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Abstract

The paper presents an integrated approach aimed at assessing the seismic safety of Mallorca
cathedral. This cathedral is an extraordinary historical construction dating back to the middle-
ages. The experimental modal parameters of the cathedral were identified using Ambient
Vibration Testing (AVT). The cathedral numerical model was updated using the identified modal
parameters. This updated model was then used to study the seismic response of the cathedral
using non-linear static (pushover) analysis. A sensitively analysis was carried out to reveal the
dependency of the seismic capacity on the input materials properties. To assess the seismic
performance and the safety of the cathedral, the N2 method was employed. It was found that the
cathedral is safe when subjected to the earthquakes expected in Mallorca Island.
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1 INTRODUCTION

In the recent years a number of catastrophic earthquakes occurring in Europe resulted in
significant damage to cultural heritage buildings. The damage observed in different types of
structures after Lorca earthquake (Spain) in 11th May 2011 was discussed in several publications
such as [1-8]. Brandonisio et al. and Lagomarsino [9-10] showed the effects of L’Aquila
earthquake (Italy) occurred in 9th April 2009. Cattari et al. and Sorrentino et al. [11-12]
discussed the performance of some types of structures affected by Emilia earthquake (Italy)
occurred in May 2012. The Van earthquake that struck eastern Turkey in 23rd October 2011 and
the related damage was discussed by [13-14].

Due to the large losses in invaluable historical structures due to earthquakes, modern
societies are allocating great efforts to protect their culture heritage buildings from earthquakes.
European researchers, in particular, have carried out a number of research projects on the subject
and on closely related topics like in-situ investigation, structural monitoring and conservation of
historical structures. Among them are [15-20].



This research was carried out within the research project NIKER [21] aimed at
investigating the effects of earthquakes on historical constructions via extensive experimental
and numerical studies and the application to several case studies. Mallorca cathedral has been
chosen as one of the selected case studies. Due to the difficulties often faced when assessing the
seismic safety of a historic structure, it is needed to combine different approaches in the
assessment, such as historical investigation, inspection, experiments, monitoring and structural
analysis. The aim is to respect the authenticity of the historic structure, to the extent possible, by
designing an efficient solution which, while attaining the required safety target, minimizes the
impact in terms of material and structural alteration. According to different international
documents (ICOMOS/ISCARSAH Recommendations) and annex I of ISO 13822 standard
[22], a minimum intervention is an intervention decided and designed so as to satisfy this
requirement. Minimum interventions are based, for obvious reasons, on a deep knowledge of the
structure, its possible problems and the effect that possible actions (including the earthquake)
may have on it.

In the presented research, aimed to the seismic assessment of a large Gothic construction,
the knowledge on the performance of the building was acquired by using, in an integrated way,
structural analysis in combination with experimental tests. The experimental investigation
included dynamic identification tests followed by the continuous dynamic monitoring. These
investigations aimed at characterizing the modal parameters of the cathedral including the natural
frequencies, the modes shapes and the damping ratios. A Finite Element (FE) model of the
cathedral was updated to match the numerical natural frequencies and mode shapes with the
experimental ones. Once updated, the model was used in the seismic assessment via the
application of nonlinear static analysis. In addition, simplified limit analysis was employed to
cross check the numerical results. The N2 method was used to characterize the seismic safety of
the cathedral.

2 MALLORCA CATHEDRAL

2.1. Description

Mallorca cathedral is located in the city of Palma, Mallorca Island (Spain). It is a Gothic
construction built from 14™ to 16™ centuries (Figure 1). The construction started around the year
1300. The Trinity Chapel (1*' part in the plan in Figure 2) was completed in year 1311 while the
Royal Chapel (2™ part in the plan in Figure 2) was finished around year 1370. The imposing
main large nave and the west facade (3" part in the plan in Figure 2) were completed by the year
1601.

The main nave has a length of 77 m distributed over eight bays and the width covered by
the naves is 35.3 m, Figure 2. The lateral nave and the central nave spans are 8.75 m and 17.8 m,
respectively. 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 in all the bays of the naves except in the 5™ 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 at their highest point (the key of the transverse arches) is
about 44 m. The cathedral is also unique in being the Gothic cathedral with the highest lateral
naves (29.4 m). All of the octagonal columns have a circumscribed diameter of 1.7 m except
those of the first three bays from the choir that have a slightly lesser value of 1.6 m. The tower
and the two adjacent buttresses are noticed to be connected from the ground level up to a level of
17m. Above this level up to the buttress top, a narrow separation joint is noticed which suggest
that the tower might not be connected to the buttresses from this level up (Figure 3). The
uncertainty in the connection degree between the tower and the adjacent buttresses has an
influence on the numerical model of the cathedral as will be discussed later.

The buttresses show a false window, in their lower part, built with a masonry wall whose
thickness is inferior to the rest of buttress. Before a recent repair, several cracks could be
identified in the perimeter of the false window showing that, in fact, the false window acted as a
true weakness. In the FE models prepared (section 3.1), the false windows have been modelled
as full openings.

When compared with other Gothic cathedrals, it is found that its piers show an unusually
large slenderness ratio, while its main nave span is the second longest span among Gothic
cathedrals after Girona cathedral. Its main nave is among the highest ones after those of Beauvais
and Milan cathedrals. Since 1931, the cathedral is classified as Cultural Heritage of National
Interest. More information on the cathedral and the previous studies carried out can be found in
[23-28].

2.2. Damage

Cracking survey revealed presence of cracking and other damage in some of the structural
elements of the cathedral [26, 29-30]. In some columns locally distributed vertical or oblique
cracks are found. These cracks tend to concentrate close to the less confined parts of the section,
i.e., the corners. Additionally, GPR and seismic tomography exploration of the columns has
pointed out that some columns have minor inner defects [31]. Figure 4 reports the crack survey
of the north and the south clerestory and exterior walls as can be seen from inside the cathedral.
It must be noted that some of this damage has been repaired in recent restoration works. Pictures
of these cracks are shown in Figure 5. It was noticed that all the bays of the clerestory walls were
cracked. The first four bays from the west facade showed more intensive cracking pattern when
compared to the bays near the east facade. The bay with the longest span exhibited more cracks
than the other bays. Regarding the cracks shapes, two types could be noticed, the first were the
diagonal cracks around the openings of the windows. The second were the vertical cracks
between the walls and the supporting elements whether (columns or buttresses). The distribution
of the diagonal cracks is similar to that of the damage predicted by the pushover analysis
(discussed later in section 6.2.1), which suggest that it might be related to the seismic history of
the island of Mallorca. Cracks also exist in other elements such buttresses and lateral nave vaults.

Deterioration and losing of mortar in mortar joints seems to have affected severely the
cathedral in the past. Due to it, a large number of vaults of the main nave had to be repaired or
reconstructed during the early 18th. For the same reason, the flying buttresses had to be entirely
repaired or substituted also during the 18" ¢. Continuous re-pointing of mortar joints has been
carried out in the exterior walls and flying arches also after their reconstruction. The reason for



the loss of mortar is attributed to the expansive recrystallization of salts migrated from the stone.
In turn, the presence of salt in the stone was due to the fact that the original quarries were all at
the seaside to allow for ship transportation to the cathedral.

3 BRIEF ON SEISMICITY OF MALLORCA ISLAND

The seismicity in Mallorca Island is low. The Spanish seismic data bank elaborated by the
IGN [32] reported 21 events only in the period from 1654 to 1996, Figure 6. No data prior to
1654 are available [33]. Only three of those events had greater intensity than VI (MSK scale):
Campos-Palma 1660, Selva 1721 and Palma-Marratxi 1851 [34], Figure 6. The Campos-Palma
earthquake occurred on 18/3/1660 and had an intensity of VII with epicenter in the east of the
Island. No damage to the buildings was reported due to this event. This event was followed by
three aftershocks in 19, 26 and 28 of the same month [34-35]. The earthquake of Selva hit the
Island in 24/3/1721 with intensity of VII resulted in the collapse of several houses [36]. The
earthquake of Palma-Marratxi taking place in 15/5/1851 is the largest known one to have hit the
Island with VIII intensity. It caused the collapse of several houses and resulted in severe damage
in many towers that had to be demolished afterwards. Additionally, large cracks were noticed in
Mallorca cathedral [36-37]. During the aftershock sequence, at least 13 earthquakes were felt
[38] which resulted in the destruction of the previously damaged buildings and caused the total
collapse of the Sant Marcal church [39].

In the 20th century, the seismic activity was lower than during 19" century [33]. Discrete
events took place in two well defined periods, from 1919 to 1923 and from 1995 to 1996. The
first period was initiated by the V MSK Montuiri event [35], followed by two IV MSK events
and terminated by a III MSK event. During the second period only II-IIl MSK intensities were
produced by 3.3 to 2.6 Mb shallow earthquakes at recurrent sites such as Campos [33]. The
seismic events since 1970 offered reliable focal parameters [33]. This instrumental records show
that the inland seismicity is characterized for being shallow (<10 km depth) and of low
magnitude (< 3.5 Mb). Moderate earthquakes of up to 4.3 Mb occurred in neighboring offshore
localities in the Valencia trough [33].

4 AMBIENT VIBRATION TESTING (AVT)

The objective of AVT was to identify the natural frequencies, mode shapes and damping
ratios of the cathedral. The first two parameters were used for the FE model updating. A brief
about the identification process is given here and full details can be consulted at [23, 40].

Three tri-axial force balance accelerometers were used to carry out the tests. The tests
configuration was based on a preliminary modal analysis carried out using an initial FE model of
the cathedral. It was noticed that only the modes number 1 (Figure 7-a) and 2 (Figure 8-a) were
global ones with considerable mass participation and characterized by predominant movement of
the main and lateral naves of the cathedral. Therefore, the sensors were organized so that
capturing these two modes would be achievable, Figure 9.



The dynamic identification was carried out using multiple methods implemented in [41]
using four methods: the Frequency Domain Decomposition (FDD) [42]; reference-based
covariance-driven Stochastic Subspace Identification (SSI-cov/ref) [43]; reference-based data-
driven Stochastic Subspace Identification (SSI-data/ref) [43] and poly-reference Least Squares
Complex Frequency domain identification (pLSCF) [44].

Each setup was processed individually, and the modes that appeared within each setup
were selected. It 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.
Those setups are called hereinafter “selected setups”.

Table 1 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 they had very near modal parameters. These modes were
global ones with high mass participation, which made their identification more attainable than in
the case of more local ones, Figures 3-b and 4-b. For the remaining modes, only their natural
frequencies were satisfactory identified and the remaining modal parameters were poorly
identified.

The AVT was followed by a continuous monitoring system. 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. Two of the accelerometers were placed at points P16 and P6. The third one
was placed on the ground near to the third north buttress from the west facade. The system was
adequately programmed to continuously measure, record, and wirelessly transfer the records of
the accelerations during a long period of time, on a 24h basis, without having to set up an
activating threshold. It was decided to implement this type of monitoring because, as mentioned,
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 sampling frequency was 100 samples
per second.

S MODEL UPDATING

5.1. Description of the initial FE model

The meshing was performed using GID software [45] then it was processed using Diana
code [46]. The different parts of the cathedral were modeled using TE12L solid elements
consisting of four-node three-side isoparametric solid pyramid, Figure 10. These elements
represented approximately 95% of the mesh. The remaining 5% represented the vaults of the
apse were modeled using T15SH elements, three-node triangular curved shells. At the base, the
three components of the displacement were restrained. The model included 149248 nodes and
491851 elements with total of 490789 degrees of freedom. Among the materials that compose
the building, four characteristic materials were considered in the model. The corresponding
properties are summarized in Table 2. These properties were decided on the base of experimental



evidence gathered during the study of the building, including laboratory tests on stone cylindrical
samples taken from the structure or from the original stone quarries. The masonry properties
were estimated based on the stone determined values and the knowledge on the masonry
morphologies.

Not all parts of the cathedral were modeled. The lateral chapels’ vaults and the longitudinal
wall connecting all the buttresses were initially not modeled for the sake of simplification as they
were initially deemed not important for a global description of the dynamic response of the
cathedral. Further analysis, however, showed that in spite of their secondary character, these
elements were meaningful for an accurate description of the dynamic response of the structure as
will be discussed later.

5.2. Initial correlation of experimental and numerical modal parameters

The experimental mode shapes and natural frequencies obtained from the dynamic
identification tests and their numerical counterparts were compared using the Modal Assurance
Criteria (MAC) [47] and the frequency discrepancy (Dy) [48], defined as:
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In Table 3 the best correlated pair of numerical-experimental modes and the
corresponding Dy and MAC values are shown. The two experimental mode shapes that were
estimated to a good level of accuracy, i.e., modes 2 and 4 have good MAC values 0,89 and 0,74
respectively. The low MAC values obtained for other modes can be explained because of the
difficulty of identifying the corresponding experimental mode shapes. For all modes, except first
one, the values of Df were very low which showed the good distribution of masses and stiffness
in the FE model. However, for the numerical mode 1, which was a global longitudinal one, the
high Dy value (11%) suggested that in the longitudinal direction of the cathedral, the real stiffness
was larger than that simulated by the model.

5.3. Model updating philosophy

The dynamic identification tests were oriented to capture the global behavior of the
cathedral. There were two modes that represented this behavior and were accurately identified.
Those were the 1st numerical associated with the 2nd experimental (1Num-2Exp) which was a
pure longitudinal mode, and the 2nd numerical associated with the 4th experimental (2Num-
4Exp) which was a transversal mode, Figures 3 and 4. Consequently, the updating process could
be uncoupled so that the INum-2Exp mode and the 2Num-4Exp modes could be used to adjust
the model in the longitudinal and the transversal directions, respectively. For these modes, Figure



11 compares the experimental and the numerical normalized modal displacements in the X
(transversal),Y (longitudinal) and Z (vertical) directions at each AVT measurement point for the
three zones of the cathedral—corresponding to the south, central and north naves.

This comparison allowed a better understanding of the correlation between the
experimental and the numerical mode shapes and helped in showing the parts of the FE model
that needed updating. As can be noticed in Figure 11, from the plot of 1Num-2Exp mode, it
appeared that the numerical-experimental correlation was good for the Y and Z directions.

Instead, for the X direction, the model was not well matched with AVT. This finding, in
addition to the high difference between the numerical and experimental frequencies previously
pointed out (with Df=11%) raised the need for an updating by adding the missed walls that
connected the buttresses. As a consequence, the numerical frequency might increase and became
closer to the experimental one. Finally, there is a major crack between the third and the fourth
bays that might as well influence on the dynamic response in the longitudinal direction.

For the 2Num-4Exp mode, it was possible to note that the north nave showed the lowest
correlation in the transversal Y direction. Therefore, it was worth trying to connect the tower
with the adjacent buttresses and see the effect. Connecting the tower with the full height of the
buttresses might increase the stiffness in the transversal direction. In the cathedral’s structural
configuration the buttresses were the main elements providing stiffness in the transversal
direction. Similarly, the modulus of elasticity of the masonry of the buttresses may have
significant influence on this mode shape. Next, the discussion of the updating process is limited
to the modal parameters that were satisfactory experimentally identified, i.e. the frequencies of
all modes and the mode shapes of the modes 1Num-2Exp and 2Num-4Exp.

5.4. Model updating results

5.4.1. Step 1: adding the longitudinal wall

The longitudinal wall connecting all the buttresses was added to the model. It was found
that the cathedral stiffness increased and therefore all the modes’ frequencies increased, Table 4.
Successfully, the Df of the 1Num-2Exp mode was decreased from 11% to 6,8%. For the rest of
the modes, the Df increased. Adding the wall was not so influential on the shapes of any of the
first two modes and no significant changes were noticed in the MAC values.

5.4.2. Step 2: considering the lateral chapels’ vaults

The chapel vaults were modelled as an equivalent system of springs with an equivalent
stiffness. This stiffness was lately adjusted, within reasonable limits, in order to improve the
matching with the experimental frequencies and modal shapes. In Table 4 the Df and MAC
values of all modes are shown. As seen, the D¢ of the mode 1Num-2Exp was reduced
significantly from that of the previous updating step. However, the Dy of the rest of the modes
also increased. Negligible changes in the MAC values of all modes were noticed.

5.4.3. Step 3: modifying the tower-cathedral connection

As mentioned before, the tower was connected to the full height of the adjacent
buttresses .The new connection did not reduce the north nave modal displacement. No
improvement in the MAC value of the 2Num-4Exp mode, but on the contrary, the frequency



increased to 1,726 Hz which became more far than the experimental one. An increase in Df for
all modes was also noticed. Thus, this model tuning was not considered and the tower-cathedral
connection returned to its original.

5.4.4. Step 4: adjusting the elasticity modulus of the buttresses

In this trial a gradual reduction in the modulus of elasticity of the buttresses was carried
out from 95% to 70% of the original value. In Figure 12, the relation between the used reduction
factor and the Df of all the modes is shown. As can be noticed, reducing the modulus of elasticity
of the buttresses resulted in reducing the Df for all the modes, except for the mode 1Num-2Exp.
The reduction factor of 75% was considered as an optimized value. For this value, four out of the
six modes had low Df values between 0,5 and 2,1 and the other two modes had Df values of 6,4
and 10,9 as summarized in Table 4. Negligible changes were noticed in the MAC values for all
the modes.

5.4.5. Step 5: Using elastic foundations

The foundations were modeled using elastic springs in the vertical direction (Z) and in the
horizontal directions (X and Y). The horizontal stiffness of any spring was assumed equal in the
X and Y directions and was taken as a ratio from the spring vertical stiffness. Most of the
cathedral foundations were built on conglomerate rock and only a few of them were built on
filling [49-50]. Therefore, two groups of springs were used, the first one represented the
foundations on rock and the second one represented the foundations on filling.

The initial vertical stiffness of any spring assigned to any node at the cathedral base was
calculated as the product of the soil modulus of subgrade reaction and the tributary area of the
node. The modulus of subgrade reactions were taken as 1E10N/m’ for the rock and 1E7N/m? for
the filling, guided by the recommendations given in the soil investigation report of the cathedral
site. The initial average vertical spring stiffness in the rock zone was 6,89E9 N/m and in the
filling zone was 5,51E6 N/m. The horizontal stiffness of any spring was taken initially as 10% of
the vertical stiffness.

In the updating process, three variables were changed, namely: (1) the vertical stiffness of
the springs defined for the rock zone, (2) the vertical stiffness of the springs defined for the
filling zone, (3) the ratio between the horizontal and the vertical spring stiffness. It should be
noted that when changing a variable the other two variables were kept constant. It was noticed
that the second variable was the one having a more pronounced influence on the dynamic
behavior. As can be noticed in Figure 13, when using the initial value of this variable, and for all
modes, the D¢ values increased significantly and the MAC values decreased significantly because
of excess flexibility at the filling zone. When increasing it with two orders of magnitude, the Dy
values improved for almost all the modes and the MAC values retrieved the values of the
previous updating step.

For the first variable, increasing the initial value with two orders of magnitude, improved
slightly the Df values. For the last variable when using values more than 10%, no changes
occurred in the Df and MAC values for all modes. Summarizing, the best values for the average
spring stiffness were 6,89E11 N/m and 5,51E8 N/m in the rock and the filling zones,
respectively. The optimal horizontal stiffness was 10% of the vertical stiffness for any spring in
the two zones. Table 4 reports the matching after adjusting the elastic foundations. As can be



noticed, all the frequencies slightly decreased from the previous updating step and this improved
the matching, in particular, for modes 2Num-4Exp and SNum-5Exp.

5.4.6. Step 6: damage simulation

The last updating trial was to simulate the damage experienced by the cathedral. Among
the most significant damage was the cracking that can be seen in many places. One of the
significant cracks is the one located between the third arch and the fourth vault from the west
facade, Figure 14. It was previously monitored for a period of about five years and proved to be
active with a rate of lcm/century [26]. The static monitoring system aimed at measuring the
crack widths, the tilts and the distance variations (openings) at some critical positions in the
cathedral, in addition to measuring the environmental actions of the temperature, the humidity
and the wind. The cracks were monitored at three columns, two locations at the upper south
clerestory wall and two vaults. Base line extensometers were implemented to measure the
opening of selected arches and vaults, at the level of their springing. The tilts were monitored at
two positions, one of them aimed at measuring the tilt of the west facade.

To simulate the crack in the numerical model, a separation between the arch and the vault
was made by doubling the nodes located at their contact line. This modeling approach allowed
the reproduction of the crack effect for the first two numerical modes. Due to the large size of the
model, this local crack did not show any significant effect neither on the natural frequencies nor
on the mode shapes. The same values for Dy and MAC of the previous updating step were
obtained with the cracked model.

5.5.Final FE model after updating

The model of step 5 above was considered as the final one, Table 4. Comparing with AVT
frequencies, the final model showed good Df values around 2% or less for four out of the six
modes. Three from these four modes were global modes; those are: 1Num-2Exp; 2Num-4Exp
and 10Num-8Exp. The two modes that exhibit relatively high Df values were local ones. This in
turn showed the good ability of the model to reproduce the real global dynamic behavior of the
cathedral. Regarding the MAC values, the two reliable experimental modes number 2 and 4 were
in good correlation with their numerical counterpart number 1 and 4 with MAC values of 0,89
and 0,75 respectively. The MAC values for other modes were not significant because of their
poor experimental identification.

Figure 15 compares the experimental frequencies and the frequencies of the initial and
the final models. It can be noticed for the first two modes that negligible changes occurred in the
MAC values. For the initial model, the frequencies of five modes were very near to the
experimental frequencies (their dots laid on the 45° line). For the final model, the frequencies of
four modes laid on the 45° line. The important gain from updating the initial model is in the
reduction of the Dy of the first mode from 11,0% to only 1,9% while keeping the same MAC
value. This mode was the one with the highest mass participation factor among all modes (about
60% in longitudinal direction).



6 SEISMIC ASSESSMENT

Nonlinear static (pushover) analysis was carried out to assess the seismic safety of the
cathedral. To reveal the dependency of results on the input material properties, a sensitivity
analysis was performed. Then, the numerical results were compared with the results of the
kinematic limit analysis as a way to cross check the seismic safety assessment. For evaluation of
the seismic performance of the cathedral, the N2 method was employed.

6.1. Constitutive model and properties of materials

To simulate the nonlinear behavior of the masonry, tensile regime was modeled using
smeared cracking, in specific, multi-directional fixed crack model. In this model cracking was
specified as a combination of tension cut-off (Figure 16-a), tension softening (Figure 16-b), and
shear retention. Compressive regime was modeled using isotropic plastic Drucker-Prager model.
Table 5 lists the used properties of materials not mentioned in Table 2 above. The compressive
strength f. of the first three materials were taken as found by [52] who carried out compressive
tests on samples of the stone. For the filling material a low compressive strength was assumed.
For all the materials, the tensile strength f; was assumed as 5% of fc, the shear retention factor
was taken as 0,01 and the two angles of internal friction and dilatancy were assumed equal
(associated plasticity) with a value of 10°. Those values were reasonably assumed based on
studies on similar historical construction [52-56].

The values of the ultimate crack strain & were assumed so that the four materials had

near tensile fracture energies. € is related to the fracture energy Gy by the following relation

[46]:

2 Gy
feh

Where h is the crack bandwidth taken as the cubic root of the element volume and f; is
the masonry tensile strength.

cr

& Equation 3

6.2. Nonlinear static analysis

A monotonically increasing horizontal load was applied under constant gravity load. The
adopted horizontal load distribution was a uniform load proportional to the structural elements’
masses. The cathedral was subjected to the seismic loads in the longitudinal (X) and the
transversal (Y) directions considering both the positive and the negative sings. In the transversal
direction, the structure resisted seismic loads thanks to the stiffness of the eight frame-like
structures composed by the piers, the diaphragmatic arches, the flying arches and the buttresses;
the west fagade and the stiff walls at the apse area. These frames showed large capacity when the
forces were applied in its more resistant (in plane) direction. In the longitudinal direction, the
loading of the buttresses and the fagade occurred in the direction perpendicular to their plane
therefore causing a lower seismic global capacity.

For plotting a representative capacity curve of the structure, four control points were
selected to represent the more realistic capacity. These points were: (1) the center of gravity of
the full cathedral (CG-cathedral), (2) the center of gravity of the naves’ roof (CG-roof), (3) the



point with the highest elevation (Top) which located at the top of the gable of the west facade,
and (4) the point with the maximum displacement (Max-D) in the direction under consideration.

6.2.1. The seismic response in the longitudinal (+X) direction

The obtained capacity curve for the analysis in +X direction is presented in Figure 17. The
point Top was found to be also the one with the highest displacement. From the capacity curve, it
was observed that the behavior was linear up to a load value of about 0,040g and the collapse
occurred at 0,114g. Four different points on the curve are points (a) to (d) are selected to follow
the collapse progression.

Damage starts to appear at about 0,04¢ in the first bay of the upper and the lower clerestory
walls due to the activation of the west fagade overturning (Figure 18-a). The cracks are diagonal
and initiate from the top of the windows’ openings. At 0,07g, the first bay of the upper clerestory
walls is totally damaged above the windows’ openings (Figure 18-b), so that the west facade
losses part of its effective connection to the nave. Damage also starts to develop in all the bays at
the lower clerestory walls. The bay with the largest span (fourth bay from the west facade) shows
more intense damage.

The damage observed in the previous loading stage experiences significant further
development more at 0,091g (Figure 18-c). The separation of the west facade with respet to ne
nave increases due additional damage in the clerestory and exterior walls. The columns start to
experience damage at their connection with the upper clerestory walls. At collapse (Figure 18-d)
the west facade completely losses its connections with the rest of the cathedral.

The —X direction showed the lowest capacity among the four considered directions. The
attained capacity was only 0,095g. Figure 19 shows the different capacity curves for the
considered control points. The point Max-D was observed to be at the top of the most north
buttress. The cracking process started like the case of +X at about 0,04g. At 0,095g the collapse
occurred due to the overturning of the east facade after separation from the rest of the cathedral.
The lower clerestory walls were diagonally cracked above and below windows’ openings. The
same was noticed for the first and the last bays of the upper clerestory walls. After being cracked
at their top, the columns lost their connections with the upper clerestory walls.

6.2.2. The seismic response in the longitudinal (£Y) direction

In the +Y direction the cathedral showed a higher capacity (0,118g) than that in the
longitudinal direction. Figure 20 shows the capacity curves. The point Max-D was found to be at
the top of the fifth flying arch counting from the west facade. As expected in masonry structures
composed of arches, a series of disconnections (hinges) between structural parts could be noticed
with the increase in the applied lateral load until reaching collapse. This process of cracking is
shown in Figure 21. The hinge mechanism process started at a seismic load of 0,075g (crack 1)
with the arising of four cracks at the top of the column, the upper flying arch, the top of the
lateral nave’s vault and the connection of the buttress with the longitudinal wall, being the largest
damaged area at the flying arch. The following group of cracks started at 0,093g (crack 2) at the
top of the lower flying arch, the bottom of the lateral nave’s vault and the base of the buttress.
One crack only initiated at 0,099g (crack 3) at the bottom of the lower north flying arch. At
0,102g a new crack appeared (crack 4) in the main nave vault followed by another one at the
base of the buttress at 0,104g (crack 5). The followed crack initiated at 0,106g (crack 6) at the
top of the vault of the north lateral nave. Four cracks opened at the load factor of 0,109¢g (crack



7), two at the north part of the bay, in specific, at the bottom of the upper flying arch and the
connection of the lower flying arch with the main nave vault, the other two were at the south part
at the connection of the lower flying arch with the main nave vault and just below the buttress
window. Very near to collapse, at 0,114g, the base of the column was cracked (crack 8).

Regarding the crack in the buttress bottom, it should be noted that it does not meet the
buttress false window due to the large influence of the stiffness and strength of the longitudinal
wall, which largely affects to the distribution of damage in this region of the buttress.

In -Y direction the resistance was the highest among all directions as can be seen in the
capacity curve (Figure 22). In this figure the point Max-D was located at the top of the northern
flying arch of the east facade. The capacity was 0,141g which was about 20% more than +Y
direction. The existence of the tower as a strong support near the middle of the structure was the
reason for the higher capacity. Comparing this case with the previous case of +Y, it was noticed
that a near sequence of structural elements’ cracking was found. At first, the top of the column,
the upper battery of flying arches, the extrados of lateral nave’s vaults and the base of the
buttress, and at last, the bases of the columns and the buttresses. In between, the lower battery of
the flying arches, the extrados and the intrados of the lateral naves’ vault cracked. An important
difference between the two cases was the capability of the typical bay to resist after the initiation
of the first crack in the case of —Y over a wider range of seismic loads from 0,094g to 0,135g.
The collapse occurred at 0,141g, whereas in the case of +Y, a rapid cracking took place in a
narrow range from 0,099¢ to 0,114g as previously mentioned.

6.2.3. Sensitivity analysis

A sensitivity analysis was carried out by varying the parameters that mostly influenced the
behavior with the objective to investigate their effect on the seismic response of the cathedral.
The values of the different mechanical properties of the defined materials in the FE model were
changed and the new obtained capacities were compared with the reference model previously
discussed. Due to the large size of the FE model and the required long computational time and
hard drive storage capacity, only the weakest direction —X was evaluated. In each trial only one
parameter was changed keeping all the other parameters constant. Table 6 summarizes the tried
values in the parametric study. When presenting the capacity curves, the control point Max-D
was used.

6.2.3.1. Tensile strength

As can be noticed in Figure 23 (left), a remarkable change in the capacity was associated
with the change of the tensile strength. A reduction of about 24% was obtained when reducing
the strength to the half of its reference value. An increase of about 23% was obtained when
increasing the strength to the double of its reference value. Within the examined values, a linear
trend between tensile strength and capacity could be noticed (Figure 23, right). Since the collapse
was governed by the tensile cracking, this result was expected. For the examined values, the
change in final displacement was not significant and the collapse mechanism remained the same.

6.2.3.2. Compressive strength

The effect of decreasing this strength property was more pronounced than increasing it. As
shown in Figure 24 (left), when using 75% of the reference compressive strength, the capacity
decreased by 23% and the final displacement decreased to about 50% of its reference value.
Compared with the reference case, decreasing the compressive strength leaded the structure to



suffer from higher ratio of stress/strength, so when applying the seismic load afterwards, the
structure had less capacity to sustain it. In the same figure, it can be noticed that when increasing
the compressive strength to the double of its reference value the capacity increased by only 6%
with minor increase in final displacement. Since the collapse was not governed by the
compressive failure, no benefit in strength was observed by increasing the compressive strengths.
Figure 24 (right) presents the relation between the investigated ratios of f. and the attained
capacity. There was stability in the attained capacity when increasing the ratio from 1 to 2. This
horizontal branch of the curve is expected to continue with higher ratios indicating the minor
effect of increasing the compressive strength.

6.2.3.3. Ultimate crack strain

Figure 25 (left) shows the obtained capacity curves when varying the ultimate crack strain.
It can be seen that reducing this parameter by one order of magnitude resulted in a significant
reduction in the capacity (about 60%) and the behavior was brittle. On the other side, the
increase by one to three orders of magnitudes had slight influence on the capacity with an
increase of about 4% only because increasing the ultimate crack strain leaded the material
behavior to be like an elastic-perfect plastic behavior and no gain in the capacity was found
Figure 25(right).

6.2.34. Modulus of elasticity (E)

Two values of the elastic modulus were examined: E/2 and E/4. Reductions in the capacity
about 17% and 37% were found when reducing E to one half and one quarter of its reference
value, respectively, Figure 26. In addition, the nonlinear behavior started earlier when reducing
E. In the reference case it started at about 0,04g, while it starts for less than 0,03g at E/2 and for
about 0,02¢g for E/4. The influence of E is attributed to the nonlinear geometric effects linked to
the slenderness of the piers and other members of the structure.

6.3. Kinematic limit analysis

Based on the collapse mechanisms found in the longitudinal direction by the pushover analysis,
two collapse mechanisms were studied by the kinematic limit analysis technique. For the +X
direction, the west facade overturning was considered. For the -X direction, the west facade
overturning was considered. The found capacities were 0,144g and 0, 118¢g for the +X and -X
directions, respectively. Those values were near to the capacities obtained by the pushover
analysis. Detailed calculations can be checked at [23].

6.4. Seismic performance evaluation

6.4.1. Characterization of the seismic demand

The seismic demand was characterized using two codes: the Spanish code for seismic
design (NCSE-02) [57] and the Eurocode 8 (EC-08) [58]. In each code, the return periods of 475
and 975 years were considered. Figure 27 shows the response spectra of each code and return
period.

6.4.2. Application of N2 method
The N2 method [59] was used to evaluate the seismic performance of the cathedral. A
total of 64 performance points were determined. Those were obtained from 4 directions of



seismic analysis X 4 control points X 2 codes x 2 return periods. Figure 28 shows, as an example,
the application of the method to the evaluation of the seismic performance in +X direction
considering the control point CG-cathedral and the Eurocode 8 with a return period of 975 years.
The found values were 0,53 m/s* (0,053g) and 0,004m for the performance load multiplier (LM,)
and the performance displacement (D,), respectively.

In Table 7 the obtained results for the performance load multiplier (LMp) and the
performance displacement (Dp) are reported. It was always observed that the lowest and the
highest Dp and LMp were attributed to the cases of EC-08 with return period of 475 years and
NCSE-02 with return period of 975 years, respectively. Near values for Dp and LMp were
obtained for the other two cases of EC-08 (return period of 975) and NCSE-02 (return period of
475 years) because the descending branch of these two spectra were near to each other (Figure
27).

To highlight the effect of the control point choice on the evaluation of the cathedral seismic
safety, the ratios between the maximum displacements and the D, are shown in Figure 29. In this
figure, it is clear that the highest ratios were found (for any of the analysis directions) when using
the point Max-D. The two control points CG-cathedral and CG-roof showed near ratios and
lesser ones than those of Max-D point. As expected, the point Top presented larger
displacements (higher than CG-cathedral and CG-roof and lesser than Max-D) only for the case
of +X direction. In the -X direction, the ratios were near to those of CG-cathedral and CG-roof.
In the +Y directions, the ratios were small. Recalling that the point Top was located on the top of
the west facade gable, it seemed that using it for the case of +X direction (the west facade is
pushed outside its plane) is appropriate and representative choice. However, using it for the other
directions seemed to be inadequate to represent the displacement capacity of the cathedral.

Similarly, the ratios between the collapse load multiplier and the LM,, are shown in Figure
30. The same comments mentioned on the displacements comparison, can be mentioned again on
the load multiplier comparison. It was found that the point Max-D gave the highest ratios and the
point Top did not give reasonable values for all directions except the +X one. Slightly higher
ratios were obtained for the point CG-roof than those obtained for CG-cathedral. For any
combination of demand spectrum, return period, analysis direction and control point, no ratio
less than one was found. This is an indicator of the sufficient seismic capacity of the cathedral.

7 CONCLUSIONS

A seismic analysis of a large and complex Gothic structure, namely Mallorca cathedral,
has been carried out by combining and integrating structural analysis with experimental
information. The analysis has involved the updating of the prepared FE model through a modal
matching process based on the obtained experimental information on the dynamic response of
the building.

The cathedral was subjected to AVT for the characterization of its dynamic parameters. It
was possible to identify eight modes. The natural frequencies of all of them were satisfactory
identified. However, only the mode shapes and the damping ratios of three modes were



satisfactory identified. These modes were global ones with high mass participation, which made
their identification more attainable than in the case of more local ones.

The identified frequencies and mode shapes were used in a manual approach for updating
the FE model of the cathedral. This updating was uncoupled, i.e. the stiffness of the longitudinal
direction was adjusted using the first mode shape and then the transversal direction stiffness was
adjusted using the second mode shape. The model modification that allowed a higher matching
between the experimental and numerical results was the improvement of the model by including
secondary structural members not implemented in a first version of the model. For the
transversal direction, decreasing the modulus of elasticity of the buttresses improved the modal
matching by slightly decreasing the cathedral stiffness in this direction. The numerical model
was updated to a satisfactory extend. It reached Dy values around 2% or less for two global
modes and two local modes affecting mostly single parts of the structure. Moreover, the two
global modes of the cathedral had an average MAC of 0,82.

The updated model was used for the seismic assessment using the nonlinear static
(pushover) analysis. The seismic resistance of the cathedral in the longitudinal direction is lower
than that in the transversal direction. This is due to the fact that in the former case the buttresses
(the main earthquake-resisting elements) are loaded by lateral loads acting in their out-of-plan
direction, whereas, in the latter case, the buttresses are loaded in their stronger in-plane direction.
In the longitudinal direction, the collapse can occur due to the overturning of the facades. The
zones that can be severely damaged are those around the large windows of the clerestory walls
and the apse walls, the first bay of the central nave vault after the west faced, and the top and
bases of the columns. In the transversal direction, the collapse can occur due to the cracks
(hinges) appearing in the flying arches, the arches and vaults of the naves, the top and bases of
the columns and the bases of the buttresses.

A sensitivity analysis was carried by changing the used properties of materials in the FE
model. Changing the tensile strength was found to be very influential on the capacity. Both the
capacity and the maximum displacement were observed to change significantly with the
variation of the modulus of elasticity. The capacity and the maximum displacement varied only
slightly when increasing the compressive strength or the ultimate crack strain, but they were
reduced significantly when reducing these two material parameters.

The N2 method was used to evaluate the seismic performance. The cathedral showed an
acceptable seismic performance evaluated in terms of the ratios between the maximum
displacements and capacities and their performance counterparts. Therefore, deep interventions
involving a significant transformation of the structure were deemed inadequate. However, deep
repair of cracks would be advisable to reintegrate, as much as possible, the initial energy
dissipation capacity of the structure.
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Figure 1. Mallorca Cathedral: (a) from outside, and (b) from inside.



Figure 2.Mallorca cathedral: plan (top); longitudinal section (center); and transversal section (bottom)
(from Director Plan of Mallorca Cathedral).



Figure 3. View to the tower-buttress relation (left); and zoom to the separation (right).
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Figure 4. Crack survey of north (top) and south (bottom) clerestory walls before a recent repair. Red
cracks are wider than blue ones. Pictures of cracks surrounded by ellipses are shown in the next figure.
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Figure 5. Pictures of some of the cracks indicated of the previous figure seen from the interior of the

cathedral.
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cathedral.
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magenta (center); and longitudinal section (bottom).



‘&%%H“H

Exp.
eeecee Num.

seoe
lifﬂﬂﬂﬂ...-o-.

0°
-.-o-.no--.....-.
ceces

LL2
.-..-o-c.....-......
cececy

.-~n-.--..o.--.-.... O
cees

llfwﬂﬂﬂﬂ-.-coo-

DOF ID. & direction

North nave

19

>

@

=

i)

=

o

v
(=3 (=3 (=3 (=] (=3 o (=] (=3 (=] o (=3 o (=] (=3 (=] (=3
S & @ K ¢ ®m ¥ & 8 =% & = 9 ® ¥ N0

Juawade[dSIp [EPOW PIZI[EWLION

fez-97d

F A-ped

o X+p7d

b Zged

b A-zzd

..x.mmn_

¢ Z6bd

FA-6Td

Fxe6Ld ,

% Slde o’

b A-STd
bd

-.Nmz )

FA-TTd

ecoo
.\\%%%HH-------

Exp.

cececsssssecc0sse
-‘sssunn..-...............

eesses Num.

cessccsccs
l\S%%%oo.noo--..-

liﬁﬁﬁcono

....ﬂ...*.\.i.ﬂ.o.u_@.l..l —_——— - -

secccs =Te oo 4%lde 880

+ 2-9¢d

.l\%%%ﬂﬂﬂ”-ua v%ﬁNm

TTTTTTTTTS 574

................... L d

ses833e = — FE
FTrTTTTTTTY,

0ete?,

- ey ~xe17d

B e

0000%6%%%%c 0 0 ¢ o --....---o.o--coo
.

DOF ID. & direction

LR S S s SOl E
=—memEEL T I F
r T T T T T T
(=3 (=4 (=3 (=] (=3 (=3 (=}
S & © K © m;m 152!
— = =} =} = =} S

Juawade[dsIp [EpOW PIZI[eULION

-0.40 -

North nave

South nave

-0.50 -

Figure 11. Comparison between mode shapes of 1Num-2Exp (top); and 2Num-4Exp (bottom). The points

on the horizontal axes refer to measurement points during AVT.
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Figure 12. Variation of the Dy of different vibration modes with the elasticity modulus of the buttresses.
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Figure 13. Effect of changing the average spring stiffness in the filling zone on: (a) Dg; and (b) MAC.



Figure 14. The crack between the third arch and the fourth vault (left) and a zoom to the static monitoring
sensor (right).
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Figure 15. Comparison between the experimental frequencies and the frequencies of the initial and the
final models, the MAC values are shown beside the dots.
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Figure 16. Representation of (a) tension cut-off and (b) tension softening (DIANA, 2009). o1 and o, are
the two-dimensional principal stresses. Gris the fracture energy in tension, & is the ultimate crack
strain, h is the crack band width taken as the cubic root of the element volume.
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Figure 17. Capacity curve for the seismic analysis in (+X) direction. The control point (Max-D) is shown

in circle.



a) Crack initiation at 0,042g

d) Collapse at 0,114¢g

Figure 18. Progress of damage in the two typical resisting frames: lower clerestory wall
supported on buttresses (left); and upper clerestory wall supported on columns (right): (a) to (d)
correspond to the points indicated in the capacity curve, Figure 17. Contour of maximum
principal strain plotted on deformed mesh. Case of (+X).
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Figure 19. Capacity curve for the seismic analysis in (-X) direction. The control point (Max-D) is shown
in circle.
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Figure 20. Capacity curve for the seismic analysis in (+Y) direction. The control point (Max-D) is shown

in plan.
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Figure 21. Cracking pattern at collapse with sequence of cracking (left); and the seismic load factor of
initiation of each crack (right).
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Figure 22. Capacity curve for the seismic analysis in (-Y) direction. The control point (Max-D) is shown
in circle.
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Figure 23. Capacity curves varying f, (left); and change of the capacity with the change of f;

ratio from the reference value (right).
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Figure 24. Capacity curves varying fc (Left); and change of the capacity with the change of fc
ratio from the reference value (right).
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Figure 25. Capacity curves varying & (left); and change of the capacity with the change of
& ratio from the reference value (right).
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Figure 26. Capacity curves varying the modulus of elasticity E (left); and change of the capacity

with the change of E ratio from the reference value (right).
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Figure 27. The elastic response spectrum Se (g) using the Eurocode 8 (ECS8) and the Spanish code NCSE-
02.
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Figure 28. Application of the N2 method to the control point of CG-cathedral (case of +X direction) and
EC-08 (return period of 975 years) to find the performance point.
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Figure 29. Evaluation of seismic safety in terms of displacements: ratios between maximum
displacements and performance displacements.
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Table 1. Judgment of the quality of identification process of Mallorca cathedral. P=poor, G= good.

Mode ID.
Modal parameter 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




Table 2. Properties of different materials in the FE model.

Structural parts Young's Modulus (MPa) Density (kg/m’)  Poisson's ratio
Walls and vaults 3816 2100 0,2
Buttresses 3600 2100 0,2
Columns and flying arches 15264 2400 0,2

Filling over the vaults 1908 2000 0,2




Table 3. Best correlated numerical and experimental modes and corresponding Df and MAC values.

Numerical mode ID. 1 2 5 8 9 10
Frequency (Hz) 1,270 1,592 1,924 2,269 2,414 2,638
Experimental mode ID. 2 4 5 6 7 8
Frequency (Hz) 1,427 1,578 1,939 2,234 2,446 2,656
Dy 11,0 0,9 0,8 1,6 1,3 0,7

MAC 0,89 0,74 0,27 0,60 0,67 0,55




Table 4. Comparing the numerical and experimental modes after each updating step.

Step no. Mode ID INum- 2Num- 5SNum- 8Num- 9Num-  10Num-
) 2Exp 4Exp SExp 6Exp TExp S8Exp
1 Num. Freq. (Hz) 1,330 1,668 1,986 2,516 2,592 2,732
Longitudinal
wall D¢ 6,8 5,7 2.4 12,6 7.4 2.9
MAC 0,89 0,71 0,24 0,30 0,80 0,55
éh | Num. Freq. (Hz) 1,422 1,682 2,016 2,556 2,611 2,764
apets D; 0.4 6.6 4.0 14.4 8.2 4.1
vaults
MAC 0,88 0,73 0,20 0,26 0,78 0,54
é thedral Num. Freq. (Hz) 1,435 1,726 2,161 2,578 2,621 2,801
atnedral-
tower D¢ 0,5 9.4 11,4 15,4 8,6 5,5
connection MAC 0,89 0,74 0,13 0,15 0,80 0,53
‘1; , Num. Freq. (Hz) 1,404 1,611 1,974 2,478 2,569 2,669
utiresses D; 1.6 2.1 1.8 10.9 6.4 0.5
modulus of
elasticity MAC 0,88 0,75 0,16 0,29 0,77 0,54
él ; Num. Freq. (Hz) 1,399 1,577 1,950 2,464 2,562 2,645
astic D; 1.9 0.1 0.6 10,3 4,7 0.4
foundations

MAC 0,89 0,75 0,11 0,29 0,77 0,54




Table 5. Used properties of the different materials in the FE model for the seismic assessment.

Material No. & (1) All the cathedral (2) Buttresses  (3) Columns and  (4)Filling over

structural except the following flying arches vaults
elements
fc (MPa) 2 2 8 1

&l (%) 0,40 0,43 0,10 0,81




Table 6. Chosen values for the sensitivity analysis*.

The variable Minimum Maximum
Tensile strength (f;) fi =2,5% f. fi=10% f.
Compressive strength (f;) 0,75x f 2x £,
Ultimate crack strain (&" e /10 &% 1000
modulus of elasticity (E) E4 E2

* Refer to Table 2 and Table 5for the reference values expressed here as symbols.



Table 7. The performance displacements Dp (cm) and the performance load multiplier LMp (a (g)) for the
different control points.

Analysis Code (return CG-cathedral CG-roof Top Max-D

Direction  period, years) D, LM, D, LM, D, LM, D, LM,

+X EC-08 (475) 0.3 0.042 0.6 0.037 0.7 0.026 0.7 0.026
EC-08 (975) 0.4 0.054 0.8 0.046 09 0.033 0.9 0.033

NCSE-02 (475) 0.4 0.052 0.8 0.046 1.0 0.033 1.0 0.033
NCSE-02 (975) 0.5 0.068 1.0 0.059 1.2 0.044 1.2 0.044

-X EC-08 (475) 0.6 0.051 0.7 0.043 1.1 0.037 0.8 0.023
EC-08 (975) 0.8 0.064 0.9 0.054 14 0.047 1.0 0.030
NCSE-02 (475) 0.8 0.062 0.9 0.053 1.5 0.051 1.1 0.031
NCSE-02 (975) 1.0 0.080 1.1 0.069 19 0.067 14 0.040

+Y EC-08 (475) 0.4 0.056 0.6 0.045 0.1 0.096 0.5 0.033
EC-08 (975) 0.5 0.071 0.7 0.058 0.3 0.108 0.6 0.042
NCSE-02 (475) 0.5 0.067 0.7 0.056 0.1 0.106 0.6 0.041
NCSE-02 (975) 0.6 0.087 0.9 0.073 0.9 0.108 0.8 0.053

-Y EC-08 (475) 0.4 0.063 0.5 0.056 0.1 0.068 04 0.033
EC-08 (975) 0.5 0.080 0.7 0.071 0.1 0.086 0.5 0.042

NCSE-02 (475) 0.5 0.075 0.6 0.067 0.1 0.075 0.5 0.042
NCSE-02 (975) 0.6 0.097 0.8 0.088 0.1 0.098 0.7 0.054




