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6.1 Introduction 

In this chapter the updating process of the numerical model of Mallorca cathedral is 

presented. The attempts made to obtain a best matching between the experimental modal 

parameters and the numerical ones are addressed. The model updating process has been 

aimed at improving the model by adjusting some of its input data, for instance, the moduli 

of elasticity of different materials, the boundary conditions and the influence of the 

adjacent buildings. The objective has been to obtain a more realistic model that maybe 

used with confidence in the structural assessment of the cathedral.  

6.2 Description of the initial FE model 

A detailed description of the initial FE model and its mesh can be found at (Martínez, 

2007). Here, only a brief description is given with focus on meaningful issues to the 

current study. The different parts of the cathedral (naves’ vaults, arches, columns, walls, 

buttresses and filling above vaults) were modeled using solid elements consisting of four-

node three-side isoparametric solid pyramid. These elements represented approximately 

95% of the mesh. The remaining 5% represented the vaults of the apse modeled using 

three-node triangular isoparametric 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. Some views of the model are shown in 

Figure  6.1. Among the materials that compose the building, four characteristic materials, 

already described in chapter 3, are considered in the model. The corresponding 

properties, refer to chapter 3, are summarized in Table  6.1 . Referring to the last column of 

Table  6.1, it can be seen that properties of material 1 are expected to be the most 

influential on the global behavior since it represents three quarters of the total weight of 

the building. On the other hand, the properties of materials number 3 and 4 are expected 

to have less effect since they represent together less than 5% of the cathedral weight.   

From the model views, it can be noticed that not all parts of the cathedral were 

modeled. The lateral chapels’ vaults and the longitudinal wall connecting all the buttresses 

were not modeled. Based on the visual inspection (carried out before creating the model) 

the tower and the two adjacent buttresses were noticed to be connected from the ground 

level up to level 17m. Above this level up to the buttress top, a narrow separation joint was 

noticed, Figure  6.2, which suggested that the tower is not connected to the buttresses. 

However, behind this joint, the tower and the buttresses might be connected. 
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Table  6.1. Properties of different materials in the FE model. 

No. & 

color 

Structural 

parts 

Young's 

Modulus (MPa) 

Density 

(kg/m3) 

Poisson's 

ratio 

Total	weight	of	parts

Total	weight	of	cathedral	
	

1  Entire 

cathedral 

except the 

following 

3816 2100 0,2 74 % 

2 

 

 Buttresses 3600 2100 0,2 22 % 

3 

 

 Columns and 

flying arches 

15264 2400 0,2 3 % 

4 

 

 Filling over 

the vaults 

1908 2000 0,2 1 % 

 

  

Figure  6.2. View to the tower-buttress relation (left); and zoom to the separation (right).  

6.3 Initial correlation of experimental and numerical modal parameters 

The experimental frequencies and mode shapes obtained from the dynamic 

identification tests and their numerical counterparts were compared using the frequency 

discrepancy (Df) and the Modal Assurance Criteria (MAC), previously presented in chapter 

2. To correlate the experimental and the numerical mode shapes, it was possible to base 

first on the visual comparison followed by the calculation of the MAC values to have a 

quantitative measurement of the visual correlation. Also, the closeness between the 
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experimental and the numerical natural frequencies provided a clear tool for the 

correlation. 

As described in chapter 4, the dynamic identification process allowed the 

identification of eight experimental modes. The frequencies of all of them were estimated 

to an acceptable level of accuracy and the mode shapes of modes number 2, 3and 4 only 

were characterized in a reliable way. The numerical modes (chapter 4, Figure 4.1) and the 

experimental modes (chapter 4, Figs. 4.15 to 4.22) were correlated. The experimental 

mode 1 had a combination of longitudinal and transversal movements; therefore, it was 

associated with the numerical modes 1 and 2. The experimental mode 2 was matched with 

the numerical mode 1 only because both had a clear longitudinal shape.  Similarly, the 

experimental mode 4and the numerical mode2were matched because of their 

predominant transversal shape. The numerical modes related to the tower (number 3 and 

4) were not matched with any of the experimental ones, since no information was 

obtained about the tower mode shapes. Also, there was a clear difference in the 

frequencies values between the numerical modes 3 and 4 and the identified experimental 

ones.  The experimental mode 5 was associated with the numerical modes number 5,6 and 

7 to find the best match since it had near frequency value to all of them. The experimental 

modes number 6 and 7 were correlated to numerical modes number 8 and 9 respectively 

because they had very close frequency values. Finally, the experimental mode number 8 

was correlated to the numerical mode number 10. 

The Df and MAC values for the previous comparisons are summarized in Tables 6.2 

and 6.3, respectively. Regarding the comparison of the experimental and the numerical 

frequencies it can be seen that there was a slight difference between Df values when 

considering the sets of “all” or “selected” setups. The definitions of these two sets have 

been presented in chapter 4. The reason is that the experimental frequencies slightly 

changed between both sets, as previously mentioned in chapter 4. This was not the case 

for MAC index. For some modes there was an important difference between the mode 

shape vectors obtained from the sets of “selected” or “all” setups. For instance, it was clear 

for the case of experimental mode 2that when considering the set of all setups, very low 

values were found. On the contrary, when considering only the set of “selected” setups, 

higher values were obtained. This finding indicated the importance to check well which 

setups were able to best estimate the mode shape to form a realistic experimental vector, 

and to exclude those setups that could contaminate the experimental mode shape vector. 
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Table  6.2. Df  values for correlation of initial FE model with experimental frequencies. 

Method Setups 

set 

Mode type and ID. 

Exp. 1 1 2 3 4 5 5 5 6 7 8 

Num. 1 2 1 1 2 5 6 7 8 9 10 

FDD selected  11,1 39,3 11,3 15,5 1,5 0,9 0,1 9,0 1,7 1,7 0,4 

SSI-

cov/ref 

all  9,3 37,0 11,4 15,9 1,0 0,8 0,1 9,1 2,5 1,0 0,7 

selected  - - 11,0 16,2 1,0 1,4 0,6 8,5 - - - 

SSI-

data/ref 

all  8,9 36,5 12,1 16,1 1,0 0,9 0,1 9,0 1,2 0,5 0,9 

selected  - - 12,3 16,0 0,9 1,4 0,6 8,5 - 1,3 - 

pLSCF all  10,9 39,0 11,2 15,8 1,0 1,0 0,2 8,9 1,6 0,6 1,1 

selected  - - 10,8 15,9 1,1 1,0 0,2 8,8 1,6 1,4 1,0 

Table  6.3. MAC values for correlation of initial FE model with experimental modes. 

Method Setups 

set 

Mode type and ID. 

Exp. 1 1 2 3 4 5 5 5 6 7 8 

Num. 1 2 1 1 2 5 6 7 8 9 10 

FDD selected  0,56 0,03 0,52 0,49 0,69 0,20 0,10 0,0 0,49 0,08 0,47 

SSI-

cov/ref 

all  0,36 0,05 0,07 0,01 0,70 0,27 0,01 0,0 0,27 0,33 0,55 

selected  - - 0,89 0,62 0,72 0,03 0,01 0,01 - - - 

SSI-

data/ref 

all  0,16 0,10 0,04 0,02 0,69 0,25 0,01 0,0 0,07 0,28 0,24 

selected  - - 0,85 0,77 0,74 0,11 0,21 0,20 - 0,67 - 

pLSCF all  0,01 0,01 0,08 0,05 0,69 0,11 0,13 0,01 0,53 0,26 0,27 

selected  - - 0,88 0,79 0,73 0,03 0,04 0,0 0,60 0,14 0.36 

 

In Table 	6.4 the best correlated pair of numerical-experimental modes and the 

corresponding Df 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 (refer to table 4.12 in 

chapter 4) have good MAC values 0,89 and 0,74 respectively. This indicated the accuracy 

of the FE model and its ability to reproduce the real structure.  The low MAC values for 

other modes can be explained because of the difficulty of identifying the corresponding 

experimental modes as previously discussed in chapter 4. 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 first numerical mode, which was a global longitudinal 

one, the high Df value (11%) suggested that in the longitudinal direction of the cathedral, 

the real stiffness was larger than that simulated by the model.  
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Table 	6.5shows the comparison between the numerical natural frequencies and the 

experimental ones obtained from the dynamic monitoring system. The Df values were 

higher than those for the dynamic identification. As mentioned in chapter 5, the average 

temperature of the entire monitoring period was much higher than that for the dynamic 

tests, thus resulted in higher frequencies and Df values. 

Table  6.4. 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 

Df 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 

Best  

Result 

Method 
SSI-

cov/ref 

SSI-

data/ref 

SSI-

cov/ref 
pLSCF 

SSI-

data/ref 

SSI-

cov/ref 

Setups Selected Selected All Selected Selected All 

 

Table  6.5. Comparison between initial FE model frequencies and mean frequencies obtained from the 

dynamic monitoring system. 

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)  1,496 1,631 1,988 2,353 2,593 2,797 

Df 15,1 2,4 3,2 3,6 6,9 5,7 

6.4 Model updating procedure 

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. Consequently, the updating 

process could be uncoupled so that the 1Num-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 	6.3 compares the experimental and the numerical 

normalized modal displacements (in the X,Y and Z directions) at each dynamic tests’ 

measurement point for the three zones of the cathedral—corresponding to the south, 
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central and north naves. The places of the points in the tests can be consulted in chapter 4, 

Figure 4.2. 

 

Figure  6.3. Comparison between mode shapes of 1Num-2Exp (top); and 2Num-4Exp (bottom). 

This comparison allowed better understanding of the correlation between the 

experimental and the numerical mode shapes and helped in showing the parts of the FE 
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model that needed updating. As can be noticed in Figure 	6.3, from the plot of 1Num-2Exp 

mode (numerical mode 1 associated with experimental mode 2), 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 the dynamic tests. This finding beside 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. 

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. 

Finally, in the cathedral’s structural configuration the buttresses were the main elements 

providing stiffness in the transversal direction. Accordingly, the modulus of elasticity of 

their masonry might have significant influence on this mode shape.  

Finally, as previously stated in chapters 3 and 4, there was a major crack between 

the third and the fourth bays. Modeling this crack might also have an influence on the 

numerical modal parameters. For sake of clarity, the methodology previously described is 

schematically represented in Figure  6.4. 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. 

 

 

Figure  6.4.  Followed procedure in updating the numerical model. 
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6.4.1 Adjusting in the longitudinal direction 

6.4.1.1 Adding the longitudinal wall  

The longitudinal wall connecting all the buttresses was added to the model. The 

height and the thickness of that wall were obtained from the available drawings. It was 

given the properties of the material constituted most of the cathedral (material 3 in Table 

6.1). It was found that the cathedral stiffness increased and therefore all the modes’ 

frequencies increased, see Table 	6.6. Successfully, the Df of the 1Num-2Exp mode was 

decreased from 11% to 6,8%. For the rest of the modes, the Df increased. The highest 

increase was noticed for the mode 8Num-6Exp. This mode was a local mode in which the 

two buttresses at the triumphal arch bay were the clearly moving elements. In Figure 	6.5 it 

can be noticed that two more adjacent buttresses showed movement due to the 

connection introduced by the wall, thus resulting in increasing the frequency. 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. Figure 	6.6 shows the case of the 1Num-2Exp 

mode.  

Table  6.6. Comparing the numerical and experimental modes after adding the longitudinal wall. 

Mode ID. 
1Num- 

2Exp 

2Num-

4Exp 

5Num-

5Exp 

8Num-

6Exp 

9Num-

7Exp 

10Num-

8Exp 

Num. Frequency (Hz) 1,330 1,668 1,986 2,516 2,592 2,732 

Df 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 

 

 

Figure  6.5. Mode 8: before adding the wall (left); and after adding it (right). 
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Figure  6.7. The effect of lateral chapels’ vaults: (a) on frequencies; and (b) on Df. 

Table  6.7. Comparing the numerical and experimental modes after considering the effect of the lateral 

chapels’ vaults. 

Mode ID. 
1Num- 

2Exp 

2Num-

4Exp 

5Num-

5Exp 

8Num-

6Exp 

9Num-

7Exp 

10Num-

8Exp 

Num. Frequency (Hz) 1,422 1,682 2,016 2,556 2,611 2,764 

Df 0,4 6,6 4,0 14,4 8,2 4,1 

MAC 0,88 0,73 0,20 0,26 0,78 0,54 
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6.4.2 Adjusting in the transversal direction 

6.4.2.1 Modifying the tower-cathedral connection  

The tower was connected to the full height of the adjacent buttresses aiming at 

increasing the lateral stiffness that would decrease the north nave modal displacement, 

hence, improving the match with the experimental mode shape. Nevertheless, the new 

connection did not reduce the north nave modal displacement. It was noticed only a 

reduction in the tower modal displacement. Also, the two modes of the tower (numerical 

modes 3 and 4) manifested increase in frequency from 1,726 and 1,888 to 1,955 and 2,025 

Hz, respectively. 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, see Table  6.8. Thus, this 

model tuning was not considered and the tower-cathedral connection returned to its 

original assumed state. 

Table  6.8. Comparing the numerical and experimental modes after connecting tower with full height 

of adjacent buttresses. 

Mode ID. 
1Num- 

2Exp 

2Num-

4Exp 

5Num-

5Exp 

8Num-

6Exp 

9Num-

7Exp 

10Num-

8Exp 

Num. Frequency (Hz) 1,435 1,726 2,161 2,578 2,621 2,801 

Df 0,5 9,4 11,4 15,4 8,6 5,5 

MAC 0,89 0,74 0,13 0,15 0,80 0,53 

 

6.4.2.2 Adjusting the elasticity modulus of the buttresses 

In this trial a gradual reduction in the modulus of elasticity of the buttresses was 

followed from 95% to 70% of the original value. In Figure  6.8, 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. At which, 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  6.9.  Negligible 

changes were noticed in the MAC values for all the modes.  
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Table  6.9. Comparing the numerical and experimental modes after reducing the modulus of elasticity 

of the buttresses. 

Mode ID. 
1Num- 

2Exp 

2Num-

4Exp 

5Num-

5Exp 

8Num-

6Exp 

9Num-

7Exp 

10Num-

8Exp 

Num. Frequency (Hz) 1,404 1,611 1,974 2,478 2,569 2,669 

Df 1,6 2,1 1,8 10,9 6,4 0,5 

MAC 0,88 0,75 0,16 0,29 0,77 0,54 

 

Figure  6.8. Finding the optimized ratio for reducing elasticity modulus of the buttresses. 

6.4.3 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 stiffnesses of any spring were 

assumed equal in the X and Y directions and were taken as a ratio from the spring vertical 

stiffness. As previously presented in chapter 3, most of the cathedral foundations were 

built on conglomerate rock and only a few of them were built on filling (see section 3.4.6). 

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 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/m3 for the rock and 1E7N/m3 for the 

filling, guided by the recommendations given in the soil investigation report (Ingeniería de 

Sondeos S.A., 2002). The initial average vertical spring stiffness in the rock zone was 
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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 (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 most pronouncing one on the 

dynamic behavior. As can be noticed in Figure  6.9, when using the initial value of this 

variable, and for all modes, the Df values increased significantly and the MAC values 

decreased significantly because of the excess flexibility of the cathedral at the filling zone. 

When increasing it with two orders of magnitude, the Df values improved for almost all the 

modes and the MAC values retrieved the values of the previous updating step (adjusting 

the modulus of elasticity of buttresses).  

 

 

Figure  6.9. Effect of changing the average spring stiffness in the filling zone on: (a) Df; and (b) MAC. 
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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 in the rock zone was 6,89E11 N/m and in the filling zone was 

5,51E8 N/m and the horizontal stiffness was 10% of the vertical stiffness for any spring in 

the two zones. Table  6.10 reports the matching after using 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 the modes 2Num-4Exp and 5Num-5Exp.  

Table  6.10. Comparing the numerical and experimental modes after using elastic foundations. 

Mode ID. 
1Num- 

2Exp 

2Num-

4Exp 

5Num-

5Exp 

8Num-

6Exp 

9Num-

7Exp 

10Num-

8Exp 

Num. Frequency (Hz) 1,399 1,577 1,950 2,464 2,562 2,645 

Df 1,9 0,1 0,6 10,3 4,7 0,4 

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

6.4.4 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 as 

previously discussed in chapter 3. One of the significant cracks is the one located between 

the third arch and the fourth vault from the west façade, Figure  6.10. It was previously 

monitored for a period of about five years and proved to be active with a rate of 

1cm/century (Godde, 2009). 

 

Figure  6.10. Photos for the crack between third arch and fourth vault. In the left photo a zoom is made 

to the static monitoring sensor. 
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Figure  6.11. The numerical modeling of the crack by doubling the nodes. Before simulating the crack 

(top); and after simulating the crack (bottom). 

 

Figure  6.12. Zoom at the crack location in the first mode (left); and the second mode (right). 
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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. At the contact line, the 

nodes belonging to the arch mesh were kept and new nodes were defined for the vault 

mesh, as shown in Figure  6.11. The arch original nodes and the vault new nodes had the 

same X and Z coordinates, but in the Y direction they were spaced 1 mm. This modeling 

approach allowed to reproduce the crack effect as can be seen in Figure  6.12 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 Df and 

MAC of the previous updating step were obtained with the cracked model. 

6.4.5 Final FE model after updating 

Finishing with the updating process, the model of the section 6.4.3was considered as 

the final one. Table  6.11 summarizes the comparison in terms of Df and MAC values 

between the final model and the dynamic identification as well as the dynamic monitoring. 

Comparing with the dynamic identification 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 4with MAC values of 0,89 and 0,75 

respectively. The MAC values for other modes were not significant because of their poor 

experimental identification. 

 

Table  6.11. Comparing the numerical frequencies with the dynamic tests and the dynamic monitoring 

frequencies.  

Mode ID. 
1Num- 

2Exp 

2Num-

4Exp 

5Num-

5Exp 

8Num-

6Exp 

9Num-

7Exp 

10Num

-8Exp 

Num. Frequency (Hz) 1,399 1,577 1,950 2,464 2,562 2,645 

Dynamic 

tests 

Frequency (Hz) 1,427 1,578 1,939 2,234 2,414 2,656 

Df 1,9 0,1 0,6 10,3 4,7 0,4 

Dynamic 

monitoring 

Frequency (Hz) 1,496 1,631 1,988 2,353 2,593 2,797 

Df 6,5 3,3 1,9 4,7 1,2 5,4 
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The comparison of the frequencies of the final model with those of the dynamic 

monitoring showed a good agreement with half of the modes had a Df value around 3% or 

less and the other half had a Df value around 6% or less, with average of 3,8% when 

considering all the modes. This result showed clearly that the final model was improved 

with respect to the initial one and could be used in the following phases in the structural 

assessment process.   

The first ten mode shapes of the final model are plotted in Figure  6.13. When 

comparing those modes with their initial counterpart plotted in Figure 4.1 of chapter 4, it 

can be noticed that the modes 1,2,3,7 and 10 kept their initial shapes as their MAC values 

were near 1. The remaining modes exhibited changes. The first updating step was behind 

these changes because this step resulted in connecting all the buttresses together which 

subsequently changed the buttresses’ movement and thus changed the full mode shapes.  

Figure  6.14 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 Df 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). However, for the local 

modes number 8 and 9 the Df values increased from 1,6 and 1,3 to 10,3% and 4,7%, 

respectively.  

The change in the Df and MAC values after each updating step is shown in Figure 

 6.15. It can be seen that the first two updating steps increased the Df for all modes except 

the 1Num-2Exp mode. The step of reducing the modulus of elasticity of the buttresses 

improved all modes except 1Num-2Exp. In addition, this step uniformed the Df value for all 

the modes (except 8Num-6Exp and 9Num-7Exp) at about 2%. The MAC values of the 

modes 1Num-2Exp and 2Num-4Exp did not suffer from significant changes during the 

updating process.  

An evaluation of the initial correlation (Tables 6.2 and 6.3) was carried out by 

recalculating the Df and MAC values between the experimental modes and their 

counterpart numerical ones as summarized in Tables 6.11 and 6.12. It can be noticed that 

the initial correlation was correct and no changes in any of the initial correlation decisions 

were required. 
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Figure  6.14. Comparison between the experimental frequencies and the frequencies of the initial and 

the final models, the MAC values are shown beside the dots.  

 

Figure  6.15. The changes in Df (top); and MAC (bottom) with the updating steps. 
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Table  6.12. Confirmation of the initial correlation using Df  values . 

Method Setups 

set 

Mode type and ID. 

Exp. 1 1 2 3 4 5 5 5 6 7 8 

Num. 1 2 1 1 2 5 6 7 8 9 10 

FDD selected 
 22,4 38,0 2,2 6,9 0,5 0,4 5,2 17,9 10,4 6,5 0,2 

SSI-

cov/ref 

all 
 20,4 35,7 2,4 7,4 0,1 0,6 5,3 18,1 11,3 5,8 0,4 

selected 
 - - 1,9 7,7 0,0 0,1 4,7 17,4 - - - 

SSI-

data/ref 

all 
 20,0 35,3 3,2 7,6 0,1 0,4 5,2 17,9 9,9 5,2 0,7 

selected 
 - - 3,4 7,5 0,1 0,1 4,7 17,4 - 6,1 - 

pLSCF all 
 22,2 37,7 2,1 7,3 0,1 0,4 5,1 17,9 10,3 5,3 0,8 

selected 
 - - 1,7 7,4 0,1 0,3 5,1 17,8 10,3 6,2 0,8 

Table  6.13. Confirmation of the initial correlation using MAC values. 

Method Setups 

set 

Mode type and ID. 

Exp. 1 1 2 3 4 5 5 5 6 7 8 

Num. 1 2 1 1 2 5 6 7 8 9 10 

FDD selected  0,54 0,06 0,50 0,45 0,71 0,00 0,16 0,02 0,39 0,01 0,43 

SSI-

cov/ref 

all  0,33 0,07 0,05 0,00 0,71 0,16 0,00 0,01 0,25 0,13 0,54 

selected  - - 0,89 0,62 0,72 0,13 0,06 0,02 - - - 

SSI-

data/ref 

all  0,13 0,12 0,03 0,01 0,71 0,02 0,05 0,01 0,02 0,03 0,22 

selected  - - 0,84 0,76 0,75 0,21 0,00 0,19 - 0,77 - 

pLSCF all  0,01 0,01 0,06 0,03 0,71 0,01 0,18 0,05 0,36 0,03 0,24 

selected  - - 0,88 0,77 0,75 0,08 0,06 0,02 0,29 0,12 0,30 

6.5 Conclusions 

The chapter presented the updating process of the numerical model of Mallorca 

cathedral. The process aimed at improving the initial model in order to attain a higher 

level of confidence in the following phases of the seismic assessment of the cathedral.  

In an initial step, the experimental and numerical modes were correlated. Half of the 

experimental modes were easily correlated with their numerical counterparts and the 

other half had to be tried with many numerical modes. The numerical modes that showed 

the lowest Df and the highest MAC values were initially correlated with their experimental 

correspondent.  
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The updating process was uncoupled so that the longitudinal direction was first 

adjusted and then the transversal one. In the longitudinal direction, it was found that 

adding the longitudinal wall that connects all the buttresses and also introducing the effect 

of the lateral chapels’ vaults improved the model. In the transversal direction, adjusting 

the elasticity modulus of the buttresses improved the model. Using elastic foundations 

instead of rigid ones, improved the matching of the numerical and experimental 

frequencies. The simulation of the damage did not help in matching the numerical and the 

experimental results.  
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7.1 Introduction  

This chapter discusses the phase of the seismic assessment of Mallorca cathedral. 

For that purpose, different analysis methods were used. Nonlinear static (pushover) 

analysis was firstly carried out. 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. Although for such a large historical structure, the nonlinear 

time-history (dynamic) analysis seemed to be very time consuming, an attempt to perform 

this type of advanced analysis was carried out. The results and conclusions of this phase 

were the base for the seismic strengthening intervention proposals.   

7.2 Constitutive model and properties of materials   

To simulate the nonlinear behavior of the masonry, both cracking (tensile regime) 

and crashing (compressive regime) were considered. 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  7.1 a), tension softening (Figure 

 7.1-b), and shear retention. Compressive regime was modeled using isotropic plastic 

Drucker-Prager model.  

Some of the properties of the materials have been already mentioned in chapter 6, 

Table 6.1. In Table  7.1 the rest of the used properties of materials are presented. The 

compressive strength fc of the first three materials were taken as found by González and 

Roca (2003) who carried out compressive tests on samples of the stone. For the filling 

material a low compressive strength was assumed. The values of the ultimate crack strain 

���� were assumed so that the four materials had near tensile fracture energies.  

For all the materials, the tensile strength  ft  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.  
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σ1 and σ2 are the two-dimensional principal stresses.  

 

 

Gf is 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. 

(a) (b) 

Figure  7.1. Representation of (a) tension cut-off and (b) tension softening (DIANA, 2009).  

 

Table  7.1. Properties of the different materials in the FE model. 

Material No. &  

structural 

elements 

(1) All the cathedral 

except the following 

(2) Buttresses (3) Columns and 

flying arches 

(4)Filling 

over vaults 

fc (MPa) 2 2 8 1 

���� (%) 0,40 0,43 0,10 0,81 

 

7.3 Characterization of the seismic demand  

The seismic demand was characterized using two codes: the Spanish code for 

seismic design (NCSE-02, 2002) and the Eurocode 8 (EC-08) (CEN, 2004). 

7.3.1 Characterization of the seismic demand according to NCSE-02 

The Spanish code defines the seismic calculations acceleration (ac) as:  

ac=S	ρ ab Equation  7.1 

where: 

- ab is the basic seismic acceleration. The code value of 0,04g is used (mentioned in annex 1 

for Palma de Mallorca zone).   

- ρ is a coefficient considers the importance of the building and it considers tacitly the 

return period. ρ =1 and 1,3 for 475 and 975 years respectively.   

- S is the coefficient of the soil amplification. It is calculated from one of the following three 

expressions: 
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For  ρ	ab	 ≤ 0,1g   S = 	 C
1,25

 
Equation  7.2 

For  0,1g < ρ	ab	 < 0,4g   S = 	 C
1,25

+ 3,33 �ρ ∙ ab

g − 0,1� (1 − C
1,25

) 
Equation  7.3 

For 0,4g			 ≤ ρ	ab  S = 1,0 Equation  7.4 

In the above expressions C is the soil coefficient which equals 1,6 for the soil underneath 

the cathedral because it is considered a soil of type III with shear wave velocity between 

200 and 400 m/s. More details about the cathedral’s foundation soil were discussed in 

chapter 3. S is calculated as 1,28 for the two considered return periods.   

Substituting the values of S, ab and ρ in Equation  7.1, the acceleration ac becomes equal to 

0,051g and 0,067g for 475 and 975 years, respectively.  

Then to determine the response spectrum, ac is multiplied by the normalized elastic 

spectrum of the code which has three branches defined by: 

If   T < TA α (T) = 1 + 1,5 ∙ T/TA Equation  7.5 

If  TA ≤ T	 ≤ TB   α (T) = 2,5 Equation  7.6 

If 	T > TB α (T) = K ∙ C/T Equation  7.7  

where: 

α (T) is the value of the normalized response spectrum for 5% critical damping. T is the 

fundamental period of the structure in seconds. K is the coefficient of contribution, takes 

the value of 1 (annex 1 for the zone of Palma de Mallorca). TA and TB are calculated by 

means of the following equations: TA = K∙C/10=0,16 s, and TA = K∙C/2,5=0,64 s. The two 

response spectra are shown in Figure  7.2.  

7.3.2 Characterization of the seismic demand according to EC-08 

The Eurocode 8 (CEN, 2004) defines the horizontal response spectrum Se  (T) of the 

horizontal component of the seismic action by the following expressions: 

0 ≤ T	 ≤ TB : Se (T) = ag  ∙ S ∙ [1+
T

TB

∙ (� ∙ 2,5 − 1)]	  Equation  7.8 

TB ≤ T	 ≤ TC :  Se (T) = ag  ∙ S ∙ � ∙ 2,5	 Equation  7.9 

TC ≤ T	 ≤ TD :  Se (T) = ag  ∙ S ∙ � ∙ 2,5 TC

T
	 Equation  7.10  

TD ≤ T	 ≤ 4! :  Se (T) = ag  ∙ S ∙ � ∙ 2,5 ∙ "TC∙TD

T# $	 Equation  7.11 

where 
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- Se (T) is the elastic response spectrum; 

- T is the vibration period of a linear single-degree-of-freedom system; 

- ag is the design ground acceleration on type A ground (ag = γ1.agR. γ1 is the importance 

factor and agR is the reference peak ground acceleration on type A ground);  

- TB is the lower limit of the period of the constant spectral acceleration branch; 

- Tc is the upper limit of the period of the constant spectral acceleration branch; 

- TD is the value defining the beginning of the constant displacement response range of the 

spectrum; 

- S is the soil factor; 

- η is the damping correction factor with a reference value of η = 1 for 5% viscous 

damping. 

agR is 0,04g as defined in NCSE-02. The reference return period of the EC-08 is 475 years 

for which the γ1 =1, so ag =0,04g. For 975 years return period, γ1 is calculated from the 

relation given in item 2.1(4) of the code: γ1 ~(475/975)
'( )*  = 1,27, so ag =0,051g. The soil 

type is B, so S = 1.2; TB = 0.15 sec; TC = 0.5 sec; and TD = 2 sec. Figure  7.2 shows the two 

response spectra.  

 

Figure  7.2. The elastic response spectrum Se (g) using the Eurocode 8 (EC8) and the Spanish code 
NCSE-02. 
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7.4 Nonlinear static analysis 

7.4.1 Introduction  

In the nonlinear static (pushover) analysis a monotonically increasing horizontal 

load was applied under constant gravity load. The horizontal load distribution adopted 

was a uniform load proportional to the structural elements’ masses. The cathedral was 

subjected to the seismic loads in the longitudinal (X-direction) and the transversal (Y-

direction) considering both the positive and the negative sings. The procedure is well 

known and is proposed by both of EC-08 and NCSE-02. 

The structure showed different seismic capacities depending on the direction of the 

applied seismic forces whether transversal or longitudinal. 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 façade 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, and thus 

the cathedral showed higher capacity. In the longitudinal direction, the loading of the 

buttresses and the façade occurred in the direction perpendicular to their plane therefore 

caused a lower seismic capacity.  

For plotting a representative capacity curve of the structure, the choice of only a 

single control point that could represent the actual capacity was a challenging task. 

Therefore, four control points were selected. The first point was the center of gravity of 

the full cathedral (CG-cathedral), the second was the center of gravity of the naves’ roof 

(CG-roof), the third was the point with the highest elevation (Top) which located at the top 

of the gable of the west facade, and finally the point with the maximum displacement 

(Max-D) in the direction under consideration. The seismic responses in each of the studied 

directions are discussed hereinafter.  

7.4.2 The seismic response in the longitudinal (±X) direction  

7.4.2.1 In (+X) direction  

The obtained capacity curve in this direction is presented in Figure  7.3. The point 

Top was found to be also the one with the highest displacement. It can be noticed that the 

curves’ start point was not at zero displacement, because the gravity loads were applied 

first followed by the seismic loads. 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 curves were selected to follow the collapse progression, those 
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7.4.2.3 Comparison with the actual state of cracking in the cathedral  

The damage patterns found by the numerical analysis were compared with the 

actual state of cracking in the cathedral to investigate if these cracks were of a seismic 

origin. Figure  7.10 reports the crack survey of the north and the south clerestory walls as 

can be seen from inside the cathedral. Some photos for some of the important cracks are 

shown in Figure  7.11. It was noticed that all the bays of the clerestory walls were cracked. 

The first four bays from the west façade showed more intensive cracking pattern when 

compared to the bays near the east façade. 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 the columns or the buttresses. The 

diagonal cracks were near to those found by the pushover analysis so they perhaps related 

to the seismic history of the island of Mallorca.  
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Figure  7.10. Crack survey of north (top) and south (bottom) clerestory walls. Red cracks are wider 
than blue ones. Photos for cracks surrounded by circles are shown in the next figure. 
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Figure  7.11. Photos from inside the cathedral for some of the cracks of the previous figure. 

7.4.3 The seismic response in the transversal (±Y) direction 

7.4.3.1 In (+Y) direction  

In this direction the building showed a higher capacity (0,118g) than that in the 

longitudinal direction. Figure  7.12 shows the capacity curves. The point Max-D was found 

to be at the top of the fifth flying arch counting from the west façade.  

The cathedral resisted the seismic loading thanks to seven frame-like structures. 

Each of them was composed by the columns supporting the diaphragmatic arch and the 

main nave vault which in turn were connected to the buttresses by the two batteries of the 

flying arches and the lateral naves’ vaults. In addition to these frames, the west and the 

east facades, the tower and the stiff walls of the apse resisted the lateral loads.  
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The seven frames carried different portions of the seismic load depending on their 

location with respect to the center of rigidity of the whole cathedral, and depending also 

on their proximity from stiffer parts like the west façade. A comparison among the 

capacity curves of the seven frames is shown in Figure  7.13 for a control point located at 

the top of the south column, the frames counting started from the west facade. As can be 

noticed, the displacement of the control point increased when the frame location moved 

away from the west façade. The frames from 1 to 3 showed less displacement than the rest 

of the other frames due to the considerable resistance of the stiff west facade. The 

remaining four frames (from 4 to 7) showed alike capacity curves and the maximum 

displacements at collapse were in a narrow range from 4,5 to 4,8 cm.  

To explain how the cathedral failed in this direction, the collapse mechanism of the 

typical bay number 2 was taken as a representative example. As expected in this type of 

Gothic cathedrals, a series of disconnections (hinges) between structural parts could be 

noticed with the increase in the applied lateral load until reaching collapse. This sequence 

of crack propagation is shown in Figure  7.14, in which, a capture was taken at each seismic 

load multiplier resulted in a crack initiation.  

The hinge mechanism process started at a seismic load of 0,075g 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 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 at the bottom of the lower north flying arch. At 0,102g a 

new crack appeared in the main nave vault followed by another one at the base of the 

buttress at 0,104g. The followed crack initiated at 0,106g at the top of the vault of the 

north lateral nave. Four cracks opened at the load factor of 0,109g, 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.  
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suggested that the crack in Figure  7.22-b resulted from creep effects; however, historic 

earthquakes might have contributed also in creating such damage. It can be noticed that 

the crack started at its top diagonally then continued vertically. 

(a) 

  

(b) 

   

Figure  7.22. Examples of damage possibly related to seismic events: (a) cracking around the middle 
rose window of the east façade; and (b) cracking at the south buttress of frame 3. 

7.4.3.4 Comparison with previous FE assessments on a typical bay 

Some previous studies have been carried out on the seismic performance of the 

cathedral considering a typical bay as a representative of the full cathedral in the 

transverse direction. Here a comparison is made to discuss the creditability of such 

approach for the seismic assessment of large historical construction composed of a 

number of repeated typical bays. Obviously, analyzing only a typical bay instead of the full 

structure saves a lot of effort and time in the model creation, processing and analyzing 

results.   

Figure  7.23 shows the damage pattern at collapse found by Roca et al. (2013). The 

authors analyzed a typical bay of Mallorca cathedral using the distributed and the 

localized damage models. A uniform pattern of lateral forces proportional to the mass was 
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used. Comparing the damage found by the 3D analysis (Figure  7.23) and the one herein 

presented, a good match in the locations of the hinges can be noticed. The difference that 

can be noticed is in the extent of damage. The left part (to the axis of symmetry) of the bay 

exhibited more damage in the analysis based on a typical bay than that found by the 

analysis of the full cathedral. This is probably due to the contribution of the west façade 

and the tower in the case of the 3D analysis.  

Regarding the attained capacity, it ranged from 0,083g to 0,140g which was 

comparable to the one found by the 3D analysis of the full cathedral (0,118g and 0,141g). 

The variability found in the capacity depended on some factors like the adopted modeling 

approach for the typical bay whether 2D or 3D, the assumed value for the fracture energy 

in tension and the usage of the distributed or the localized damage models.   

Based on this comparison, it can be understood that for such type of structures, 

analyzing only a typical bay could be a good approach to represent conservatively the 

seismic response of the full structure in the transverse directionin spite of the influence of 

other parts of the structure such as stiff façades and towers. 

  

Figure  7.23. Damage pattern from seismic analysis of a typical bay. Distributed damage model (left), 
localized damage model with (right). Source: Roca et al.  ( 2013).  

7.4.4 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.   
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The chosen values for the sensitivity analysis were the tensile strength ft, the 

compressive strength fc, the cracking strain ���� and the modulus of elasticity E. When 

changing the mechanical properties of the materials, all the four materials defined in the 

model were changed together with the same ratio. In each trial only one parameter was 

changed keeping all the other parameters constant. Table  7.2 summarizes the tried values 

in the parametric study. When presenting the capacity curves, the control point Max-D 

was used.  

Table  7.2. Chosen values for the sensitivity analysis*. 

The variable Minimum Maximum 

Tensile strength (ft) ft =2,5% fc ft = 10% fc 

Compressive strength (fc) 0,75× fc 2× fc 

Ultimate crack strain (����) ����  ∕10 ����× 1000 

modulus of elasticity (E) E∕4 E∕2 

* Refer to Table  7.1 for the reference values expressed here as symbols. 

7.4.4.1 Tensile strength 

The tensile strength of historical masonry is difficult to determine; however, it is 

known that it takes very low values. Here, two values were examined 2,5% and 10% of the 

compressive strength, in addition to the value of 5%  of the compressive strength used for 

the reference model. As can be noticed in Figure  7.24 (left), a remarkable change in the 

capacity was associated with the change of the tensile strength.  

 

  

Figure  7.24. Capacity curves varying ft (left); and change of the capacity with the change of ft ratio 
from the reference value (right).  
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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  7.24, 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.  

7.4.4.2 Compressive strength  

The effect of decreasing this strength property was more pronounced than 

increasing it. When trying the half of the reference value, the cathedral was not able to 

bear its self-weight. The ability of the structure to bear its self-weight is essentially related 

to the compressive strength of its materials.  

As shown in Figure  7.25 (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 (crushing), 

no benefit in strength was observed by increasing the compressive strengths.  

 

  

Figure  7.25. 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  7.25 (right) presents the relation between the investigated ratios of fc 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.  

7.4.4.3 Ultimate crack strain 

The ultimate crack strain and the fracture energy in tension Gf were directly 

dependent. In the constitutive model used for defining the nonlinear tension softening 

behavior, it was possible to use either of εu
cr  or Gf and the results were the same.  Figure 

 7.26 (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.  For the same tensile strength and the crack 

bandwidth, 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  7.26 (right).  

  

Figure  7.26. Capacity curves varying ���� (left); and change of the capacity with the change of ����	ratio 
from the reference value (right).  
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the buttresses and 950 for the rest of the materials, and for the case of E/4 the factor was 

375 and 475 for the buttresses and the rest of the materials, respectively.  

Figure  7.27 shows the results of the sensitivity analysis of the modulus of elasticity. 

Reductions in the capacity about 17% and 37% were found when reducing E to one half 

and one quarter of its reference value, respectively. 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 0,02g for E/4.   This could be attributed to 

the nonlinear geometrical effects.  

  

Figure  7.27. 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).  

7.5 Kinematic Limit analysis 

Based on the collapse mechanisms found in the longitudinal direction by the 
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technique. As discussed, for both cases of ±X direction, the overall collapse occurred due to 

the overturning of the west and the east façades.   

For the +X direction, the west façade overturning was considered, Figure  7.28 (a). 

For the -X direction, Figure  7.28 (b) shows the damage pattern of the east façade at 

collapse, in which, the cracked areas show the possible locations of the hinges. In Figure 

 7.28 (c), the deformed shape at collapse is shown with indication to the hinges at which 

the equilibrium of the full mechanism was considered. The mechanism involved the 

overturning of the whole façade accompanied with the half of the adjacent bay. The two 
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0.00

0.02

0.04

0.06

0.08

0.10

0 4 8 12 16 20 24

a
 (

g
)

Displacement (cm)

E

E/2

E/4

-17% 

-37% 

0.000

0.025

0.050

0.075

0.100

0 0.25 0.5 0.75 1 1.25

a
 (

g
)

Ratio of  E from the reference value



Chapter 7

 

 

Inte
to Mallorca cathedra

 

(a)

(c)

Figure 
collapse (in red) as dedu

Chapter 7

tegr
to Mallorca cathedra

(a) 

(c) 

Figure 
collapse (in red) as dedu

Chapter 7

grated
to Mallorca cathedra

Figure  7
collapse (in red) as dedu

Chapter 7 

ed mon
to Mallorca cathedra

7.28
collapse (in red) as dedu

onit
to Mallorca cathedra

28: (a) The west façade mechanism. 
collapse (in red) as dedu

itorin
to Mallorca cathedra

: (a) The west façade mechanism. 
collapse (in red) as dedu

ing and
to Mallorca cathedral 

: (a) The west façade mechanism. 
collapse (in red) as dedu

and structural

: (a) The west façade mechanism. 
collapse (in red) as dedu

structural

: (a) The west façade mechanism. 
collapse (in red) as deduced from the pushover analysis; 

structural

 

: (a) The west façade mechanism. 
ced from the pushover analysis; 

structural an

: (a) The west façade mechanism. 
ced from the pushover analysis; 

anal

: (a) The west façade mechanism. 
ced from the pushover analysis; 

alysis

: (a) The west façade mechanism. 
ced from the pushover analysis; 

is str

: (a) The west façade mechanism. 
ced from the pushover analysis; 

trateg

: (a) The west façade mechanism. 
ced from the pushover analysis; 

egies 

 

 

(b)

(d)

: (a) The west façade mechanism.  The east façade mechanism: (b) cracked areas at 
ced from the pushover analysis; 

s for 

(b) 

(d) 

The east façade mechanism: (b) cracked areas at 
ced from the pushover analysis; 

r the

 

 

The east façade mechanism: (b) cracked areas at 
ced from the pushover analysis; 

the stu

The east façade mechanism: (b) cracked areas at 
ced from the pushover analysis; (c) red c

tudy o

The east façade mechanism: (b) cracked areas at 
(c) red c

of large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
(c) red circles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; 

large historical construction. Application 

264

 

The east façade mechanism: (b) cracked areas at 
ircles show locations of hinges; and 

large historical construction. Application 

264 

The east façade mechanism: (b) cracked areas at 
and 

large historical construction. Application 

 

The east façade mechanism: (b) cracked areas at 
and 



Seismic assessment of Mallorca cathedral  

 

 Elyamani, A. (2015) 

265 

 

(d) lever arms for the macro-block weights and the seismic forces. 

The lever arms for the weights and the corresponding horizontal seismic forces are 

shown in Figure  7.28 (d). In the two Tables 7.3 and 7.4, the weights, lever arms and virtual 

displacements used in calculating the spectral accelerations are summarized. The 

equations of calculations and the definition of those parameters were previously 

introduced in chapter 2. The found capacities were 0,144g and 0, 118g for the –X and +X 

directions, respectively. Those values were near to the capacities obtained by the 

pushover analysis.  

 

Table  7.3. Weights, lever arms and virtual displacements of the west and east facades mechanisms. 

Façade Part Description Weight (ton) X (m) Z (m) δ(m) 

West W Full facade 26676 3,05 21,19 0,57 

East W1 Two buttresses 1894 0,75 12,25 0,58 

W2 Half of the adjacent bay 389 4,20 18,50 0,42 

W3 Triumphal arch and flying arches 2356 1,95 13,20 0,50 

W4 Two column-like masses 1256 0,60 9,90 0,50 

 

Table  7.4. The calculated parameters for the two mechanisms. 

Façade αo M* (Kg) e*(m/s2) a0
∗  

West 0,144 2719270 1,000 0,144g 

East 0,118 5362 0,988 0,118g 
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7.6 Nonlinear dynamic analysis 

7.6.1 Dynamic seismic loading  

The EC-08 (CEN, 2004) gives two choices for the representation of the seismic 

action as time-history ground acceleration, the first is the use of artificial accelerograms 

and the second is the use of recorded accelerograms. The two approaches were used and 

in the following are presented and compared.   

7.6.1.1 Artificial accelerograms 

For Mallorca cathedral site, using the software SeismoArtif (SeismoArtif, 2013) 

seven artificial accelerograms were defined for each case of the response spectra of EC-08 

(CEN, 2004) and NCSE-02 (NCSE-02, 2002) considering the two return periods of 475 and 

975 years. The accelerograms were compatible with the spectra and were adapted to its 

frequency contents as required by the considered codes.  

Figure  7.29 shows as an example one time-history for each code and return period.  

The four time-histories had the same time length about 7,5 seconds and they differed in 

the maximum PGA value and the significant time duration.  

The comparison between the four cases in terms of the average PGA and the average 

significant duration of the seven records is shown in Figure  7.30. For the two considered 

return periods, the average PGA’s of the time-histories of the NCSE-02 were higher than 

those of the EC-08. This was consistent with the spectra of the two codes (previously 

presented in Figure  7.2). Regarding the significant duration, for all cases it changes in 

narrow range from about 4,05 to 4.27 seconds.  

Figure  7.31 plots the average spectra of the seven accelerograms of the four cases 

with comparison with the codes spectra and the upper (+10%) and the lower (-10%) 

limits. As can be noticed for the four cases, the first branch of the spectrum was slightly 

higher than the upper limit, the second branch was aligned with the upper limit and the 

third branch was contained with the upper and lower limits.  
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Figure  7.29. Artificial time-histories compatible with: (a) EC-08 (475 years); (b) EC-08 (975 years); (c) 
NCSE-02 (475 years); and (d) NCSE-02 (975 years).   
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Figure  7.30. Comparison between artificial time-histories of considered codes and return periods:  
average PGA (left) and significant duration (right).  
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Figure  7.31. Spectra of the four cases using SeismoArtif : (a) Eurocode 8 (475 years); (b) Eurocode 8 
(975 years); (c)NCSE-02 (475 years); and (d) NCSE-02 (975 years).  

 

7.6.1.2 Real records accelerograms 

The software REXEL v 3.5 (Iervolino et al. 2010) was used to find a compatible set of 

real records which their average spectrum is matched with the code spectrum. Each set 

was formed by seven real records. The records were selected from the European Strong-

motion Database (http://www.isesd.cv.ic.ac.uk).  

Table  7.5 reports the set of the seven earthquakes for each code and return period. 

The earthquake component and the station are mentioned in the table because for the 
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earthquake component and the registration station.  The highest PGA was not more than 
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Table  7.5. Details of the combination of earthquake records compatible with the spectrum of each code 
and return period.  

Code (return 

period) 

Earthquake name (component direction-

station) 

Date  Mw  PGA(g) 

EC-08 (475) Umbria Marche aftershock (y-ST228) 03/04/1998 5,1 0,046 

Friuli (x-ST15) 06/05/1976 6,5 0,052 

Izmit (y-ST574) 17/08/1999 7,6 0,042 

Izmit (y-ST2572) 17/08/1999 7,6 0,063 

Montenegro (y-ST70) 15/04/1979 6,9 0,058 

Montenegro (aftershock) (y-ST77) 24/05/1979 6,2 0,055 

Gulf of Akaba (y-ST2898) 22/11/1995 7,1 0,091 

EC-08 (975) Almiros aftershock (y-ST1300) 11/08/1980 5,2 0,072 

Izmit (x-ST766) 17/08/1999 7,6 0,086 

Ano Liosia (x-ST1141) 07/09/1999 6,0 0,085 

Ano Liosia (x-ST1255) 07/09/1999 6,0 0,087 

Friuli (aftershock) (x-ST28) 15/09/1976 6,0 0,066 

Manjil (x-ST190) 20/06/1990 7,4 0,068 

Ano Liosia (y-ST1257) 07/09/1999 6,0 0,086 

NCSE-02 (475) Almiros aftershock (x- ST1300) 11/08/1980 5,2 0,072 

Izmit (y- ST766) 17/08/1999 7,6 0,099 

Montenegro (x- ST63) 09/04/1979 5,4 0,071 

Ano Liosia (x- ST1255) 07/09/1999 6,0 0,087 

Friuli (x- ST14) 06/05/1976 6,5 0,064 

Paliouri (x- ST1329) 10/04/1994 5,1 0,062 

Izmit (y- ST779) 17/08/1999 7,6 0,076 

NCSE-02 (975) Izmit (x-ST766) 17/08/1999 7,6 0,086 

Ano Liosia (x-ST1141) 07/09/1999 6,0 0,085 

Patras (y-ST178) 22/12/1988 4,9 0,101 

Aigion (y-ST1331) 15/06/1995 6,5 0,093 

Ano Liosia (y-ST1101) 07/09/1999 6,0 0,109 

Umbria Marche aftershock (y-ST265) 14/10/1997 5,6 0,082 

Izmit (x-ST556) 17/08/1999 7,6 0,092 

 

Figure  7.32. The average PGA of each combination of real records compatible with each code and 
return period.   
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Figure  7.33. Examples of the real records mentioned in table 1.12 :(a) Gulf of Akaba (y-ST2898); (b) 
Izmit (x-ST766); (c) Almiros aftershock (x- ST1300);  and (d) Umbria Marche aftershock (y-ST265).  
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Figure  7.34. Spectra of the four cases using REXEL: (a) Eurocode 8 (475 years); (b) Eurocode 8 (975 
years); (c) NCSE-02 (475 years); and (d) NCSE-02 (975 years). 
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7.6.1.3 Comparison between the artificial and the real records 

A comparison between the average spectra of the artificial and the real records is 

shown in Figure  7.35.  It can be seen that for the four cases considered, very near spectra 

were found. Also, when comparing the PGA (Figure  7.36) near values could be noticed. 

  

  

  

Figure  7.35. Comparing spectra of the artificial and the real records: (a) Eurocode 8 (475 years); (b) 
Eurocode 8 (975 years); (c) NCSE-02 (475 years); and (d) NCSE-02 (975 years). 
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7.6.2 Time step and damping model   

The analysis was carried out using one accelerogram only in one direction. The 

accelerogram in Figure  7.29-d was applied to the cathedral in the longitudinal direction 

(see results in section 7.6.3.1) and then in the transversal direction (see results in section 

7.6.3.2). The time step Δt was adopted making reference to chapter 2, section 2.8.3.4. 

Table  7.6 presents the number of modes and the corresponding cumulative mass 

participation calculated from the updated FE model (refer to chapter 6). It was observed 

that considering 600 modes resulted in a cumulative mass participation of 89%, 100% in 

the longitudinal and the transversal directions, respectively, which satisfied the 

requirements of the Eurocode 8 (CEN, 2004). Thus, substituting T600 (0,0407 s) in 

Equation 2.10 (see chapter 2) gave Δt = 0,002 s. The applied accelerogram had td of 7,38 s, 

this resulted in a number of time steps =7,38/0,002= 3690 which was too much. 

Therefore, Δt of 0,01 s was considered and the number of the time steps was reduced to 

738 (7,38/0,01). This meant that the highest considered Ti equaled 20×0,01=0,2 s. This 

period was the same as the one of the mode number 44. Considering 44 modes gave a 

cumulative mass participation of about 73% and 63% in the longitudinal and the 

transversal directions, respectively. Although the used Δt did not satisfy the Eurocode 8 

requirements, it was less computational time demanding. In addition, Δt was small enough 

compared with the earthquake duration so it satisfied Equation 2.9 (see chapter 2). The 

previously discussed reasoning was based on that followed in the nonlinear dynamic 

analysis of St. George of the Latins church (Trujillo, 2009; Lourenço et al., 2012).  

Table  7.6. The number of considered modes and the corresponding cumulative mass participation (%).  

Direction Number of considered modes 

50 100 200 300 400 500 600 

Longitudinal   70 73 78 82 87 88 89 

Transversal   79 91 96 98 99 99 100 

 

To introduce damping in the model, the Rayleigh damping model was used (see 

chapter 2, sections 2.8.3.3). The first mode was considered as the ith mode, since it has a 

significant mass participation in the longitudinal direction (see chapter 4). The jth mode 

was the mode number 44 as found from the previous calculations of Δt. Assuming a 

reasonable damping of 0,05 (Mendes, 2012; Cagnan, 2012; Peña et al., 2010), the Rayleigh 

coefficients were calculated as a0=0,68858 and a1=0,00253. Figure  7.37 shows the 

variation of Rayleigh damping along the natural frequencies of the cathedral. As seen, the 
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damping is 0,05 or less in the range from 1,41 Hz (mode 1) to 4,92 Hz (mode 44) then 

values more than 0,05 can be noticed for the modes higher than 44.  

 

Figure  7.37. Distribution of Rayleigh damping along the cathedral modes. 

7.6.3 Results  

7.6.3.1 Analysis for earthquake acting in the longitudinal direction 

The cathedral was able to resist the complete time history without collapse. The 

analysis lasted for 8 days and about 12 hours using a standard PC provided with Intel ® 

Core ™ i5 of 2.67 GHz and RAM of 8 GB.  

Regarding the displacement history in time, it was found that the points with the 

highest displacement were the same as found in the pushover analysis in ±X directions, 

refer to Figures 7.3 and 7.7. In Figure  7.38 the displacements’ time histories of the control 

points previously considered in the pushover analysis are shown. The displacements 

obtained from this analysis were compared with those obtained from the pushover 

analysis in Table  7.7. It can be observed that the values of the two analyses were different 

for all control points.  

The damage at the two time steps of the maximum displacements (points “a” and “b” 

in Figure  7.38) are depicted in Figure  7.39. These damage patterns had the same scale of 

those presented for the pushover analysis in Figures 7.4, 7.5, 7.6, 7.8 and 7.9. It is noticed 

that the damaged locations were the same as that found by the pushover analysis in ±X 

directions. However, lesser damage than the pushover cases could be noticed because the 

absolute maximum resisted load was 0,071g which was lesser than the capacities obtained 

by the pushover as can be noticed in Figure  7.40 that shows the relation between the 

displacements of the control points and the seismic load multiplier (the horizontal 

reaction/the self weight).  
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Figure  7.40. Relation between seismic load multiplier and displacements of control points: (a) CG-
cathedral; (b) CG-roof;  (c) Top & Max-D of +X; and (d) Max-D of –X.  
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7.6.3.2 Analysis for earthquake acting in the transversal direction 

The cathedral resisted the full accelerogram without collapse. The analysis lasted for 

5 days and about 12 hours. Figure  7.41 reports the time history of the different control 

points previously considered. Also in this analysis the displacements found were different 

from those obtained by the pushover analysis, Table  7.8.  

The same locations of hinges previously found by the pushover analysis were 

obtained by the nonlinear dynamic analysis with clearly less damage than the pushover 

cases in ±Y directions, Figure  7.42. This was found (as the previous case of the longitudinal 

direction) because the absolute maximum resisted load was 0,09g which was 31% and 

57% less than the those resisted in +Y and –Y, respectively, using the pushover analysis. 

Finally, Figure  7.43 shows for some points the relation between the displacements and the 

seismic load multiplier.   

 

Figure  7.41. Time history of the displacements of the considered control points. 

 

Table  7.8. Control points displacements from pushover (±Y) and nonlinear dynamic analyses.  

Case 
Control point 

CG-cathedral CG-roof Max-D Top  

Pushover +Y 2,4 4,5 7,6 0,9 

Pushover –Y 2,3 3,6 8,5 1,0 

Nonlinear dynamic 5,6 6,6 7,5 4,7 
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Figure  7.43. Relation between seismic load multiplier and displacements of control points: (a) CG-
cathedral; (b) CG-roof ; (c) Top; and (d)Max-D of +Y and Max-D of –Y.  

 

7.7 Evaluation of the seismic performance  

The N2 method was used to evaluate the seismic performance of the cathedral. The 

theoretical background of the method was discussed in chapter 2. A total of 64 

performance points were determined. Those were obtained from 4 directions of seismic 

analysis × 4 control points × 2 codes × 2 return periods.   

Figure  7.44 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 0,421 m/s2 

(0,043g) and 0,06m for the performance load multiplier (LMp) and the performance 

displacement (Dp), respectively. In Table  7.9 the results for the rest of cases 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 (see Figure  7.2).  

The performance points were found on the elastic branch of the equivalent bilinear 

curves except for (1) the control point Top in the case of +Y direction regardless the 

demand spectra or the return period; (2) the control point Top in the case of –Y direction 

with the return period of 975 years and regardless the demand spectra. It can be noticed 

that the LMp for the first case was 0,09g and for the second case was 0,11g, see Table  7.9.  
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(b) 

 
Figure  7.44. Application of the N2 method to the control point of CG-cathedral (case of +X direction) 
and EC-08 (return period of 975 years): (a) The elastic response spectrum in AD (acceleration –
displacement) format; and (b) the performance point.  
 

Table  7.9. The performance displacements Dp (cm) and the performance load multiplier LMp (a (g)) 
for the different control points.    

Analysis  

Direction 

Code (return 

period, years) 

CG-cathedral CG-roof Top Max-D 

Dp LMp Dp LMp Dp LMp Dp LMp 

+X EC-08 (475) 0,5 0,032 0,9 0,024 1,1 0,018 1,1 0,018 

EC-08 (975) 0,6 0,043 1,1 0,035 1,4 0,025 1,4 0,025 

NCSE-02 (475) 0,6 0,043 1,1 0,036 1,4 0,029 1,4 0,029 

NCSE-02 (975) 0,7 0,060 1,2 0,050 1,7 0,040 1,7 0,040 

-X EC-08 (475) 0,7 0,040 0,9 0,029 1,3 0,028 1,0 0,019 

EC-08 (975) 0,8 0,055 1,1 0,041 1,5 0,038 1,2 0,025 

NCSE-02 (475) 0,8 0,053 1,1 0,042 1,6 0,042 1,2 0,028 

NCSE-02 (975) 0,9 0,071 1,2 0,059 2,0 0,058 1,6 0,038 

+Y EC-08 (475) 0,5 0,043 0,9 0,030 0,9 0,090 0,8 0,022 

EC-08 (975) 0,6 0,057 1,0 0,043 1,4 0,090 0,9 0,032 

NCSE-02 (475) 0,6 0,056 0,9 0,043 1,6 0,090 0,9 0,032 

NCSE-02 (975) 0,7 0,076 1,1 0,060 2,6 0,090 1,0 0,045 

-Y EC-08 (475) 0,7 0,042 0,7 0,047 0,8 0,092 0,7 0,023 

EC-08 (975) 0,8 0,060 0,8 0,065 1,0 0,110 0,8 0,031 

NCSE-02 (475) 0,8 0,057 0,8 0,062 0,8 0,104 0,8 0,032 

NCSE-02 (975) 0,8 0,081 0,8 0,087 2,0 0,110 0,9 0,045 
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applied in the longitudinal direction, lower capacity was found because the buttresses 

were loaded in their weaker out-of-plane direction.  

The observed collapse mechanism for the seismic analysis in the longitudinal 

direction was the overturning of the facades. The damage was also noticed to be 

concentrated around the large windows openings in the clerestory walls and the apse 

walls, the top and the bases of the columns and the main nave vault’s bay adjacent to the 

west façade. For the analysis in the transversal direction, a collapse mechanism composed 

of a number of hinges in the typical bays of the cathedral was noticed, these hinges were 

developed in the flying arches, the arches and vaults of the naves, the top and bases of the 

columns and the bases of the buttresses.  

The sensitivity analysis carried out, only in the longitudinal direction, on some of the 

nonlinear masonry properties showed that (1) the tensile strength had a significant effect 

on the capacity because the observed collapse mechanism was controlled by cracking, (2) 

the modulus of elasticity had also a significant effect on both of the capacity and the 

maximum displacement, (3) increasing the compressive strength or the ultimate cracking 

strain did not increase the capacity but reducing these parameters reduced the capacity 

significantly. In all cases, the same collapse mechanism, previously mentioned, was 

observed.  

Using the kinematic limit analysis, a good match was noticed between the found 

capacities by this technique and that found using the pushover analysis. The nonlinear 

dynamic analysis gave the same collapse mechanism like that found by the pushover 

analysis. However, this type of analysis was found to be very time demanding for such a 

large historical cathedral which prevented a detailed analysis using a sufficient number of 

seismic events.  

Using the N2 method for evaluating the seismic performance of the cathedral, 

several performance points were checked using the capacity curves of the different 

analysis directions, two seismic codes and two return periods. The results showed that the 

cathedral does not need any strengthening for increasing its seismic capacity. However, 

other interventions including, for instance, repairing of cracks and regular maintenance 

should always be considered.   
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8.1 Introduction 

Some considerations on the different investigation activities carried out within this 

research are provided in this chapter. The concept of a knowledge-based assessment is 

first discussed. Next, the global applied seismic assessment approach within this research 

is presented. A focus is then made to some considerations when carrying out the dynamic 

identification tests, the dynamic monitoring, the updating of the numerical model of the 

historical structure and the seismic assessment. These are the main involved investigation 

activities within the employed approach.  

8.2 Meaning of knowledge-based assessment  

When assessing the safety of a historical structure, knowledge limitations about the 

structure is one of the main problems to face. Relevant information about the historical 

structure may not be known. For instance, it may not be easy to gather sufficient 

information about the construction history, the used construction technique, the strength 

of materials, the internal morphology of the structural elements, the architectural 

alterations, the previous collapses and the subsequent repairs, etc. At the same time, if the 

safety assessment recommends any intervention in the structure, this intervention should 

comply with the concept of minimum intervention. This intervention is the one that causes 

the minimum alteration to the historical structure authenticity (conserving original 

materials, architectural concepts, structural configurations, etc.) while allowing to reach 

the targeted level of safety.  

Gathering sufficient information may significantly contribute, through a better 

understanding of the features and problems of the building, to design a minimal 

intervention and avoid unnecessary strengthening operations. This knowledge can be 

obtained by using different investigation activities oriented to obtain enough and 

meaningful information on the local and the global levels of the historical structure.  On 

the local level, it is possible to use non-destructive test (NDT) and/or minor-destructive 

tests (MDT) (flat jack test, GPR, tomography, etc.) that may offer valuable information. 

However, the obtained information is correct only for the limited locations of these tests 

and if no sufficient number of tests is carried out to reflect the variability in the used 

materials, the results may be statistically not relevant. In addition, some local tests, such as 

coring, might not be allowed to preserve the integrity of the structure. Therefore, it is 

essential to use global inspection techniques like dynamic identification tests and different 

types of monitoring that may be able to provide knowledge about the global behavior of 
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the structure. Monitoring, in specific, may contribute to a better understanding of the 

present structural behavior under different normal and exceptional actions 

Summarizing, a knowledge-based assessment approach is the one that aims at 

gathering sufficient information about the historical structure by integrating different 

investigation activities, especially those oriented to characterize the global behavior of the 

historical structure, such as, in particular, monitoring. 

8.3 Global approach for seismic assessment 

Figure  8.1 presents schematically the global approach that has been derived from the 

study of Mallorca cathedral. As can be noticed, the approach includes three interconnected 

phases; these are the knowledge gain phase, the assessment phase and the intervention 

phase. The first phase is oriented to gain sufficient knowledge about the historical 

structure at both the local and global levels. This knowledge is obtained by employing 

inspection, dynamic identification and dynamic monitoring. The following phase is 

devoted to the structural assessment using basically a numerical model of the structure 

built based on the inspection results and satisfactory updated based on the dynamic 

investigation results. This second phase is expected to characterize the safety of the 

structure for different actions and the need for intervention. In the last phase, the 

intervention can be designed considering the numerical model and then assessed using 

again the dynamic investigations. 

 

Figure  8.1. Global approach for structural assessment of historical structures.  
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Each of the above mentioned phases includes different activities or steps. These are 

discussed in the following paragraphs.  

The first phase includes the following activities:  

(I) performing a historical research to collect information about several issues such as the 

start and the end of the construction, any interruption periods within the construction 

process, the source of the construction materials, the prevailing architectural styles at the 

time of the construction, structures built following the same architectural style in other 

regions, the existence of any previous buildings at the construction site, the modifications 

in the structure design, and previous seismic events and the corresponding effects, among 

other relevant historical aspects; 

(II) carrying out a visual inspection aiming at understanding the structural system,  

recognizing the type of used masonry; noticing any cracks, any perceptible deformations, 

any changes in openings by enlarging or closing; observing any previous interventions 

using for instance ties; and looking for any remaining evidences of the construction 

process like temporary ties or openings; among other important observations; 

(III) producing the geometrical documentation, cracking surveys and deformations survey 

as well as the necessary plans, elevations and sections; 

(IV) exploiting in-situ NDT’s and MDT’s to obtain qualitative and quantitative data on the 

local and the global levels of the structure. For instance, it is recommended to gain 

sufficient knowledge about the structural elements internal composition, the strengths of 

the used construction materials, and the characteristics of the foundation and foundation 

soil, among other related data. Here, the dynamic investigations are necessary to 

characterize the global dynamic behavior of the structure.   

In the second phase, the collected information is used to create an initial numerical 

model. As seen in Figure  8.1, this model has an essential role. It is used in the design of the 

dynamic identification tests, as well as, the dynamic monitoring system. For instance, it 

can be used to provide guidance on the strategic locations of the sensors. The inspection 

results, such as the cracking survey, can be also considered in the design of the dynamic 

investigations. For instance, some dynamic tests configurations may be designed so as to 

characterize the possible effect of cracks on the global response.  

The modal parameters emerged from the dynamic identification and monitoring are 

then used to update the numerical model. The experimental and numerical modal 

frequencies can be compared using the frequency discrepancy (Df) and the experimental 
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and numerical modal shapes can be matched using the Modal Assurance Criteria (MAC). 

Obtaining a solution with minimum Df and maximum MAC will contribute to upgrade the 

model, allowing its later usage for seismic assessment. The obtained results are then used 

to evaluate the structure performance and safety. More details are given in the following 

sections about the adopted methodologies for these partial investigations. 

If needed, interventions are proposed in the last step. It is recommended to propose 

more than a solution so as to allow a comparison among different solutions. For obvious 

reasons, only the ones allowing attaining the structural reliability target (the required 

safety level) should be considered. Among these, the solution that better complies with the 

concept of minimum intervention should be preferred. In choosing the final solution, 

aspects such as sufficient efficiency, ease of execution, possible future enhancing or 

removing (reversibility), and cost, among other relevant aspects should be also 

considered. The intervention proposals are examined, if possible, using the numerical 

model. The model works like a virtual laboratory in which the efficiency of each proposal 

can be characterized and measured. However, assessing the intervention using only the 

numerical model is not enough. Using other in-situ inspection techniques as a way to 

assess the intervention implementation is recommended. This is needed because it is 

expected that the intervention should result in positive sings like the increase in the 

overall stiffness of the historical structure and also the improvement of the connection 

between different parts of the structure. On the long term, the intervention effect and 

quality can be examined using dynamic monitoring. The dynamic monitoring system 

should work for at least one year such that the seasonal evolution of modal parameters 

can be observed. Longer periods of monitoring should be also considered to allow a better 

judgment of the intervention efficiency. 

8.4 Considerations on the dynamic identification  

In Figure  8.2, an approach for the dynamic identification of historical is shown. It 

includes four main phases (1) tests design, (2) tests execution and preliminary 

identification, (3) detailed identification and (4) evaluation. Each of these phases and the 

interconnection between them are discussed in the following paragraphs.  

The identification process starts with the design of the dynamic identification tests. An 

initial inspections and an initial modal analysis are proposed as a first step. The inspection 

should include cracking survey and, when possible, an initial dynamic identification tests.  
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Figure  8.2. Approach for dynamic identification of historical structures. 

If successful, the initial dynamic tests can provide information on the historical structure 

natural frequencies. The fundamental period of the historical structure and the range of 

natural frequencies are the most needed information. The first information is used to set 

the measurement time which, according to well established criteria, can be taken from 

1000 to 2000 times the structure fundamental period. The second information is used to 

select the appropriate frequency range of sensors.  

The cracking survey can highlight the places where the separation between different 

parts of the historical structure is evident. For large historical construction, it is possible in 

some cases, to identify a possible separation between macro-elements such as a 

separation between the façade of a church and its main nave or between the minaret of a 

mosque and the adjacent perimeter wall. These separations may be caused due to past 
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earthquakes, soil settlements or other effects. Specific setups can be defined to investigate 

the effect of such separations on the mode shapes of the historical structure.  

A preliminary numerical modal analysis is essential in this phase. The structure 

fundamental period and its range of frequencies can be obtained by this analysis, even if 

approximate, and used as previously mentioned. It is also important to have an estimate 

for the modal shapes. In the design of tests, the focus should be in the characterization of 

global mode shapes because dynamic test will be normally carried out using a limited 

number of sensors. In addition, those mode shapes are the ones that are more relevant in 

the updating of the numerical model. If a sufficient number of sensors can be used, the 

local modes can be also considered. The strategic points to accommodate the sensors can 

be efficiently selected based on this initial modal analysis. It is possible to compare the 

normalized modal displacements of a number of candidate points and select the ones with 

the highest values. It is needless to say that other factors like the accessibility to some 

places in the historical structure and the lengths of the used cables are also of importance 

in designing the tests configuration.  

The second phase of the approach is the execution of tests and the preliminary 

identification. The environmental circumstances of the tests should be investigated. In 

specific, the environmental actions that are known to have an effect on the dynamic 

behavior, such as the temperature, should be known. Any near meteorological station to 

the historical structure can provide this information— in case that no thermometers or 

hygrometers are used during tests. Also, if the structure is located in an open location and 

the wind may affect its dynamic behavior by exciting some of its mode, the wind 

parameters (the direction and the velocity) should be obtained.  

The recorded signals (usually accelerations) should be visualized and checked for any 

anomalies. For instance, the effect of ringing of a tower bells during tests can be noticed in 

the signals in a form of higher peaks. The level of excitation during tests can be checked by 

calculating the Root Mean Square (RMS) of the measured signals. This quantity should be 

calculated for each channel, and then a comparison between the RMS’s of all channels can 

be used to generate complete image on the level of excitation. 

A fast and relatively accurate identification method like the FDD can be used at this 

stage. By processing each setup alone, it is possible to notice how many modes are 

contained in the signals. Moreover, it is expected that not all modes may be identified in all 

setups because higher modes are difficult to excite in case of using only ambient vibration. 
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Therefore, it is necessary to determine the number of modes that are identified in the 

different setups. 

The third phase is the detailed dynamic identification. More advanced techniques than 

the FDD should be used at this stage, such as the Stochastic Subspace Identification (SSI) 

and the poly reference Least Squares Complex Frequency (pLSCF). The information 

obtained from the preliminary identification can be confirmed and refined. The possibility 

of applying both qualitative and quantitative criteria is an important advantage of these 

techniques over the FDD. The damping ratios can be also estimated with these advanced 

techniques. 

In this detailed identification, the quality of the identified modes and the efficiency of 

the used setups configuration can be checked. Regarding the modes, it is possible to decide 

which modes are identified with good quality of estimation and in which setups. The 

modes that are not reliably identified (such as those that appear in a few setups and 

disappear in many other setups) should be determined. Regarding the setups, it may be 

possible to decide which ones are able to detect many modes and which ones only afford 

the detection of a few modes.  

The post processing of each setup may allow concluding which modes are trustily 

estimated and which group of setups can be selected as optimal setups for their 

identification. To obtain the modal parameters of any mode, it is proposed to use two 

different setup combinations. The first combination is the conventional one in which all 

the setups are combined. The second one is to combine only the set of “selected optimal 

setups” for the mode.  

When a modal parameter of a mode is identified from the different used identification 

methods with near values, its identification can be trusted. If, on the contrary, there is a 

scatter in the values, its identified value should be treated with caution. It is expected that 

using the set of “selected setups” should improve the quality of estimating a mode’s modal 

parameters. Interested reader is referred to chapter 4 for an application of this approach. 

8.5 Considerations on the dynamic monitoring  

Installing a dynamic monitoring is recommended after carrying out dynamic 

identification tests. In principle, the dynamic monitoring system allows recording higher 

vibrations levels under captured seismic events and wind episodes which could allow a 

better characterization of the modal parameters. The dynamic monitoring system is 

interesting, specifically, in low seismic places where normally only low seismic motions 
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will be captured during the monitored period. In more seismic locations, using a threshold 

governed system, rather than a continuous one, may be more appropriate due to economic 

and technical reasons.  

 

Figure  8.3. Approach for dynamic monitoring of historical structures. 

A flowchart for an approach for dynamic monitoring is presented in Figure  8.3. As 

can be seen, the approach has four phases (1) monitoring system design, (2) modal 

parameters identification, (3) analysis of environmental actions and (4) analysis of 

exceptional events. The details of each phase and the flowchart are explained in the 

following paragraphs. The work done in chapter 5 is an application of this approach. 

The first phase is devoted to the design of the dynamic monitoring system. It 

involves the selection of the strategic points that can accommodate the sensors and the 

type of the monitoring system. Certain previous investigation results (if available) and an 

initial modal analysis are proposed to be considered in the selection process. The previous 

investigations that are of interest are the cracking survey and the dynamic identification 

tests, among other possible ones. 

The points that are located near cracks should be avoided for the location of sensors 

because of the expected disturbance in the recorded signals due to the local vibration. In 

particular, the vicinity of separation cracks between macro-elements, such as cracks 

between the façade and the rest of the structure should be avoided. 
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An initial modal analysis carried out using a numerical model of the historical 

structure can be of large assistance in the strategic points’ selection. This selection can be 

based on comparing the normalized modal displacements of a number of candidate points. 

The candidate points can be selected based on the results of any previous dynamic 

investigations and based on practical reasons like the safeguard places that can safely 

accommodate the sensors for long periods.  These points are usually located at the higher 

levels of the historical structure like the roof level. The points that showed their adequacy 

in any previous dynamic tests should be considered again as possible candidate points. 

After choosing a set of candidate points, the points with the highest normalized modal 

displacements should be prioritized in the selection, thus, ensuring satisfactory 

characterization of the dynamic behavior of the structure.  On the contrary, points with 

small modal displacements should be avoided.  

Furthermore, if a sufficient number of sensors is used allowing the identification of 

the mode shapes, the points’ choice should be oriented to characterize the global modes 

rather than the local ones. This can be done by choosing the points that always move in the 

global modes and avoid the points that only move in the local modes. For instance, a point 

on an arch of a church main nave is preferred to a point on the church spire. The former 

would be found to have considerable modal displacements in the church global modes, 

whereas the latter might move only in the local mode associated to the spire. Also, local 

modes of arches or vaults appear normally with frequencies very different from those of 

the entire structure modes so that they can be distinguished.  

When possible, one or more sensors should be placed at the ground level. The 

comparison between the signals registered at the ground level and a higher level (for 

instance at the roof) in the vicinity of any captured seismic events may indicate how the 

structure reacts to the event and how much is the amplifications at the higher levels. It 

may also contribute to identify soil-interactions effects. 

An appropriate type of dynamic monitoring system should be selected. In case of a 

historical structure situated in a low to moderate seismic area, a continuous system that 

records the vibration measurements (preferably acceleration) continuously without 

setting any threshold is recommended to allow for the detection of the expected seismic 

events of low energy. A dynamic monitoring system with a previously described threshold 

may be used in locations with higher seismic intensity. In this case, periodic 

measurements during day and night, in addition to the events higher than the prescribed 

threshold, should be recorded. This allows following the changes in the dynamic behavior 
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under the varying environmental actions (temperature, humidity, wind, etc.) between day 

and night.  

The second phase is the identification of the modal parameters, in specific the 

natural frequencies of the monitored historical construction. Natural frequencies can be 

normally obtained by the system, even if only one sensor is used. Identifying the mode 

shapes needs a large number of sensors and identifying damping ratios requires advanced 

identification methods.  

It is proposed to investigate the identification of the natural frequency of any mode 

by using the results of each monitoring channel in each direction, i.e., the longitudinal 

direction, the transversal direction, and the vertical direction, in case of using a tri-axial 

sensor. 

The target is to reveal the predominant direction/s in which the mode can be 

identified. A comparison with what was found by the dynamic identification tests, if 

carried out before installing the monitoring system, should be made. The identification of 

the mode by each channel is investigated in terms of the percentage of the mode detection. 

This percentage is calculated as 

= 100	X	
N�

N�

 
Equation  8.1 

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.  

The type of the identification chart of the channel depends on the used identification 

method. If the peak picking is used, the chart is the power spectral density. If more 

advanced methods like the stochastic subspace identification ones are used this chart is a 

stabilization diagram. For each mode, a comparison between the calculated percentages in 

the different directions should be made. From the comparison, it is expected to find the 

relative importance of the movement experienced by global modes in different directions.  

After this calculation, the identified frequencies for each mode from all channels are 

averaged. The evolution of the frequency in time is analyzed in order to investigate 

possible trends, the steady state (unchanged trends over time) and any abnormalities over 

time. A statistical study on the frequency should be made to reveal the significance of its 

variation and also to compare the identified values with those found by the dynamic 

identification tests—if carried out.  
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The third phase is oriented to study the effects of the environmental actions on the 

modal parameters and again, the natural frequencies in specific. The environmental 

actions of concern are temperature, humidity and wind. These parameters can be obtained 

from a static monitoring system installed in the historical structure; otherwise, the values 

obtained from a near meteorological station can be used.  

The correlation between the natural frequencies and each action should be studied 

first. Regarding temperature effects, and due to the cracks that may exist in historical 

masonry structures, it is expected to observe a positive correlation between the natural 

frequencies and temperature. This would be attributed to the cracks’ closing (increase in 

the stiffness) and opening (decrease in the stiffness) with temperature increasing and 

decreasing, respectively. Regarding humidity effects, a negative relation would be 

expected and could be explained by considering that humidity increase results in water 

content increase for mortar and blocks which in turn increases the masonry mass and 

decreases the structure’s natural frequencies. Regarding wind effects, each of the wind 

parameters (velocity and direction) should be investigated alone, and then the influence of 

both parameters should be investigated. Some modes may be only excited for certain 

combinations of such wind parameters. The correlation between the natural frequencies 

and the different combinations of the environmental actions should be studied. Adopting a 

linear regression model may provide good results. However, the adoption of nonlinear 

regression models (quadratic and cubic) should not be disregarded. 

In this phase also, a more detailed study of the effect of temperature on natural 

frequencies can be carried out using thermography monitoring. An infrared (IR) camera 

can be placed in the historical structure and can cover a large portion of it. The recorded 

IR photos can be processed and the masonry temperature of different structural elements 

can be calculated. For the times of installing the thermography monitoring system, it is 

recommended to perform it so that the seasonal temperature changes can be revealed. 

Two periods in the extreme environmental conditions can be monitored, for instance, one 

period in summer and another in winter. The correlation between the masonry 

temperature and the external as well the internal temperatures should be checked. The 

correlation between these temperatures and the structure’s natural frequencies should be 

also investigated.  

In the last phase, the analysis of the dynamic behavior of the historical structure 

under any captured seismic events and significant wind episodes should be carried out. 

The occurrence of a seismic event of interest can be checked by following the daily seismic 
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events recorded by a seismological station in the area of the structure. The captured 

seismic events are evaluated and if considered significant for the structure further 

calculations are carried out. The evaluation can be carried out using the spectrograms 

(time-frequency distribution) of the different monitoring channels. The spectrogram can 

clearly show the arrival time, the frequency content and the duration of the captured 

seismic event. More calculations (power spectral densities, coherence and transfer 

functions) can be performed on the recorded signals that contain the captured event 

before, during, and after the arrival of the seismic event. The target is to reveal any effect 

on the structure response. This effect can be detected, for instance, in the form of a 

decrease in the natural frequencies due to the stiffness degradation during the earthquake. 

Another possible effect may be found in the increase in the damping ratios as damping 

highly depends on the excitation levels. 

8.6 Considerations on numerical model updating 

A flowchart for an approach to numerical model updating of historical structures is 

shown in Figure  8.4. As can be noticed, it has three phases (1) correlation, (2) updating 

and (3) evaluation. The details of each phase and the flowchart are explained in the 

following paragraphs.  

The first phase is oriented to a correlation process. In this phase, experimental 

modes estimated from dynamic identification tests are correlated with numerical modes 

obtained from an initial model. For this purpose, a sufficiently accurate initial model is 

needed. To do so, qualitative and quantitative comparisons should be carried out. The 

experimentally identified mode shapes can be in some cases easily correlated with their 

numerical counterpart if they have near frequencies and clearly similar mode shapes. If 

this is not the case, they can be qualitatively compared with a number of candidate 

numerical modes and initially correlated. To justify this initial qualitative correlation, a 

quantitative correlation is carried out by calculating the Df and MAC values. The numerical 

modes giving the lowest Df and the highest MAC can be considered for the definitive 

correlation. 

The second phase is oriented to the updating of the initial model and it includes the 

modifications of some aspects of the model until reaching a minimum difference between 

the experimental and the numerical frequencies and the highest coincidence between the 

experimental and the numerical mode shapes. For this purpose, four aspects can be 

checked and modified in the model, among other possible ones. These aspects are the 
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model geometry (and more specifically, the influence of parts not modeled into detail), the 

boundary conditions (more specifically, the influence of the foundation and the foundation 

soil), the mechanical properties of materials and finally the damage experienced by the 

historical construction. Other possibilities should be also considered, such as modifying 

the density, changing the dimensions of cross sections, the simulation of the internal 

morphology of sections,  in case that there is no sufficient information available. 

 

Figure  8.4. Approach for historical construction model updating.  

 

Clearly, each of the aforementioned aspects has a potential influence on the dynamic 

behavior of the historical structure. Appropriate modifications of any of them may 

approximate the numerical frequencies and mode shapes to the experimental ones. 

Regarding the geometry, attention should be paid to the possible influence of secondary 

structural members not initially included in the model (because they first judged as not 

relevant) which, however, may show to have influence on the global stiffness of the 
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structure. This might be the case of any elements (walls, vaults) that connect the vertical 

supporting elements (columns, buttresses). 

The mechanical properties of the materials, like the modulus of elasticity, can be 

modified as a way to update the model. This will be normally necessary as the information 

on such properties and particularly of the masonry’s Young’s modulus, is in many cases 

insufficient and inaccurate. It may not be necessary to modify the properties of all the 

materials of the structure, but only of those structural members (such as buttresses) 

having a large influence on the structure’s stiffness amount and distribution. 

Regarding the boundary conditions, the connections with other parts of the 

structure (like towers and minarets) or with adjacent buildings (like cloisters or houses) 

should be revised and tried in the updating process. Also the soil-structure interaction is 

to be investigated.  A detailed description of the soil structure interaction may require the 

modeling of a significant portion of the foundation soil. In turn, a detailed modeling of the 

interaction with adjacent buildings may require a detailed description of the structure of 

these buildings in the model. These detailed descriptions may require a too large and 

refined model requiring, in turn, very large computer effort. As an alternative, simplified 

descriptions of both the soil-structure interaction and the influence of adjacent buildings 

can be done by means of adequately calibrated springs or elastic members. 

Finally, the influence of major existing damage must be considered and eventually 

simulated in the model in order to obtain an improved matching between the 

experimental and numerical dynamic parameters. In particular, large and profound cracks 

that can affect the integrity of the structure should be modeled in the model. A simple 

approach to include these cracks is to double the nodes along the crack length. Other more 

sophisticated approaches may include the usage of interface elements. After trying the 

aforementioned aspects, the updating process should stop when reaching a satisfactory 

result in terms of Df and MAC values for most of the modes. The model to select as the best 

one will be the model judged to produce an optimal compromise regarding the Df and MAC 

values for most vibration modes. It must be taken into account that normally, the model 

cannot be updated so that all the modes can reach a minimum difference with the 

experimental frequencies (minimum Df) and a maximum matching with the experimental 

mode shapes (maximum MAC). Therefore, the analyst should stop the updating process 

when the minimum Df value and the maximum MAC value are judged, respectively, 

sufficiently small and sufficiently large for most of the modes.  
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The last step is to evaluate the initial correlation using the final model. This can be 

done by recalculating again the Df and the MAC values. In case that no significant changes 

are found, the model can be considered accurate enough and can be used in the following 

step of assessment of the seismic analysis. Otherwise, a different correlation can be 

considered again and the updating process can be performed another time. The reader is 

referred to chapter 6 for an application of this approach.   

8.7 Considerations on seismic assessment  

Figure  8.5 shows an approach for the seismic assessment of historical construction. 

The seismic assessment is carried out using the pushover analysis, the kinematic limit 

analysis and the nonlinear dynamic analysis. The three analysis techniques are used in a 

combined way. The N2 method is used to evaluate the performance in combination with 

pushover analysis and kinematic limit analysis. Using the N2 method, the safety is judged 

by comparing the seismic capacity and the maximum displacement with the performance 

ones. Based on the safety evaluation, the necessary interventions are proposed. The details 

of the approach considered are given below.  

 

Figure  8.5. Approach for the seismic assessment of historical structures. 

For seismic analysis, different techniques are proposed to be used including 

kinematic limit analysis and more complex techniques such as the nonlinear static and 

dynamic analyses. Before performing the seismic analysis, it is important, whenever 

possible, to investigate, through historical research, how the historical structure has 

responded to and the damage and possible partial collapses caused by previous 

earthquakes (investigation of the seismic performance). This preliminary understanding is 
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relevant especially in case of large historical construction, whose seismic resistance 

usually involves the contribution of many interacted structural elements. 

It is proposed to assess the seismic behavior using first the pushover analysis. In this 

analysis, the numerical model of the historical structure is fed with the nonlinear material 

properties. To reveal the dependency of the results on the used materials properties, a 

sensitivity analysis is essential. For this parametric analysis, the reference model should 

be the one resulting from the model updating described in the previous section. 

The main results of concern of the pushover analysis are the collapse mechanisms 

and the seismic capacity. The seismic capacity is visualized in the form of a capacity curve. 

To draw this curve, it is noticed that using only one control point may lead to either 

overestimating or underestimating of the seismic safety of the historical construction. 

Therefore, four control points are proposed. Those are the full structure center of gravity, 

the roof center of gravity, the point with the highest elevation and the point with the 

maximum displacement in the considered direction of analysis.  The analyst may even add 

more points if necessary.  

To cross check the seismic capacity of the building, the kinematic limit analysis 

technique should be also used. To define the macro-blocks, three aspects should be 

considered: (1) the collapse mechanisms deduced from the pushover analysis; (2) the 

existence of separations between different parts of the structure; and (3) the observed 

collapse mechanisms of similar historical structures that have already experienced 

earthquakes. The obtained seismic capacity should be compared with that found by the 

pushover analysis. In any case, applying kinematic analysis requires a previous detailed 

inspection and understanding of the structure of the building and its damage.  

In case of having different results from the pushover analysis and the kinematic limit 

analysis, the reason for having different results should be first checked. For pushover 

analysis, the results depend on the input materials parameters and those may not be 

known with certainty. The definition of the models corresponding to both pushover 

analysis and kinematic analysis must be rechecked and improved until both approaches 

yield the same or sufficiently similar damage and collapse mechanisms.  Also, the 

geometrical properties, like the thicknesses of the structural elements, should be known 

with certainty to correctly carry out the calculations of the weights and the corresponding 

lever arms. 

It should be noticed that the kinematic limit analysis may, in some cases, be used 

before the pushover analysis. This may be the case if the macro-blocks are well 
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characterized based on visual inspection of the historical structure due to, for instance, the 

existence of critical wide cracks between certain parts of the structure. It is recommended 

to use the kinematic limit analysis before the pushover analysis only if the macro-blocks 

can be defined easily.  

A more advanced technique that best describe the seismic behavior of the historical 

structure is nonlinear dynamic analysis. However, it is computationally very demanding 

and its applicability to large historical structures is still limited by the capacity of current 

computers. Artificial or recorded seismic events can be used. Many seismic codes, for 

instance, the Eurocode 8 (CEN, 2003), require the usage of at least seven records. This 

means that a near to comprehensive nonlinear dynamic analysis should include seven 

records multiplied by two orthogonal directions which results in 14 analyses. The number 

of analyses becomes larger when considering both types of possible earthquakes, far-field 

and near-field, and when the vertical component of the event is considered. The collapse 

mechanism and the seismic capacity of this analysis should be compared with the results 

of aforementioned techniques.   

The evaluation of the seismic performance is carried out in the next step. First, it is 

needed to determine the seismic demand in the form of the elastic response spectrum of 

the construction’s site according to the applied seismic code and considering different 

return periods. Second, the usage of N2 method is proposed to obtain the performance 

points using different combinations of the considered response spectra and the control 

points’ capacity curves. It should be noticed that the N2 method is used in combination 

with the capacity curves of the pushover analysis and the kinematic limit analysis, 

whereas, the nonlinear dynamic analysis provides directly a verification of the seismic 

performance 

In the last step, it is proposed to judge the seismic safety based on comparing the 

maximum displacements and capacities with the performance displacements and 

capacities using different control points. Using this comparison, the structural engineer is 

guided when deciding about the need for any seismic upgrading interventions. An 

application for this approach has been shown in chapter 7.  
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9.1 Introduction  

This research aimed at contributing to the topic of the seismic assessment of large 

historical masonry structures through the employment of a general methodology that was 

based on the integrated application of experimental and numerical approaches. The 

cathedral of Mallorca, an impressive medieval construction, was studied as a real case. In 

this chapter, the conclusions concerning the state-of-the-art review, the case study and the 

investigated methodology are discussed. At the end, some future investigations are 

proposed. 

9.2 Conclusions  

9.2.1 On the state-of-the-art  

• The dynamic identification tests are carried out on a historical structure, among 

other reasons to obtain the experimental modal parameters that can be used to calibrate 

and update numerical models. Ambient Vibration Testing (AVT) is more used than Forced 

Vibration Testing (FVT) because it is quicker, cheaper, needs less equipment, and does not 

interrupt the operation of the historical structure. Nevertheless, it has limitations such as 

the low signal to noise ratio and the fact that some modes may not be excited during tests. 

It is difficult to extract reliable damping ratios because of its dependency on the excitation 

level which is commonly very low in AVT and some modes may not be identified for the 

same reason. As a rule of thumb, the testing time can be taken as 1000 to 2000 times 

structure's fundamental period.  

• Dynamic monitoring is an effective tool to study the evolution of modal 

parameters in time, to reveal the effect of environmental actions on modal parameters, to 

capture the dynamic response of the structure under exceptional events like earthquakes 

and to assess the effectiveness of interventions. Based on the few available case studies in 

the literature, it was noticed that the natural frequencies increase with the temperature 

probably due to the closing of cracks and its effect on the stiffness of the structure. Under 

the effect of a seismic event with a considerable magnitude, it has been noticed that 1) the 

natural frequencies decrease but they may recover their initial value after the event if no 

residual damage had occurred, 2) the damping ratios increase significantly during a 

seismic event of a considerable magnitude and 3) the mode shapes do not change in a 

significant way in spite of the changes experienced by the natural frequencies and the 

damping ratios.  
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• The Infrared thermography offers interesting applications for the inspection of 

historical structures. For instance, it can be utilized to 1) reveal the masonry texture 

covered by plaster layers, 2) observe the activeness of cracks, 3) show the homogeneity of 

the used construction materials, 4) investigate the moisture problems due to rainwater 

seepage and 5) estimate the efficiency of FRP strengthening to masonry structures.  

• The numerical modeling of heritage structures faces significant challenges derived 

from the complexity of the materials, the morphology and the actions. Accordingly, it is 

necessary to validate and update their numerical models against possible modeling 

inaccuracies and uncertainties. There are several methods for model updating and it has 

been noticed that for historical structures, the manual method is the most widely used. In 

the case of bridges and towers (and similar structures), very good correlation in terms of 

frequency discrepancy (D�)	and the Modal Assurance Criteria (MAC) can be found between 

the experimental and numerical modal parameters. This is not the case for other types of 

historical structures such as houses and churches, for which it may be difficult to find a 

good correlation between numerical and experimental modal parameters (particularly the 

mode shapes) due to, for instance, the complexity of these structures, the limited number 

of measured points, and the difficulty in correct reproducing of the existing damage.  

• Historical masonry structures show very early cracking under applied loads 

because of their almost null tensile strength. Consequently, the non-linear analysis is the 

recommended method for their structural assessment. It allows for tracing the complete 

response of the structure from the elastic range up to complete failure. However, it should 

be kept in mind that the results of such analysis depend significantly on the input 

nonlinear materials properties.  

• Currently, the pushover analysis is widely used for seismic assessment of historical 

structures. However, pushover analysis has significant limitations. For instance, when the 

higher modes of vibration become important, the nonlinear dynamic response may differ 

from the predictions of the pushover analysis. Also, the seismic capacity depends on the 

applied load pattern. For some case studies, it has been found that the load pattern 

proportional to the first mode shape produces a lower capacity than that proportional to 

the mass. Generally, the nonlinear dynamic analysis is preferred to the pushover analysis. 

It has been observed in some case studies on tall historical structures that the nonlinear 

dynamic analysis provides better predictions of real damage than pushover. However, the 

nonlinear dynamic analysis faces several challenges. Among them are the dependency of 

the results on the input earthquakes records, the complexity of time-integration 
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algorithms, the difficulties in damping representation and the large needed computational 

and storage resources. It should be noticed that, generally, the accurate assessment of the 

seismic capacity of historic structures via numerical models is a relatively demanding task. 

The usage of other simplified methods, for instance kinematic limit analysis, is 

recommended to cross check the results. 

9.2.2 On the previous studies carried out on Mallorca cathedral  

The studies that have been carried out on Mallorca cathedral have been reviewed. 

These studies covered some aspects of the cathedral, such as its construction history, 

static and dynamic monitoring campaigns, and the seismic assessment, among others. The 

conclusions of the review on these studies are presented in the following paragraphs. 

• The construction lasted for about three centuries and this long process resulted in 

the perceptible deformations seen nowadays, especially in the columns. Some parts of the 

cathedral collapsed and were rebuilt, as in specific, the main nave vaults of the fourth bay 

(from the choir), possibly because of their large dimensions and the corresponding 

technical problems in keeping their stability for long periods using temporary devices. In 

turn, a large part of the vaults were reconstructed in the 18th c. This reconstruction might 

be due to the deterioration and losing of the mortar because of the presence of salt in the 

stone. The west façade was demolished and rebuilt in 19th c. because of the concern caused 

by a very large out-of-plumb. Cracks still exist in many structural elements of the cathedral 

including the columns, the vaults and the clerestory walls.  

• The chemical analysis showed that most of the cathedral was built using limestone. 

The geo-physical inspection using GPR and seismic tomography showed that the columns 

have internal solid composition and the buttresses and the clerestory walls have two outer 

leaves and an internal one of a lower strength. The static monitoring revealed that the 

crack between the sixth vault and the supporting arch is the one with the highest 

cumulative rate of around 10mm/century. The dynamic monitoring system showed the 

clear influence of temperature on the natural frequencies of the cathedral. 

• Evaluating the seismic safety using the capacity spectrum method on many 

possible collapse mechanisms employing many different seismic demands showed that 

the cathedral is able to resist possible earthquakes although experiencing some damage. 

The seismic analysis carried out using a FE model of a typical bay predicted the collapse to 

occur due to the appearance of a sufficient number of hinges as to determine a collapse 

mechanism. Hinges appear in the flying arches, the main nave vault and the lateral vaults. 
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9.2.3 On the new studies carried out on Mallorca cathedral 

On the dynamic identification 

The dynamic identification of the cathedral was performed using AVT. Four different 

modal parameters identification methods were used and their results were compared. The 

main conclusions are: 

� The points near to the mid span of the arches of the main and the lateral naves were the 

strategic points to accommodate the sensors. These points had considerable modal 

displacements and proved their suitability because they allowed a satisfactory 

characterization of the global dynamic behavior of the cathedral.  

� The configuration of the sensors had an influence on the possibility of identifying the 

modes. It was noticed that more modes appeared in the setups in which the sensors 

were transversally arranged than those appeared when the sensors were longitudinally 

arranged.  This can be related to the fact that most of the identified modes are 

characterized by predominant transverse movement. Also, it is important to note that 

the wind was blowing mainly in the transversal direction during tests. In fact, the 

identification of the first transversal mode of the cathedral was particularly eased by its 

excitation by wind blowing in this direction.  

� 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 damping ratios showed scattered values. This can be attributed to the 

dependency of the damping ratios with the excitation level which was low during the 

AVT and did not allow for a better characterization of this parameter. The damping 

ratios measured for the satisfactory identified modes varied between 1% and 1,5%. 

This value is judged too low for a historical masonry structure with distributed cracks. 

This law value can be attributed again to the difficulty of characterizing the damping 

ratios under low levels of excitations.  

On the dynamic monitoring 

A continuous dynamic monitoring campaign was installed for a period of more than 

15 months during the years 2010, 2011 and 2012. The obtained results allowed for a 
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detailed observation of the dynamic properties with time under environmental actions 

and some captured seismic events. The main conclusions are: 

� The obtained frequencies for the eight modes under low level of excitation during the 

AVT were confirmed by the dynamic monitoring campaign under higher levels of 

excitation in the vicinity of higher wind speeds and some captured seismic events.  

� The global modes of the cathedral were more detectable than the local ones because of 

their higher mass participation. Also, the sensors locations were chosen so that the 

detection of global modes could be achieved.   

� For the modes from 2 to 8, temperature was a more influential environmental 

parameter than humidity and wind.  The changes in the frequencies of these modes, in 

terms of CV, were between 2,3 to 3,7% and their percentual variation was between 

10,4 to 18,5 %.  

� One mode correlated well with wind and was detectable only when wind was acting 

according to a certain direction and velocity.  

� The usage of a higher cost continuous dynamic monitoring system was useful in 

capturing very low intensity seismic events. These events would not be detected with 

the usage of a lower cost triggered system. Therefore, this type of monitoring seems 

interesting for the dynamic identification of large buildings in low seismic zones.  

� For the recorded earthquakes, it was observed a doubling of some frequency peaks. 

This was probably due to the breathing crack effect, i.e. the opening of the cracks that 

resulted in decreasing the stiffness, and therefore in; lower value of the natural 

frequency. 

On the thermography monitoring 

A seasonal thermography monitoring (as a complementary study for the dynamic 

monitoring) was used. An Infrared (IR) camera was installed in the winter and the 

summer of 2011 for two weeks in each to monitor the internal stone surface temperature 

of a large portion of the cathedral. The correlation between the cathedral natural 

frequencies and the internal stone surface temperature of some selected structural 

elements was investigated and compared with the correlation with the external and the 

internal temperatures. The main conclusions are: 

� The internal stone surface temperature of the columns, vaults, arches and walls wasin 

phase and very near to each other. 
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� In summer, it was observed that the internal stone surface temperature did not always 

vary according to the external temperature because the stone was not able to radiate 

the stored heat as fast as the rapidly increasing external temperature. This also resulted 

in a low correlation between the cathedral frequencies and the stone internal surface 

temperature.  Therefore, the natural frequencies of the cathedral were better 

correlated with the external temperature than that with the internal stone surface 

temperature.  

� In winter, the stone surface temperature was in phase with the external temperature. A 

better correlation than in summer between the cathedral frequencies and the stone 

surface temperature was found.   

On the model updating  

A manual updating approach was used. The updating of the cathedral initial model 

was uncoupled, i.e. the stiffness of the longitudinal stiffness was adjusted using the first 

mode shape and then the transversal direction stiffness was adjusted using the second 

mode shape. The updating process involved many trials such as modifying the defined 

geometry, trying connecting the tower to the cathedral, using elastic foundations, 

simulating the damage, and changing the modulus of elasticity of the buttresses. The main 

conclusions are: 

� 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.  These members were the 

longitudinal walls between buttresses and the vaults of the lateral chapels. 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 Df 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 

0,82which indicated a good match between experimental and numerical mode shapes.  

On the seismic assessment 

The seismic assessment was carried using the nonlinear static and dynamic analyses 

and the kinematic limit analysis. A parametric analysis was performed on the material 

properties that mostly affected the seismic capacity. The N2 method was used to evaluate 

the seismic performance. The main conclusions are: 
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� 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.  Something similar occurs regarding the contribution of the 

main façade to the overall stiffness and strength. 

� 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.  

� 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 capacities found by the kinematic limit analysis in the longitudinal direction were 

comparable to those found with the pushover analysis.  

� The cathedral resisted the applied earthquakes in the nonlinear dynamic analysis 

without collapsing and the observed damage was lesser than that observed in the 

pushover analysis. This type of advanced analysis is still challenging due to its 

computational requirements. It was found that the required computational time was in 

order of several days. This fact made it difficult the application of a sufficient number of 

seismic events as required by seismic codes and also to carry out a sensitivity analysis. 

� Good match in the collapse mechanisms was found between the pushover analysis and 

the nonlinear dynamic analysis.  

� The cathedral showed satisfactory safety levels — evaluated in terms of the ratios 

between the maximum displacements and capacities and their performance 

counterparts. Therefore, no any deep seismic strengthening intervention is required. 

However, injecting the cracks and repointing the joints with mortar loss is 

recommended. This may allow for any future earthquakes dissipation by cracking in 
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previously damaged (and later repaired) parts without resulting in new cracks in other 

more structurally compromised locations of the cathedral’s structural elements. 

9.2.4 On the applied general methodology  

� The interconnection between inspection, numerical modeling, dynamic investigation 

activities and intervention proposals is essential to achieve a successful structural 

assessment of a historical structure.  

� The numerical model of the structure has a critical role in the applied methodology. An 

initial model built using the inspection results can provide guidance for the design of 

the dynamic investigation activities. For instance, it can be used in selecting the 

strategic locations of the sensors. The obtained results from these investigations can be 

used then to validate the initial model until having a sufficiently updated model which 

can be used then in the seismic assessment followed by performance and safety 

evaluation.  

� The efficiency of the proposed seismic upgrading interventions can be checked using 

the updated numerical model that can be used as a virtual laboratory in which the 

efficiency of each proposal can be characterized. The efficiency of the intervention 

should be assured on the short term using in-situ inspection and on the long term using 

different monitoring techniques that should work for a sufficient period of time.  

9.3 Future work 

9.3.1 On Mallorca cathedral  

� It is recommended to continue the dynamic monitoring of the building in order to 

further improve the information obtained and the numerical model. The monitoring 

should consist of installing again at the same points the dynamic monitoring system 

accompanied with sensors for measuring temperature, humidity and wind. The target 

is to further investigate the cathedral behavior under environmental actions and future 

captured seismic events. Furthermore, increasing the number of sensors is 

recommended to allow for a better identification of the mode shapes and their 

dependency with the environmental actions.  

� It is proposed to refine the post-processing of the monitoring data using advanced 

identification methods such as Stochastic Subspace Identification (SSI)because they are 

more accurate than the previously used PP technique. In addition, the application of 
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these methods may allow for the estimation of the damping ratios. As mentioned, the 

damping ratios were not satisfactory identified in the present research.  

� It is proposed to apply an automatic modal parameters identification procedure to the 

obtained data by the dynamic monitoring system. The objective is to intensify the 

number of times of the calculations of the modal parameters. Hence, this could allow 

for a better monitoring of their evolution in time and with the environmental actions.  

� It is also proposed to apply damage identification algorithms on the experimental 

dynamic information registered during the already captured seismic events or during 

possible future events. By applying such algorithms further investigations could be 

carried out on the observed nonlinear behavior of the cathedral (the peak doubling). 

This research might provide more insight on the extent and significance of the existing 

damage in the cathedral. 

� It is proposed to carry out a complete nonlinear dynamic analysis using a sufficient 

number of records representing a set of representative earthquakes for the location of 

the cathedral. Also, a sensitivity analysis might be done by means of nonlinear dynamic 

analysis by varying the properties of the materials properties and the damping ratios.  

� The effect of the adopted constitutive model on the seismic assessment can be analyzed 

by employing alternative constitutive equations. In particular, the total strain crack 

model (see for instance, Feenstra et al., 1991) could be used as an improvement to the 

approach adopted in the present research. 

9.3.2 On the studies of historical structures  

� The employment of the dynamic monitoring in the assessment of the dynamic behavior 

of historical structures is in need for further investigation. Such technique, as in 

particular, the continuous one, seems attractive for structures in low to moderate 

seismic intensity zones allowing capturing wind episodes and seismic events with low 

energy. Also, it allows for a detailed tracking of the dynamic behavior under the effect 

of the environmental actions.  

� The application of the dynamic monitoring as an early warning system could be 

investigated. An automatic procedure could be created in which a range of the natural 

frequencies of the structure could be set up, and when surpassed, an alarming message 

could be sent to the system operator. Consequently, pre-determined fast intervention 

plans could be carried out. These procedures seem attractive, particularly, for historical 

structures in high seismic zones.  
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� In the post-processing of dynamic identification tests, the proposed combination of 

“optimal selected setups” can be applied to other case studies to further investigate its 

adequacy.  

� When carrying out model updating of a numerical model of a historical structure, 

dynamic monitoring results may be used to perform “a real time” updating. For 

instance, instead of assuming one value for the masonry modulus of elasticity that 

could result in a good match between the experimental modal parameters obtained 

from dynamic identification tests and the numerical modal parameters, a range of 

values could be assumed. This range reflects the changes in the stiffness of the 

structure with closing and opening of the cracks due to, mainly, temperature changes.  
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