1,158 1,413 1,503 1,573 1,926 2,276 2,406 2,684 

12 1,177 1,416 1,519 1,557 1,959 2,211 2,431 2,634 

13 1,174 1,412 1,510 1,571 1,910 2,216 2,424 2,641 

14 1,129 1,424 1,502 1,573 1,958 2,240 2,437 2,681 

15 1,167 1,442 1,504 1,572 1,939 2,220 2,401 2,679 

 

 

Figure  4.7. One satisfactory identified mode from setup 9 using SSI-cov/ref method. 
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Figure  4.8. Estimated damping ratios for each mode in each setup using SSI-cov/ref method. 

4.4.3 Reference-based data-driven stochastic subspace identification (SSI-

data/ref) 

From the experience gained in the SSI-cov/ref the following values were selected in 

the processing of signals: half the number of block rows: i= 75; model order range: 

n=2,4,6,…..,224. As can be observed, both values of i and n were reduced which in turn 

reduced the calculation time.  

Figure  4.9  shows the selected modes in setup 6 and Table  4.8 resumes the selected 

modes and the well estimated modes within each setup are highlighted. In this technique 

the two modes number 2 and 4 were well estimated in several setups. Modes number 3, 5 

and 7 were only estimated in a clear way in a few number of setups. The first, the sixth and 

the eighth modes did not show good quality of estimation in any setup. These results 

coincide well with SSI-cov/ref method.   

Figure  4.10 shows the estimated damping ratios from all setups for each mode. Again, 

and as noticed in the previous technique, the values represent clear scatter. All damping 

ratios are not more than 5% except two values that were found for first and eighth modes.  
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Figure  4.9. The well estimated modes from setup 12 using SSI-data/ref method. 

 

 

Figure  4.10. Estimated damping ratios using SSI-data/ref for each mode in each setup.  
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Table  4.8. Estimated natural frequencies (Hz) of modes with the method of SSI-data/ref. 

Setup  

ID. 

Mode ID. 

1 2 3 4 5 6 7 8 

1 1,167 1,440 1,511 1,580 1,956 2,249 2,416 2,673 

2 1,197 1,441 1,506 1,555 1,948 2,256 2,417 2,622 

3 1,149 1,459 1,540 1,585 1,955 2,222 2,427 2,684 

5 1,158 1,455 1,519 1,584 1,928 2,240 2,413 2,690 

6 1,182 1,434 1,516 1,588 1,951 2,203 2,438 2,687 

7 1,166 1,439 1,510 1,581 1,957 2,289 2,442 2,688 

8 1,176 1,440 1,514 1,581 1,947 2,228 2,495 2,652 

9 1,177 1,429 1,505 1,576 1,930 2,266 2,403 2,640 

10 1,149 1,439 1,510 1,581 1,940 2,289 2,457 2,669 

11 1,151 1,449 1,505 1,574 1,927 2,223 2,419 2,661 

12 1,151 1,488 1,507 1,564 1,954 2,239 2,449 2,617 

13 1,165 1,421 1,517 1,577 1,913 2,228 2,429 2,673 

14 1,173 1,452 1,509 1,575 1,964 2,220 2,428 2,671 

15 1,170 1,436 1,533 1,565 1,921 2,222 2,443 2,647 

4.4.4 Poly-reference least squares complex frequency domain identification 

(pLSCF). 

In this identification algorithm, the periodogram approach was used with the time 

window parameter (m) = 2, and a number of data blocks (Nb) = 16, which in turns means 

that in average for all setups each block contained 562 samples. The polynomial order of 

the global PSD+ matrix was taken equal to 1, 2..., 200. Since there were three reference 

channels, this corresponds to system order of 3, 6…600 which is near to the used value in 

the SSI-cov/ref method. The modes that were estimated with enough accuracy are 

highlighted in Table  4.9 and Figure  4.11 shows the identified modes from setup 14. 

Confirming the results of the previous three methods, the second and the fourth 

modes were detected with good quality in many setups. Also, the first, the fifth, the sixth 

and the seventh modes were not estimated in a reliable way in most of the setups. 

Different to SSI-cov/ref and SSI-data/ref, the third and eighth modes appeared in almost 

half of the setups with good estimation quality.  
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  Table  4.9. The identified modes with the application of pLSCF technique. 

Setup 

ID. 

Mode ID.  

1 2 3 4 5 6 7 8 

1 1,175 1,427 1,512 1,581 1,936 2,242 2,418 2,668 

2 1,137 1,447 1,503 1,581 1,946 2,257 2,438 2,640 

3 1,191 1,460 1,535 1,585 1,953 2,224 2,420 2,684 

5 0,951 1,442 1,507 1,586 1,929 2,209 2,413 2,664 

6 1,168 1,434 1,516 1,581 1,953 2,258 2,445 2,689 

7 1,162 1,414 1,504 1,581 1,950 2,183 2,450 2,638 

8 1,130 1,428 1,518 1,571 1,945 2,247 2,408 2,695 

9 1,166 1,420 1,512 1,583 1,935 2,264 2,458 2,653 

10 1,159 1,430 1,521 1,579 1,935 2,272 2,408 2,687 

11 1,173 1,408 1,499 1,575 1,926 2,235 2,461 2,673 

12 1,134 1,401 1,502 1,563 1,910 2,234 2,431 2,645 

13 1,164 1,429 1,518 1,572 1,950 2,224 2,426 2,680 

14 1,175 1,434 1,504 1,557 1,985 2,210 2,428 2,643 

15 1,147 1,451 1,483 1,565 1,951 2,221 2,447 2,669 

 

 

Figure  4.11. One mode satisfactory estimated from setup 14 using pLSCF method. 



Chapter 4  

 

 

Integrated monitoring and structural analysis strategies for the study of large historical construction. Application 

to Mallorca cathedral 

150 

 

 

Figure  4.12. Damping ratios for each mode in each setup using pLSCF method. 
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i.e. selected setups only. As can be noticed, the identified modes are well separated. 

Comparing all methods and considering all setups, the fourth mode was estimated with 

the same value by almost all the methods which confirmed the accurate estimation of this 

mode as previously stressed when considering each setup alone. For the other modes, it 

can be observed that in all cases two methods showed near results whereas the third one 

provided slightly different values. The highest differences in the identified frequencies can 

be found for the first mode (1,145 and 1,166 Hz) and the sixth mode (2,214 and 2,241 Hz). 

On the other hand, the lowest difference can be found for the third mode (1,503 and 1,516 

Hz) and the fifth mode (1.951 and 1.939 Hz).  The differences for the rest of the modes 

were between the two previously mentioned extremes.  

Table  4.10. Set of “selected  setups” for each mode in each identification method. 

Method 

 Mode ID. 

 
1 2 3 4 5 6 7 8 

FDD  10,14, 

15 

1-3,5-6, 

9-11, 

13-15 

1,6-8, 

10-12, 

15 

1-3, 

5-15 

1-3, 

5-15 

7,12,15 1,7-8, 

10 

1-3, 

5-15 

SSI-cov/ref  --- 3,6-7, 

10-12 

6,8,12 3,6-14 7 --- --- --- 

SSI-data/ref  --- 3,6, 

12-13, 

15 

6,8,12, 

14 

3,6-7, 

9-14 

6 --- 1,5 --- 

pLSCF  --- 3,6-9, 

11-13 

6-9,11,12 3,6-14 6,9 12 1,10 6-9,11 

Table  4.11. Identified natural frequencies (Hz) using all setups and selected setups sets.  

Method Setups 

Mode ID. 

1 2 3 4 5 6 7 8 

FDD selected 1,143 1,431 1,503 1,569 1,942 2,232 2,406 2,649 

SSI-cov/ref all 1,162 1,433 1,511 1,576 1,939 2,214 2,421 2,656 

 selected - 1,427 1,516 1,577 1,951 - - - 

SSI-data/ref all 1,166 1,445 1,514 1,576 1,942 2,241 2,434 2,662 

 selected - 1.448 1,512 1,578 1,951 - 2,414 - 

pLSCF all 1,145 1,430 1,509 1,576 1,943 2,234 2,432 2,666 

 selected - 1,424 1,511 1,575 1,944 2,234 2,413 2,665 

When comparing the selected setups set with the all setups one, a slight change in the 

frequency values can be observed. The most remarkable change appeared for the modes 

numbers 5 and 7. The mode number 4 had negligible change which stressed again its 
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accurate identification.  Briefly, the different used identification methods gave near values 

for the natural frequencies of the identified modes whether considering all setups set or 

selected setups set. Thus, the estimation of the natural frequencies for all modes can be 

considered as reliable.  

4.5.2 Damping ratios 

The comparison between the identified damping ratios is shown in Figure  4.13. As for 

the case of natural frequencies, both of all/ selected sets of setups were considered. For all 

modes, the lowest damping ratio was 0,44% (mode 7) and the highest was 2,60% (mode 

1). When comparing between the three methods considering all setups set, it can be 

noticed that the only two modes that had near damping ratios from all methods were the 

third and the fourth modes. The other first, seventh and eighth modes showed scattered 

values. The modes number 2 and 5 had two near values from two methods and a different 

third value from the remaining method.  

Comparing the case of selected setups set with the previous set of all setups, almost no 

changes were found in the damping values for the fourth mode. Slight changes were found 

for the second mode. The remaining modes showed clear changes.  

 

Figure  4.13. Comparison among identified damping ratios from different methods. 
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4.5.3 Mode shapes 

In order to represent the identified mode shapes, the structure was schematically 

described by groups of lines showing (in plan view) the west façade and the eight typical 

frames (numbered from 1 to 8 in the figure) that constitute the cathedral, Figure  4.14. The 

points of measurements can be also seen in the figure. Other bodies of the cathedral (the 

apse and the tower) are not shown for clarity, since no measurements were taken there.  

 

Figure  4.14. Schematic representation of the cathedral for mode shapes presentation. 

 

Figures 4.15 to 4.22 show the identified mode shapes with a brief description using 

the method of SSI-cov/ref. In any of these figures, the approximate cathedral dimensions 

in the longitudinal and the transversal directions are shown in the x and the y axes, 

respectively. The main façade is at X=10 m, the first frame at X=0 and the last frame at X=-

70. On the Y-axis, the cathedral center line is at Y=0. The main nave span is approximated 

to 20 m and the lateral nave to 10 m. For each mode, two captured views are shown to 

illustrate the extreme movements of the cathedral in this mode. Also, the undeformed 

shape is plotted in red at the background for more clarity.  

It can be noticed that the first three mode shapes are longitudinal modes, among 

which, the second and the third ones are very similar. The fourth mode is a pure 
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8 7 6 5 3 4 2 1 

W
e

st
  f

a
ca

d
e

 

A
p

se
 



Chapter 4  

 

 

Integrated monitoring and structural analysis strategies for the study of large historical construction. Application 

to Mallorca cathedral 

154 

 

combination of longitudinal and transversal movements. At last, the eighth mode is a 

torsional mode.  

It can be seen in all identified modes that the façade is moving in phase with the 

adjacent bay which shows that there is no apparent effect caused by the existing crack 

between the façade and the first bay of the nave. As mentioned before, setup 5 was 

planned to help in checking this cracked connection.  

 

 

Figure  4.15. First identified mode shape. Longitudinal movement for the three naves with clear 

bending movement for the south nave and slight bending of the north nave.  
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Figure  4.16. Second identified mode shape. Longitudinal movement for the three naves. 
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Figure  4.17. Third identified mode shape. Longitudinal movement for the three naves. This mode is 

very near to the previous one. 
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Figure  4.18. Fourth identified mode shape. Transversal movement for the three naves with clear 

bending of the south nave. 
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Figure  4.19. Fifth identified mode shape. Transversal movement for the main nave in the form of 

contraction and expansion. 
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Figure  4.20. Sixth identified mode shape. Contraction and expansion of the first west four bays and 

slight transversal movement for the remaining bays.  
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Figure  4.21. Seventh identified mode shape. Negligible movement for the north nave and bending 

movement for the south nave, the façade and the first two bays are moving longitudinally. 
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Figure  4.22. Eighth identified mode shape. Torsional mode. 
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their mode shape vectors with the vectors of SSI-cov/ref, SSI-data/ref and pLSCF 

techniques. On the other hand, in case of the modes number 1, 2, 3, 6 and 7, the FDD 

identified them in some setups and therefore it was not possible to compare their vectors 

with the vectors of other techniques.  

The mode shapes of the second and the fourth modes can be trusted because different 

methods identified almost the same mode shape vector. In case of mode 2, the two MAC 

values of cov-data and cov-pLSCF were found to be near 1. For mode 4, the case was even 

better, as all methods gave the same mode shape vectors with all MAC’s are near 1. The 

remaining modes showed scattered low values. Among them, the third mode showed 

acceptable MAC values between 0,80 and 0,90 from two comparisons. The remaining 

modes did not yield any MAC values larger than 0,80 which showed the difficulty in 

identifying accurately their corresponding modal shapes.  

Another trial for obtaining the identified mode shape vectors was carried out using 

only the selected setups set for each mode. Clear improvements in the MAC values were 

found, Figure  4.24. The figure compares the MPC, MP and MPD values of for each of the 

identified mode shapes when considering all setups set or only selected setups one.  

 

 

Figure  4.23. Comparison of MAC values among the identified mode shapes from the different methods 

using all setups. cov =SSI-cov/ref, data= SSI-data/ref.  
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Figure  4.24. From (a) to (c) comparison of MPC, MP and MPD values respectively considering all 

setups set and selected setups set for each mode. cov =SSI-cov/ref, data= SSI-data/ref.  
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The first mode was not identified with accepted quality by any of SSI-cov/ref, SSI-

data/ref or pLSCF, and therefore in the figure, only the values for all setups are shown. For 

the second and third modes, considering only selected setups set improved significantly 

the low MPC values (less than 0,60) to high values (more 0,90), the MP from more than 

10° to less than 1°, and the MPD from more than 14° to less than 3°.  It can be noticed that, 

the fourth mode showed again its clear accurate identification, whether considering all or 

only selected setups, with MPC and MP values near 1° and 0° respectively.  The MPD 

values improved from about 5° (all setups set) to about 1.5° (selected setups set). An 

improvement is also noticed for the fifth mode; however, the improvement gained for the 

SSI-data/ref and pLSCF methods was better than that of the SSI-cov/ref. Similarly, the 

seventh mode showed a better improvement for SSI-data/ref than for SSI-cov/ref. The two 

modes number 6 and 8 were identified by selected setups set in the pLSCF technique only, 

and both showed near improvement of the values of MPC, MP and MPD.    

For each mode, the MAC index was calculated again using selected setups set and 

compared with the case of all setups one, Figure  4.25. From the figure, one can notice that 

another time here, the fourth mode was clearly identified. The MAC index was near 1 for 

all comparisons between all methods for the sets of both selected setups or all setups. The 

modes number 5, 6, 7 and 8 showed improvements in the MAC index when considering 

selected setups only. For instance, for mode 5, the MAC index using cov-data pair 

increased from 0,57 in case of all setups to 0,80 in case of selected setups set. For modes 

number 2 and 3, almost no changes in the MAC index when considering the set of selected 

setups. Figure  4.26 compares for each mode the maximum MAC of all setups with selected 

setups. The first and last modes showed low MAC index. This showed the difficulty of 

identifying those two modes. The first mode is a rather local mode of predominant local 

bending of the south façade. This may explain the difficulty of estimating it. Another 

reason was found in the direct effect of the wind direction and speed on this mode. This 

was revealed with the help of the dynamic monitoring campaign installed directly after the 

dynamic tests. More comments on this mode are made in the next chapter on the dynamic 

monitoring of the cathedral. For the eighth mode which is a torsion mode, one reason may 

be that torsion modes need considerable excitation to be identified accurately. Although 

modes 5,6 and 7 showed clear improvement in their MAC values, they still can be judged 

to be poorly estimated, since only one or two setups are considered good for their 

estimation (see again Table  4.10).  
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Figure  4.25. From (a) to (h) comparison between the MAC index considering all setups and selected 

setups. cov =SSI-cov/ref, data= SSI-data/ref. 

  

 

Figure  4.26. Comparison between the max MAC index considering all setups and selected setups. 
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Comment on the two modes number 2 and 3 

It was noticed that the two modes 2 and 3 had some similarities (see again Figures 

4.16 and 4.17), in principle both modes were longitudinal ones. Therefore, their mode 

shapes were compared to reveal whether they represented a single mode using the MAC 

index. When the all setups set was used, the MAC values were 0,39; 0,83; 0,80 and 0,67 for 

the FDD, SSI-cov/ref, SSI-data/ref and pLSCF, respectively. In Table  4.12, the comparison 

using the selected setups set is shown. The MAC values were in average 0,79. These 

quantitative comparisons showed that those two modes were, to certain extend, near to 

each other but they were not the same. From the dynamic monitoring system results (see 

next chapter) this finding was confirmed by always detecting the two modes. Possibly, the 

crack between the third and the fourth central nave bays (refer to chapter 3, section 3.6.1) 

resulted in that the cathedral had two, near to each other, longitudinal modes. The 

interruption in the construction process of the cathedral was the reason behind that crack, 

i.e. it was like an unintended construction joint.  

Table  4.12. Comparison using selected setups set between the mode shapes of the modes 2 and 3. 

Method Master mode Follower mode MAC 

SSI-cov/ref 2 3 0,71 

3 2 0,74 

SSI-data/ref 2 3 0,77 

3 2 0,95 

pLSCF 2 3 0,76 

3 2 0,80 

4.6 Conclusions  

In this chapter, the ambient vibration dynamic identification tests of Mallorca 

cathedral, followed by the system identification using four different techniques have been 

presented. In the following paragraphs the driven conclusions are presented.  

In the design of the dynamic tests, the previous dynamic tests and monitoring 

campaign helped in obtaining the experimental fundamental period and the range of 

frequencies of the cathedral. The measurement time for any test was chosen as 1000 times 

the fundamental period. In the configuration of setups, the initial numerical modal analysis 

was of good help. It was observed that out of the first ten numerical modes, only three 

were global modes. The first two modes had the highest mass participation factor among 

all modes, and were characterized by the clear movement of the main and the lateral naves 
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of the cathedral. Therefore, the mid span points of the central and the lateral arches were 

chosen as the strategic points to accommodate the sensors. This choice tacitly focused on 

capturing the global mode shapes rather than local ones like the ones of the tower and 

some of the buttresses.  

The tests were executed in two days that had slightly different environmental 

conditions. Regarding the surrounding environmental actions, the important noticed 

parameter was the wind that during all tests was acting in a direction near to the 

transversal one of the cathedral. This in turn had an influence on the excitation of the 

second mode in specific. The signals check showed that the level of excitation was similar 

to the ones expected from ambient vibration tests, i.e., very few orders of magnitude of the 

gravity acceleration. Afterwards, a fast rough identification was carried out using the FDD 

technique. Each setup was processed alone. This fast analysis revealed that the signals 

contained eight modes. The modes number 2, 3, 4, 5 and 8 were identified in many or all 

setups; instead, the modes number 1, 6 and 7 were absent in many setups. Afterwards, 

three advanced system identification methods (SSI-cov/ref; SSI-data/ref and pLSCF) were 

used. They allowed the estimation with enough accuracy of the fourth mode in many 

setups. Both of the second and third modes were also identified in many setups. The 

eighth mode was satisfactorily estimated in few setups by the pLSCF technique. All other 

modes were absent in most of the setups. Regarding the identified damping ratios, In 

general, all methods showed that damping present significant scatter.  

Regarding the efficiency of the used setups configuration in detecting the cathedral 

modes, it was observed that arranging the roving sensors transversally was more efficient 

than the longitudinal arrangement. This observation could be due to that many of the 

identified modes were found to have more movement in the transversal direction than 

that in the longitudinal one. In addition and as previously mentioned, the wind was 

blowing during the tests in the transversal direction. This finding is schematically 

represented in Figure  4.27 that compares between the two arrangements. As can be 

noticed, when using an identification method, if a setup could detect a mode the 

corresponding cell was highlighted. Each identification method was given a different color 

of highlighting. The number of the used identification methods was 4 and the number of 

the total modes that could be identified was 8, therefore each setup was a given a mark out 

of 32. This mark was called setup percent and is shown as a percent in the last row. For 

instance, the setup number 1 detected six modes using FDD, one mode using SSI-data/ref 

and one mode using pLSCF, this gave in total eight which was divided by 32 to give 25%.   
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Figure  4.27. The setups that satisfactory estimate each mode using different identification methods. 

The setups ID’s of transversally arranged roving sensors are highlighted in gray.  

In the first set of setups (1, 2, 3, 5, 14, and 15) the roving sensors were arranged 

longitudinally and the highest found percent was 31%. In the second set of setups (from 6 

to 13), the roving sensors were arranged transversally and higher percents were found. 

This proposed that for Mallorca cathedral, the transversal arrangement was better than 

the longitudinal one as a way to identify its global dynamic behavior.  

Also from this figure, the set of selected setups (refer to the introduction of section 4.5) 

for a mode (using a specific identification method) can be observed. For instance, for the 

mode 4 and SSI-cov/ref method, the selected setups set consisted of nines setups, those 

are setup number 3 and setups from 6 to 14.  
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Regarding the identified modal parameters, in case of considering all setups set, near 

values were found for the natural frequencies from all methods. No significant changes 

were observed when considering the set of selected setups instead of all setups one. For 

the damping ratios, different values were found for most of the modes from the different 

used identification methods. In case of selected setups set, clear changes were also found 

in damping ratios compared to all setups case.  

There was a clear difficulty in identifying similar mode shapes from all methods. Low 

MAC values were observed when comparing all methods for most of the identified modes. 

When considering only selected setups set, MAC values improved significantly as well as 

the values of MPC, MP and MPD for most of the modes.  

Table  4.13 reports the judgment of the identified modal parameters of the cathedral. 

The global modes number 2,3 and 4 were the best estimated ones because from all 

methods whether considering all setups or selected setups it had very near modal 

parameters. For the remaining modes, only their natural frequencies were satisfactory 

identified and the remaining modal parameters were poorly identified. 

Table  4.13. Judgment of the quality of identification process of Mallorca cathedral. P=poor, G= good. 

Modal parameter 

 Mode ID. 

 1 2 3 4 5 6 7 8 

Natural frequency  G G G G G G G G 

Damping ratio  P G G G P P P P 

Mode shape  P G G G P P P P 
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5.1 Introduction  

Within the context of knowledge based assessment of historical structures, the 

different types of monitoring play an important role. Monitoring gives better 

understanding of the evolution of the structural behavior with time and under different 

normal and exceptional actions. This understanding is crucial in both following phases of 

structural assessment and strengthening design. For this reason, two types of monitoring, 

namely dynamic and thermography were applied to Mallorca cathedral.  

The results obtained from a continuous dynamic monitoring campaign installed for 

a period of more than 15 months are shown and discussed. These results allowed for a 

detailed observation of the dynamic properties with time under environmental and 

seismic actions. Additionally, the integration of these results with the results of the 

dynamic identification tests confirmed the conclusions emerged from the dynamic 

identification process and provided a more reliable evidence for the following step of 

model updating.  

In this chapter also, the investigation carried out using a seasonal thermography 

monitoring as a complementary study for the dynamic monitoring is discussed. An 

Infrared (IR) camera was installed in the winter and the summer of 2011 to monitor the 

stone surface temperature of a large portion of the cathedral. The correlation between the 

cathedral natural frequencies and the stone surface temperature of some selected 

structural elements was investigated and compared with the correlation with the external 

and the internal temperatures. The study aimed at earning better knowledge about the 

temperature effects on the structure dynamic behavior.  

5.2 Dynamic monitoring of Mallorca cathedral  

5.2.1 Description of the dynamic monitoring system 

A dynamic monitoring system was set up to continuously measure, record, and 

wirelessly transfer the records of the accelerations without having to set up an activating 

threshold. It was decided to implement this type of monitoring because the amplitude of 

the seismic motion expected in the island of Mallorca is low to moderate and may be 

similar in magnitude to frequent wind effects. The system was composed of a digitizer, a 

Data Acquisition system (DAQ), a Global Positioning System (GPS) antenna, an internet 

router and the three tri-axial accelerometers previously used in the dynamic identification 

tests. The sampling frequency was 100 samples per second.  
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It was decided to install two of the accelerometers on the arches of the central nave. 

These strategic points above arches proved its adequacy and efficiency in the dynamic 

identification phase, as discussed in the previous chapter, thus were chosen also for 

accommodating two of the three accelerometers of the monitoring system.  In addition, 

those points are under a steel roof that covers the central nave. Therefore, the place is 

safeguarded from anthropogenic actions, direct sunlight in summer and rains in winter.  

In order to choose the appropriate locations, a numerical modal analysis was 

performed using the Finite Element (FE) model of the cathedral. The normalized modal 

displacements for the first ten mode shapes of the points A1-1 to A7-2 (Figure  5.1) were 

compared and those showing the largest displacements were considered for the 

placement of the sensors, Table  5.1 summarizes the comparison. The idea behind this 

comparison, on one hand, was to avoid placing the sensors above the points that had very 

limited or null modal displacements (nodes), and on the other hand, to place the sensors 

above the points that had considerable measureable movement.  

Table  5.1. First two points of maximum normalized modal displacements in each direction. 

Direction East-West (longitudinal) North-South (transversal) Vertical 

Points A1-1 A2-1 A5-1 

A7-1 A3-2 A4-1 

 

Figure  5.1. Investigated points for accommodating sensors (in blue) and the final chosen locations (in 

red). 
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Figure  5.2. The dynamic system in operation: S1 (left); 145 Station (middle); and Soil station (right). 

Based on this comparison and as shown in Figure  5.1 , the point A2-1 was chosen to 

accommodate the first sensor (S1). The third arch was avoided because of the existing 

crack between the fourth vault (from the west façade) and that arch. Placing a sensor on 

the point A3-2 would result in identifying a local behavior affected by the crack rather 

than the targeted global behavior of the cathedral. Also the first arch was avoided due to 

the important influence that would result from the very near massive façade, thus again 

would result in a local behavior characterization. The point A5-1 was selected to 

accommodate the second sensor (145 Station) due to its high vertical modal displacement.  

Finally, a third sensor (Soil Station) was placed on the ground level of the cathedral close 

to the third buttress from the west façade. The precise location of that third sensor was 

decided based on practical considerations. Figure  5.2 shows the locations of sensors inside 

the cathedral.  

The system worked properly for two periods. The first period was from 17th 

December 2010 to 13th September 2011. The second period was from 18th May 2012 to 

29th December 2012. Within this second period, the system was interrupted from 30th July 

2012 to 4th of September 2012.  

5.2.2 Data processing methodology 

The recorded data by the DAQ system was downloaded from the website of the 

monitoring system in files of 6 hours length. These files had the format of (*.seed) which 

was then transformed into (*.asc) format using the software SeisGram2K (SeisGram2K, 

2009). The (*.asc) files did not directly contain the acceleration measurements but instead 

had the equivalent electrical counts.  

By applying the amplification factors provided by producers of the sensors, the 

electrical counts were transformed into accelerations. The obtained accelerations in the 

time domain (accelerograms) were transformed into Power Spectral Density (PSD) via 

Fast Fourier Transform (FFT).  The PSD was calculated for a signal length of half an hour 
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with 50 seconds Hanning windows overlapped 33%. The previous steps were performed 

in a program created by Dr. Oriol Caselles from Department of Geotechnical Engineering 

and Geo-Sciences of Technical University of Catalonia in MATLAB environment.  

In the last step, the natural frequencies were determined manually using the Peak 

Picking (PP) method, see Figure  5.3 and Figure  5.4 .  The PSD calculations followed by PP 

were carried out four times per day:  at 6 a.m. (06:00), 2 p.m. (14:00), 8 p.m. (20:00) and 

12 a.m. (24:00) during the entire monitored period. This means that the frequencies were 

calculated each 6 hours in average so as to have a detailed image of the daily change in 

natural frequencies under different environmental conditions. 

 

Figure  5.3. Followed methodology in processing monitoring data. 

 

Figure  5.4. Example of the spectrum of 145 station in NS direction for the day of 30-9-2012 at hour 

20:00 and the peak picking.  
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5.2.3 Evolution of natural frequencies over time 

To facilitate the presentation of results, the 6 channels of the two sensors were 

named as following: the channels 1, 2 and 3 were of the sensor 145 Station in the 

transversal, the longitudinal and the vertical directions, respectively; and the channels 4, 5 

and 6 were of the sensor S1 in the same order of directions previously mentioned. 

Following the previously illustrated methodology, the natural frequencies were obtained 

from each of the six channels and then averaged. Next, the results are presented for each 

of the six channels first, and then the average results are presented.  

5.2.3.1 Results obtained from each channel alone  

Figure  5.5 shows how frequently each of the natural frequencies of the first eight 

modes was detected by each of the six monitoring channels. The percentage of detection of 

any mode by any channel during the entire monitoring period was calculated from the 

following expression:   

Percentage of detection = 100	X	
��

��
 Equation  5.1 

where, N� is the total number of appearances of the mode in all identification charts of the 

channel and N� is the total number of all identification charts of the channel.  

From the figure, it can be clearly noticed that the first three modes were detected only by 

the two longitudinal channels (channels 2 and 5). This finding confirmed the results of the 

dynamic identification tests which showed that these modes were purely longitudinal 

ones. Also it can be noticed that the first mode was scarcely detected, being the maximum 

percentage of detection less than 20%. This was also evident in the dynamic tests as it was 

detected in very few setups and was absent in most of the setups, and even when detected, 

the quality of the estimation was very low. The second and the third modes were detected 

very frequently; the percentage was near 90% by channel 2 and in average about 80% for 

channel 5. The estimation of these modes by the dynamic tests was also satisfactory.  

The easy detection of the fourth mode was very obvious here. Five out of the six 

channels were always detecting this mode with lowest percentage of detection around 

80% for channel 5, 95% for channel 6 and about 100% for channels 1, 3 and 4. The 

longitudinal channels (2 and 5) were the lowest in detecting this mode because this mode 

was mainly a transversal mode. The fifth mode, as discussed in chapter 4, was a local mode 

and therefore it was not detected frequently. In average the percentage of detection was 
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65% for channels 3, 5 and 6, and even less detection percentage was found for channels 1, 

2 and 4.  

The modes number 6 and 7 were local modes. Their detection was poor in all 

identification techniques used in the dynamic identification phase (see chapter 4). Here, 

the difficulty of detecting these modes was confirmed. The maximum percentage of their 

detection was less than 40 %. This means that in most of the time, detecting modes 6 and 7 

was not possible. The last mode, mode 8, was a global torsion mode; therefore its 

detection was satisfactory attainable. Like the fourth mode, three channels detected this 

mode with a percentage of 100% while other two channels had a detection percentage of 

about 60% and 80%.   

 

Figure  5.5. Percentage of detection of each mode by each channel alone. 

5.2.3.2 Average results of all channels 

After obtaining the natural frequency for each mode from each channel, the average 

from all channels was calculated and then depicted versus the time as presented in Figure 

 5.6. Such a figure helps in observing trends, steady states and abnormalities over time. The 

gap in the second period corresponds to the dates previously mentioned during which the 

system was out of service due to technical problems.  

In the first monitoring period, the overall trends of the cathedral natural frequencies 
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the monitoring started in the winter and ended in the summer. The contrary was found for 

the second monitoring period during which a decreasing trend was noticed, also 

attributed to the temperature variations as the monitoring started in the summer and 

ended in the winter. The detailed effect of environmental actions on the evolution of the 

cathedral natural frequencies will be discussed in the following sections.   

It can be observed that the modes with the highest percentage of detection (modes 

2, 3, 4 and 8 as discussed before) showed curves characterized by more continuous and 

intensive readings when compared to the curves of the other modes (modes 1, 5, 6 and 7) 

that showed less continuity and intensity of readings. In addition, the curves of the modes 

2, 3, 4 and 8 were less dispersed relative to the curves of other modes. The increasing and 

decreasing trends observed over time were more clear in the case of the continuously 

detected modes (2, 3, 4 and 8), whereas the trends were indistinct for the remaining 

modes. The modes 6 and 7 were most of the time detected by channels 4, 5 and 6 (see 

Figure  5.5). Those channels did not work properly during the first three months of 

monitoring. That is why no readings were registered for those modes during that period 

as can be noticed in Figure  5.6.  

 

 

Figure  5.6. Evolution of the cathedral natural frequencies over time. 
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Table  5.2 presents the statistical study carried out on the natural frequencies during 

the whole monitoring period. It compares also the results of the monitoring with those of 

the dynamic identification tests. The statistical study translated the qualitative appraisal of 

Figure  5.6 into quantitative values.   

The modes number 2, 3, 4 and 8 showed the lowest coefficient of variation (CV). This 

means that the values of the natural frequencies of those modes were more centralized 

and manifested less variability when compared with the modes numbers 1, 5, 6, and 7 

which had the highest CV values. The same note can be stated when relating the range 

(maximum-minimum) with the maximum value as shown in the seventh column of the 

table. The modes 2, 3, 4 and 8 had less variability than other modes. The very high value of 

mode 1 can be related to the difficulty of detection rather than to changes in 

environmental conditions.  

The frequencies detected in the dynamic tests were lesser than the mean values 

found by the dynamic monitoring system. That is because the tests were performed in 

winter, whereas the monitoring system covered more months in summer than in winter. 

The months from May to July and also half of the month September were repeated two 

times in the entire monitoring period, thus resulting in an average temperature about 18,4 

°C, whereas in the tests it was of about 7,4 °C.  

Table  5.2. Summary of statistical variation of detected natural frequencies (Hz). 

Mode 

ID. 
Min. Mean Max. SD* CV (%) 

(Max. −Min. )%

Max.
 

Dynamic tests  

(SSI-cov/ref- all setups) 

1 0,903 1,158 1,325 0,082 7,10 31,8 1,162 

2 1,392 1,496 1,636 0,038 2,57 14,9 1,433 

3 1,471 1,576 1,709 0,039 2,49 13,9 1,511 

4 1,550 1,631 1,731 0,037 2,29 10,4 1,576 

5 1,815 1,988 2,187 0,070 3,51 17,0 1,939 

6 2,173 2,353 2,606 0,082 3,48 16,6 2,214 

7 2,307 2,593 2,832 0,097 3,74 18,5 2,421 

8 2,593 2,797 3,025 0,089 3,18 14,3 2,656 

* Standard Deviation 
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5.2.4 Effects of environmental actions on the dynamic response 

As presented in the state-of-the-art review (chapter 2), several research results on 

the subject have already pointed to the sensible effects that climatic environmental actions 

can have over the variation of natural frequencies of a historical construction. Due to it, it 

was decided to carry out a detailed analysis of the influence of these actions on the 

dynamic behavior of the case study. It should be noticed that using only two sensors at the 

roof level was not enough to monitor the cathedral dynamic behavior in terms of changes 

of the mode shapes; therefore, the study was carried out taking into account only the 

changes in the natural frequencies. The effect of each of the important acting 

environmental actions (temperature, humidity and wind) on the change of natural 

frequencies was first studied alone. A more detailed study was performed by carrying out 

a multi-regression analysis between the natural frequencies and the different 

combinations of the aforementioned environmental actions.  

5.2.4.1 Individual effects of environmental actions  

a) Effect of temperature on natural frequencies 

The effect of exterior temperature on the cathedral natural frequencies was studied 

first. Another following investigation was carried out by analyzing the effect of surface 

temperature of some selected structural elements (arches, vaults, columns and walls) by 

using the thermography monitoring and is presented in section 5.3. 

The change of the frequencies with temperature is plotted for the eight detected 

modes, Figure  5.7. It can be observed that the natural frequencies followed to a good 

extent the thermal changes over time for all modes except mode 1 whose variation was 

not clearly following temperature changes. The relation is clearer and the in-phase 

oscillation is more evident for modes 2, 4 and 8 other than modes 3, 5, 6 and 7.   

The frequencies variations under changes of exterior temperature are better 

illustrated when depicted versus each other and both of the correlation and the regression 

are investigated, Figure  5.8. It is obvious in this figure that the frequencies increased with 

temperature increase. This can be related to the closure of cracks (whether superficial or 

deep) due to the thermal expansion of the stone masonry of the cathedral which resulted 

in an increase in its global stiffness.  

It can be noticed in Figure  5.8 that the trend was not exactly linear. Therefore, and 

considering the substantial effect of temperature on natural frequency evolution, in 

addition to the linear regression, the quadratic regression model was adopted to 
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investigate into more detail the type of the relation between temperature and frequencies. 

The obtained correlation coefficients are summarized in Table  5.3.  As can be seen from 

the comparison among all models, a linear relation between temperature and natural 

frequencies provided a good approximation. No significant increase in the coefficients of 

correlation was obtained when considering a higher degree model. The correlation 

coefficient of the quadratic model was slightly higher than that of the linear one. The 

highest correlation value was around 0,80 to 0,86 for modes 2, 4 and 8, followed by the 

correlation coefficients ranging from 0,55 to 0,66 for modes 3, 5, 6, and 7. The lowest 

correlation was for mode 1, which was expected from the plot of Figure  5.7.   

Table  5.3. Correlation coefficients between temperature and cathedral frequencies. 

  Mode ID. 

Regression model  1 2 3 4 5 6 7 8 

Linear  0,197 0,766 0,544 0,834 0,618 0,640 0,602 0,806 

Quadratic  0,241 0,802 0,544 0,854 0,643 0,660 0,603 0,819 
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Figure  5.7. From (a) to (h): changes of the frequencies of the first eight modes with temperature. 
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Figure  5.8. Correlation between temperature and natural frequency for modes from 1 to 8. Linear and 

quadratic regression models are in solid and dashed lines, respectively. 
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b) Effect of humidity on natural frequencies 

The negative relation between humidity and the frequencies can be noticed in 

Figure  5.9 that shows the two cases of modes 2 and 8 as example. For the first monitoring 

period, the decrease in humidity resulted from the increase in temperature and resulted in 

decrease in the frequencies. The opposite trend can be observed for the second 

monitoring period. However, these trends were not clear and the influence of humidity on 

the natural frequencies was not as strong as for temperature.  

The observed negative relation might be explained by considering that the increase 

of humidity resulted in the increase of stone and mortar water contents which in turn 

increased the stone masonry mass and thus decreased the global natural frequencies of 

the cathedral.  

The correlation between the two quantities was investigated by considering three 

regression models linear, quadratic and cubic (Figure  5.10 for the two modes 2 and 8). A 

relative increase in coefficients of correlation was observed when considering nonlinear 

regression as can been noticed in Table  5.4. However, the found correlations were weak 

for all modes as the maximum coefficient was not more than 0,36.  
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Figure  5.9. Changes of frequencies with humidity: (a) mode 2; and (b) mode 8. 

 

 

Figure  5.10. Correlation between humidity and natural frequency for mode 2 (left); and mode 8 

(right). Linear, quadratic and cubic regression models are in blue, green and red are respectively. 

Table  5.4. Correlation coefficients between humidity and the frequencies (all values are negative). 

  Mode ID. 

Regression model  1 2 3 4 5 6 7 8 

Linear  0,138 0,292 0,167 0,276 0,311 0,158 0,048 0,293 

Quadratic  0,148 0,332 0,221 0,336 0,352 0,164 0,118 0,349 

Cubic  0,152 0,332 0,245 0,352 0,358 0,167 0,130 0,363 
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c) Effect of wind on natural frequencies 

Figure  5.11 shows the frequency distributions that describe the two important 

parameters of wind (direction and velocity) during the entire monitoring period. As can be 

observed regarding the direction, the wind was blowing most of the time near to or at the 

transversal direction of the cathedral. For instance, the highest percentages of wind 

direction frequency distribution were about 20%, 14%, 12% in the NE, NNE and ENE, 

respectively. It is worth mentioning that the orientation of the cathedral in Figure  5.11 is 

approximate. The exact orientation is shown in Figure  5.12, it can be clearly noticed that 

the NE direction almost coincide with the cathedral transversal direction.   

 

 

Figure  5.11. Frequency distribution of wind direction (top); and wind velocity (bottom). 
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can be observed from the figure that the linear model was far from representing the 

relation, thus nonlinear models were preferred.    

Table  5.5. Correlation coefficients between wind velocity (WV) and wind direction (WD) and the 

cathedral natural frequencies. 

Regression 

model   

Wind 

parameter  

Mode ID. 

1 2 3 4 5 6 7 8 

Linear 
WV 0,292 0,077 0,141 0,130 0,164 0,161 0,329 0,100 

WD 0,247 0,134 0,032 0,019 0,167 0,003 0,095 0,032 

Quadratic 
WV 0,292 0,179 0,161 0,187 0,279 0,184 0,344 0,167 

WD 0,349 0,440 0,226 0,351 0,400 0,288 0,358 0,366 

Cubic WD 0,354 0,446 0,228 0,351 0,404 0,288 0,361 0,366 

Multiple 

linear 
WV &  WD 0,389 0,184 0,140 0,144 0,205 0,165 0,329 0,121 

 

 

Figure  5.13. Correlation between wind velocity and the natural frequency for mode 1(left); and mode 7 

(right). Linear and quadratic regression models are in solid and dashed lines, respectively. 

 

Figure  5.14. Correlation between wind direction and natural frequency for mode 2(left); and mode 5 

(right). Linear, quadratic and cubic regression models are in blue, green and red are respectively. 
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A multiple linear regression with the frequencies was carried out considering both 

the wind velocity and direction. Slightly higher correlation coefficients than that with the 

wind velocity or the wind direction were found for all modes, see last raw of Table  5.5. The 

first mode was found to have the highest correlation coefficient with wind velocity and 

direction. Therefore, a more detailed investigation was carried out to reveal the 

dependency on wind.  

The number of identifications of each mode and the corresponding percent in the 

entire monitoring period was investigated, Figure  5.15. All modes, except mode 1, 

appeared almost equally in the four times. Mode 1 was easily identified at the hour 14:00 

only, whereas for the rest of the considered hours, it was rarely identified. The 

environmental conditions at each of the four considered times for processing the dynamic 

monitoring data were analyzed, Table  5.6. It was observed that the change in temperature 

and humidity was not as much as the change in wind parameters.  

 

 

Figure  5.15. The percent of identification of each mode at each considered hour for processing the 

dynamic monitoring data.  

Table  5.6. Environmental conditions at each considered time for processing the dynamic monitoring 

data. 

  

Hour 

Wind 
Temperature (°C) Humidity (%) 

Velocity (Km/h) Predominant direction 

06:00 5,5 NE & NNE 16,4 46,2 

14:00 10,3 SSW & SW 21,4 40,0 

20:00 5,4 NE&ENE 18,9 44,4 

24:00 5,1 NE & NNE 17,0 46,3 
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Figure  5.16. Wind velocity frequency distribution at each of the four times of dynamic identification. 

From left to right and from top to bottom: hours: 06:00; 14:00; 20:00; and 24:00.  

At the hour 14:00 the wind parameters were clearly different from the other three 

hours. The wind velocity was nearly the double of its value, Figure  5.16. The predominant 

wind direction was near to the south sense, whereas it was near to north sense in other 

times, Figure  5.17. This further analysis at a local level of each considered hour revealed 

the direct dependency of the first mode on wind parameters. One can understand that 

with specific wind direction and velocity, the first mode can be excited and thus identified, 

and if these conditions were absent, the first mode identification was not attainable. At the 

hour 14:00 the first mode was most of the time identifiable because of the existence of 

suitable wind velocity and direction as can be noticed in Figure  5.15.  

The dependency of mode 1 on wind was further investigated. The identification of 

mode 1 was carried out by means of continuous spectrograms (time-frequency 

distribution). The spectrogram was calculated before the hour 14:00 and continued after it 

for a total time of 12 hours. Many days were considered and here the day of 4th June 2012 

is shown as an example, Figure  5.18. In the figure the identification of mode 1 is 

surrounded by red window, and the wind parameters are also shown. At the time of 

appearance of mode 1, the average wind velocity was around 20 Km/h and the wind 
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direction was near to SSW (angle = 200°). When the wind velocity decreased from 20 

Km/h to near 0, the peak of mode 1 disappeared, thus confirming what emerged from the 

entire monitoring period regarding the direct influence of wind on this mode.  

  

  
Figure  5.17. Scaled wind direction frequency distribution at each of the four times of dynamic 

identification. From left to right and from up to down: hours: 06:00; 14:00; 20:00; and 24:00. 

 

Figure  5.18. Twelve hours spectrogram derived from channel 2, and wind parameters at 4/6/2012. 

Start time at 11:00.    
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5.2.4.2 Multi regression between natural frequencies and environmental actions 

The regression between the natural frequency of each mode and some combinations 

of environmental actions was studied. The aim was to reveal which of these actions was 

affecting more the change of the natural frequencies. The multi regression was carried out 

adopting a linear model.  

Figure  5.19 shows the correlation coefficients obtained by considering the 

regression between individual environmental actions, including temperature (T), 

humidity (H), wind velocity (WV) and wind direction (WD), and also by considering three 

combinations of actions : WV and WD; T and H; and T,H,WV and WD.  

For mode 1, slight increase in correlation coefficient was noticed from the WV&WD 

combination and for the combination of all actions. This revealed that the wind was the 

important action influencing the natural frequency change of this mode.   

For all modes from 2 to 8, comparing the first bar (T) and the last two bars (T&H 

and  T&H&WV&WD), one can easily recognize that the combination of all environmental 

actions did not add any important increase in the correlation coefficients compared to the 

regression with temperature only. Thus, the temperature was the action that affected 

clearly the frequency change of these modes.  

 

 

Figure  5.19. Correlation coefficients of natural frequencies and environmental actions. 
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5.2.5 Response during recorded earthquakes 

To check the occurrence of any earthquake with significant magnitude that might 

produce a recordable effect to the cathedral, the website of European-Mediterranean 

Seismological Centre (http://www.emsc-csem.org/) was being checked periodically. In 

case of observing a record that was believed to be of interest, the spectrogram (time-

frequency distribution) of the soil station was plotted. The spectrogram, see Figure  5.20 

for instance, can clearly show the arrival time, the frequency content and the duration of 

the captured seismic event.  

In the post-processing of the recorded data of a seismic event of interest, the 

spectrogram was calculated by applying 100 seconds Hanning windows, which were 

considered enough to obtain appropriate frequency resolution and to avoid side lobes. 

Power spectral densities, coherence and two transfer function estimators (H1 and H2) for 

different combinations of pairs of channels of (S1-Soil Station) and of (145 Station-Soil 

Station) were computed before, during, and after the considered seismic event. If 

frequencies had good coherences (higher than 0,8) they were considered for calculations 

of transfer functions.  

 

 

Figure  5.20. Spectrogram of the EW channel of Soil Station for Alagueña earthquake. Start time of the 

spectrogram is at 22:30:00 UTC. 

Earthquake evidence 



Dynamic and thermography monitoring of Mallorca cathedral 

 

Elyamani, A. (2015) 

199 

 

From following several seismic events, it was noticed that the regional earthquakes 

with magnitude about 4, and the teleseismic earthquakes with magnitude about 8 could be 

detected and were of interest to be investigated. During the entire monitoring period, it 

was possible to capture one local seismic event, corresponding to the Menorca 

earthquake, and eight regional earthquakes with epicenter in Alagueña, Northern Algeria, 

Lorca, Gulf of Lion (2 events) and Northern Italy (3 events), also it was possible to register 

the teleseismic earthquake of Honshu. Some details about captured seismic events are 

given in Table  5.7.  As can be noticed, the earthquake of Honshu that had the highest 

magnitude was very far from the cathedral. Also, the nearest earthquake to the cathedral 

(Menorca) had the lowest magnitude.  

It was found that the captured teleseismic earthquake of Honshu arrived with low 

frequency content (less than 1,5 Hz), whereas the regional earthquakes had higher 

frequency content able to excite the range of interest of the cathedral natural frequencies, 

as in Figure  5.20 for the case of Alaguña earthquake. Table  5.8 compares between the 

measured accelerations under the effect of the ambient vibration and some of the 

captured seismic events. The relative gain in the measured accelerations during seismic 

events was evident for the case of Lorca earthquake. Other events showed less 

accelerations values than those registered during the windiest day.  

Table  5.7. Details of the captured seismic events.  

Name Distance* 

(Km) 

Magni-

tude 

Date Time 

(UTC) 

Latitude Longi-

tude 

Depth 

(Km) 

Menorca 130 ML 2,8 31-7-2011 10:55:22,0 40,20 N 3,91 E 40 

Alagueña 350 Mw 3,8 10-7-2011 22:54:20,0  38,34 N 1,09 E 10 

Northern 

Algeria 

385 ML 4,0 03-6-2012 14:57:36,0 36,80 N 5,20 E 10 

Lorca 430 Mw 5,1 11-5-2011 16:47:25,0 37,68 N 1,68 W 2 

Gulf of 

Lion (1) 

493 ML 4,0 02-7-2011 14:43:05,0 41,98 N 7,55 E 10 

Gulf of 

Lion (2) 

493 Mw 5,3 07-7-2011 19:21:48,0  42,06 N 7,60 E 10 

Northern 

Italy (1) 

936 Mw 4,9 03-6-2012 19:20:44,5 44,95 N  11,00 E 10 

Northern 

Italy (2) 

936 Mw 4,8 17-7-2011 18:30:28,0  45,03 N  11,30 E 8 

Northern 

Italy (3) 

936 Mw 4,3 25-7-2011 12:31:20,0  44,98 N 7,28 E 25 

Honshu 10440 Mw 9,0 11-3-2011 05:46:23,0  38,30 N 142,5E 22 

* To cathedral 
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Table  5.8. Comparison between recorded accelerations (mg) under different conditions. 

 

Condition  

Direction 

NS EW Vertical 

Dynamic tests*   167 212 133 

Dynamic 

monitoring  

Ambient 

vibration 

Windy day** 196 278 238 

Captured 

seismic 

events  

Menorca 41 41 34 

Alagueña 13 14 12 

   Northern Algeria 10 13 11 

Lorca 181 85 79 

Gulf of Lion (1) 70 54 52 

Gulf of Lion (2) 14 14 19 

   Northern Italy (1) 21 81 99 

Northern Italy (2) 21 27 31 

Northern Italy (3) 16 14 21 

Honshu 24 42 44 

* maximum of RMS of all channels.   

** 28/9/2012 at 14:00, wind speed 29 Km/h. 

 

Some effects observed in the dynamic response, even for very low amplitude 

motion, were attributed to the non-linear response of the cathedral.  Thus, multiple close 

peaks appeared for the same mode in the spectral diagrams. It was perhaps due to a 

breathing behavior caused by existing cracks. This phenomenon was noticed in mode 4 

during the occurrence of the Menorca earthquake, Figures 5.21 and 5.22.  

At the day of 3rd of June 2012, under the effect of two consecutive earthquakes of 

northern Italy and northern Algeria, the spectrogram showed clear downs of the 

frequency value (surrounded by red circles in Figure  5.23 ) of about 3% for mode 3.  The 

first drop corresponded to the northern Algeria earthquake and the second drop 

corresponded to the northern Italy earthquake. Whereas the first noticed drop in 

frequency could be attributed to ambient vibration sources other than the seismic events 

as can be concluded from the spectrogram of soil station.   
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Figure  5.21. Spectrogram of the EW component at 145 Station for Menorca earthquake. 

 

 
Figure  5.22. Transfer function, coherence and power spectral densities of EW component between 145 

Station and Soil-station for Menorca earthquake. Left: pre-earthquake with calm wind; center: pre-

earthquake in windy condition; and right: during earthquake. 

 

Pre-earthquake calm Pre-earthquake windy Earthquake 
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Figure  5.23. Processing of 13 consecutive hours of the 3rd of June 2012 (the start time corresponds to 

11:00 UTC and the end corresponds to 24:00 UTC): top two figures: accelerogram and spectrogram of 

NS component of Soil-station showing the arrival of two earthquakes; and bottom two figures: 

spectrogram of EW component of S1-station and the drops in mode 3.  

5.3 Thermography monitoring of Mallorca cathedral 

5.3.1 Description of the thermography monitoring 

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) spectral range from 8 to 14 μm; (4) frame rate of 

60 frames/sec; (5) automatic focusing with focal distance from 10 cm to infinity; and (6) 

automatic recording of images with interval from 3 s to 60 min. It worked at the same 

location in the winter of 2011 for 14 days from January 27th at 11:15 to February 9th at 

23:45, and in the summer of the same year for 16 days from June 28th at 8:16 to July 13th at 

22:46.  
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(a) (b) (c) 

Figure  5.24. Mallorca cathedral thermography monitoring: (a) the red circle shows the IR camera 

position; (b) the IR camera during operation (inside the pulpit); and (c) the area covered by the IR 

camera.  

 

 

 

 

Figure  5.25. Two examples of the thermography monitoring: on 2nd of July 2011 at 9:46 a.m. (top); and 

on 2nd of February 2011 at 13:15 (bottom). Temperature scale in (°C).  

West facade 
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The IR camera position and its coverage area are shown in Figure  5.24. As shown, it 

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 photos each 

half an hour. This resulted in 650 and 750 IR photos for the winter and the summer 

periods, respectively. A sample of the monitoring photos in the summer and the winter 

periods is shown in Figure  5.25.  

5.3.2 Comparisons between different temperatures 

For each day of the two monitoring periods, four IR photos were processed at the 

same times of processing the dynamic monitoring data, i.e., at 6 a.m., 2 p.m., 8 p.m. and 12 

a.m. Using the software “Inf ReC Analyzer NS9500 Standard” which was provided with the 

IR camera, the stone surface temperature was determined for two samples from the 

considered structural element (the columns, the clerestory walls, the arches and the 

vaults) as demonstrated in Figure  5.26. In the figure also the places of the three 

temperature sensors used in the summer period only are shown.  

The stone surface temperature depends on the distance from the IR camera, the 

ambient relative humidity, temperature, and the stone emissivity. The available 

geometrical survey of the cathedral provided the distance from the IR camera to each of 

the considered structural elements samples. An average ambient relative humidity and 

temperature of 65% and 27,9 °c, respectively, were used for the summer period and 83% 

and 13,5 °c for the winter period. Theses approximate values were estimated from the 

previous static monitoring system that worked for five years (from 2003 to 2008) and 

showed clearly the repeated cycles of these parameters. More details about this 

monitoring are available in chapter 3. For the stone emissivity, the cathedral was built 

mainly from limestone which has an emissivity of 0,95 according to the references on the 

subject (Gosse, 1986; Adler, 1969).  

A comparison was made between the external temperature (measured as previously 

mentioned from a near meteorological station), the internal temperature (measured in 

summer only using thermometers) and the stone surface temperature of the considered 

structural elements for the summer period (Figure  5.27) and the winter period (Figure 

 5.28). It can be seen 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 temperatures were in phase, whereas, 
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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.  

To explain the reason of the delay of the stone surface temperature in the summer 

period, a comparison between the external temperature of the summer and the winter 

periods is shown in Figure  5.29. It can be noticed that the summer period monitored trend 

was an increase, whereas in the winter period monitored trend was constant. As a result, 

in the summer period the stone was not able to radiate the stored heat as fast as the 

rapidly increasing external temperature, therefore a delay can be noticed. This 

phenomenon disappeared in the winter period during which the stone could radiate the 

heat in phase with the almost constant rate of change of the external temperature.  

 

 

Figure  5.26. Selected samples from structural elements within the IR camera coverage area: clerestory 

walls and columns (top), arches, columns and vaults (bottom). Coverage area hatched in yellow.  
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 Figure  5.27. Comparison between external, internal and stone surface temperatures in the summer 

period from 28/6/2011 to 13/7/2011.   

 

 

Figure  5.28. Comparison between external and stone surface temperatures in the winter period from 

27/1/2011 to 9/2/2011.   
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Figure  5.29. Comparison between external temperature for the summer and winter periods. The trend 

lines are also shown.    

5.3.3 Correlation between natural frequencies and different temperatures 

An acceptable qualitative correlation was found between the natural frequencies of 

the cathedral and the stone temperature changes (Figure  5.30), thus provided additional 

evidence on the dependency between temperature and frequencies. The stone surface 

temperature means the average temperature of the columns, the vaults, the arches and the 

clerestory walls. In Figures 5.30 and 5.31 the coefficients of correlation between the 

natural frequencies of the cathedral and the different temperatures are presented. For the 

summer period eight modes were identified, whereas, for the winter period only the 

modes number 2, 3, 4 and 8 were identified. It can be noticed for the summer and the 

winter periods that the coefficients of correlation with the stone surface temperature were 

less than those with the external and the internal temperature. In the summer period, the 

coefficients of correlation with the external temperature were in average 0,57 and were 

clearly higher than those with the stone surface temperature which were in average 0,25. 

On the contrary, in the winter period the coefficients of correlation with the stone surface 

temperature were in average 0,56 and were not so far from those with the external 

temperature which are 0,68 in average. The discussion given in the previous section may 

explain this finding. The statistical variations in the identified modes during the summer 

and winter monitored periods are reported in Table  5.9. For modes 2, 4 and 8 slightly 
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higher changes could be noticed in winter period than in summer period. For mode 3 the 

contrary was found.  

 

 

Figure  5.30. Changes of mode 4 with stone temperature: summer period (top); and winter period 

(bottom).     
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5.4 Conclusions   

A continuous dynamic monitoring system was installed in Mallorca cathedral to 

evaluate its dynamic behavior under environmental actions and exceptional events. The 

system worked for about 15 months during the years 2010, 2011 and 2012. It was 

accompanied with a seasonal thermography monitoring for two weeks in the summer and 

another two weeks in the winter of 2011.  

The sensors were located bases on the modal analysis performed using the FE 

model keeping in mind also to place them away from cracks, especially the large ones. The 

average determined frequencies in the entire monitoring period corresponded well to 

those found with the dynamic identification tests. Investigating the evolution in time of the 

frequencies of the cathedral modes showed that the global first mode in each direction and 

the first torsion mode were clearly more detectable than the local modes. This could be 

attributed to the sensors locations that were chosen aiming at characterizing the global 

behavior and also to the high mass participation of the global modes. The changes in the 

frequencies were noticeable with CV values from 2,3 to 3,8%. For the first mode only, a 

higher value was found but it was not seen as meaningful because of the rare detection of 

this mode. 

Temperature affected the dynamic behavior more than humidity and wind for all the 

modes except the first one. For these modes, a positive correlation with temperature was 

found with values reached 60% for the local modes and 80% for the global modes. This 

could be probably due to the opening and closing of the cracks under temperature 

increasing and decreasing, respectively and the corresponding changes in the cathedral 

stiffness. For the first mode, it was found that its excitation necessitated certain wind 

velocity and direction.  

The captured seismic events arrived to the cathedral with very low seismic 

intensity. The only observed behavior was the doubling of the peak of one of the modes. 

This could be due to the closing of the cracks which resulted in a decreasing in the stiffness 

of the cathedral, hence a reduction of the mode frequency.  

The thermography monitoring revealed an acceptable correlation between the stone 

internal surface temperature and the cathedral frequencies. In the winter period higher 

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 finally with the internal stone surface temperature.  




