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ABSTRACT 

      This paper presents the studies carried out on the structure of a Gothic construction using 
a  numerical technique of analysis specifically developed for the assessment of masonry 
skeletal structures. This technique consists of a generalisation of conventional matrix 
calculation for frames to non-linear analysis of structural systems composed of straight or 
curved members with variable cross section. In spite of its relative simplicity and limited 
computer needs, the technique provides satisfactory engineering results. The application of 
this technique in the study of the structure of the nave and cimborio of Barcelona Cathedral is 
here presented in order to illustrate its actual applicability to the assessment of masonry 
ancient constructions. 

1 INTRODUCTION 

      The study of large masonry ancient structures requires the use of techniques of analysis 
endowed with powerful procedures for the modelling of the geometry, the simulation of the 
mechanical response of the various materials (including ashlar blocks and masonry, backings 
and fills) and the simulation of the possible agents (gravity, wind, earthquake, settlements) 
which may affect the structure or may have affected it through history.  
       Very powerful and realistic tools have been recently proposed by Oñate et al. (1997), 
Lourenço et al. (1998), and other researchers for the analysis of masonry structures, based on 
state-of-the-art concepts and numerical developments. A detailed report of the today available 
approaches for this kind of analysis can be find in Molins (1997) and Lourenço (1998).  
       However, simpler and more conventional tools of analysis are also needed for first 
approach calculations or to undertake the analysis of large and complex structures which, 
otherwise, might require unaffordable computer effort. The generalised matrix formulation 
(GMF) here presented  is intended for this  purpose.  
       The actual applicability of the used generalised matrix formulation is illustrated through 
the description of the analysis of the structure of Barcelona Cathedral. This study includes two 
different aspects: first, the analysis of the structure of the typical bay of the nave;  second, the 
study of the structure sustaining the cimborio, built centuries after the construction of the 
nave. 
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Fig. 1 – Models elaborated for the cimborio and the typical bay of the nave of Barcelona 
             Cathedral for the analysis by GMF formulation 
 
 
2  TECHNIQUE OF ANALYSIS  
 
          The technique of analysis presented consists of a flexibility formulation for 3D framed 
structures with curved members, proposed by Marí (1985) for the analysis of concrete 
structures and extended by Molins and Roca (1998) for the analysis of  masonry arches and 
frames. This formulation results as a generalisation of conventional matrix formulations.  
        Consistently with the principles of matrix methods, the flexibility formulation stems 
exclusively from equilibrium between external and internal forces at any point within an arch 
or linear member, so that no additional hypotheses over the displacement or stress field are 
required. Since the movements are fully free (unlike in FEM, where field displacement shapes 
must be assumed), arbitrarily high concentrated curvatures associated with damage can be 
reproduced, resulting in a feasible approach for damage localisation, or hinge formation. For 
the same reason, the numerical problems that are encountered when a perfectly brittle 
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constitutive equation is used in combination with the displacement formulation of FEM do no 
manifest themselves in this case.  
          In order to carry out the non-linear material analysis, masonry is treated as a linear 
elastic-perfectly brittle material under tension, while elasto-plastic equations are adopted for 
masonry subject to compression and shear. A Mohr-Coulomb failure envelope is adopted in 
order to describe failure modes due to combined states of compression and shear. 
         Figs. 1 and 2 show the two GMF models prepared for the typical nave bay and the 
cimborio of  Barcelona Cathedral. Using the faculties of the method, the various structural 
elements were modelled as straight or curved linear elements with variable and composite 
cross-section. It should be noted that, in a simplified way, the vaults are also treated as a 
curved composite beam where each material (masonry, rubble, and cohesive infill) is defined 
by its particular mechanical properties. 
          The formulation has been assessed through the analysis of real or experimental cases, 
including masonry bridges and buildings, for which experimental or analytical results were 
available. The formulation and validation of the method are described in detail in Molins and 
Roca (1998). 
 
 
3 STUDY OF THE NAVE OF BARCELONA CATHEDRAL 
 
3.1 Brief introduction to the construction 
 
        Construction of the naves of Barcelona Cathedral was begun in 1298 and lasted for more 
than a century. As usual, the apse was constructed first, being finished in 1327, while the 
construction of the entire nave continued until 1417. In 1422 work stopped, leaving the 
cimborio unfinished and a provisional wall closure as a façade. Most of the original features 
of the building are assumed to be attributable to the master builder Jaume Fabre, who worked 
on the Cathedral from 1317. 
         The central nave of Barcelona Cathedral, built during years 1298 to 1422, spans 12.80 m 
and has a maximum high of 25.6 m. The span of the side aisles is equal to one half the span of 
the nave.  
         The plan of the temple shows a very unconventional lay-out in which the cimborio is not 
erected over the crossing but over the first bay of the nave close to the façade, while the 
crossing is delimited by the two majestic clock towers, more commonly part of the façade. A 
similar distribution can be observed in very few cases, such as the German cathedrals of Ulm 
and Friburg.   
         The building includes three naves (the nave and two aisles) although, as a consequence 
of its particular design, it appears to enclose two additional aisles. This particular effect is 
caused by the inclusion of the buttresses in the interior space and their use to laterally confine 
the side chapels. The space between the buttresses is vaulted at an intermediate level, to form 
a tribune across the side aisles. The upper vaulting between the buttresses stands at the same 
height as the aisle vaulting and gives the impression of being an extension of the former (Figs. 
2 and 3). 
        The existing flying arches are not structural but pure draining devices as can be 
understood by observing their very reduced section and inadequate geometry. In fact, the 
thrust caused by the vaults and arches of the main nave are transferred to the buttresses by the 
vaults and arches of the lateral naves, which are strategically placed to undertake the 
structural role of actual flying arches. This structural feature of Barcelona Cathedral can be 
observed only in a few other Gothic churches (as the Basilica of Sta. Maria del Mar, also in 
Barcelona).  
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Fig. 2 – View of the nave of Barcelona Cathedral Fig. 3 – Perspective of the structure of the  
             nave 

3.2 Studies 
 
          Different studies were carried out in order to assess the capacity of the building subject 
to dead load and also to lateral effects.  Both the structure of the nave and that of the cimborio 
have been analysed subject to dead load, foundation settlements and lateral forces.  
          The mechanical properties of the existing masonry were estimated based on some 
laboratory tests carried out on specimens made of a type of sandstone similar to the existing 
one. As expectable, the parametric studies undertaken have show that the ultimate response of 
the building is not sensitive to reasonable variations of the value given to average 
compressive strength of the masonry.  
          The study of the structure subject to dead load was carried out by gradually providing 
gravity load until reaching its actual value, and then continuing to increase it until causing a 
virtual collapse. Doubts can be placed about the actual significance of such a deterministic 
process. A more meaningful process would consist of a reliability analysis based on stochastic 
treatment of the geometric and mechanical parameters involved. However, that would require 
a probabilistic modelling of these parameters based on exhaustive experimental information, 
which, to this extent, is not available for the cases here presented. 
         In the case of the nave, such  process allowed to simulate the progressive development 
of cracking and the final appearance of a number of crushed zones leading to failure,  which 
resulted for a total applied load equal to twice the total dead load. As expectable, cracking 
already develops at 100% of the dead load applied (Fig. 4).  
          The failure mechanism is characterised by a certain number of critical sections, such as 
vault crowns, with deep cracking and, correspondingly, high curvature developed locally (Fig. 
5). These critical sections can be conceptually related with the plastic hinges which, in a   
classical ultimate analysis, would generate the ultimate mechanisms. 
          The analysis of the effect of an earthquake has been performed by applying a system of 
equivalent static loads. The structure was assessed for a seismic acceleration of 0.06g,  
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determined from the Spanish seismic code (NCSE-94)  for the location of Barcelona and for 
and for a construction of historical value.   As shown by the analysis, these lateral loads do 
not cause significant alteration to the structure. Failure subject to that system of horizontal 
loads was predicted for a factor of 1.4 (i.e., for the acceleration of 0.085g). It must be 
accepted that, although combined with a non-linear analysis, this procedure is too simplistic 
as to permit reliable conclusions on the seismic response of the construction. However, this 
analysis has been considered interesting as a way to gain an appreciation of the stability of the 
structure subject to horizontal actions.  
        It must be noted that the results obtained have been appraised through the use of a 
continuous damage finite element approach proposed by Cervera et al. (1998).  Using this 
alternate, more sophisticated technique, yet a very similar prediction was obtained for the 
failure mechanism and the ultimate load (Pellegrini et al., 1999). 
 
 
 

Fig. 4 – Distribution of stresses in grey scale, with cracked zones in white for 100%  
             of dead load applied.  

 

Fig. 5 – Deformed shapes (amplified)  produced by dead loading (left) and lateral loads  
             due to earthquake (right)  
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4. STUDY OF THE CIMBORIO 
 
4.1 The cimborio of Barcelona Cathedral 
 
       The construction of Barcelona Cathedral was detained at the beginning of 15th century, 
after the nave was completed, leaving the main façade and the cimborio unfinished for more  
than five centuries. The cimborio stood during this time with only the low spandrels of the 
tambour constructed and a provisory traditional tiled roof mounted in place of the upper 
vaulting.  The definitive cimborio was designed and constructed at the beginning of 20th 
century (Fig. 6) by the cathedral architect August Font,  who envisaged and actually built a 50 
m high spire of stone tracery. No major damage on the structure has been observed which can 
be related to the construction of this cimborio; however, an assessment of the present 
situation, based on modern structural modelling, is considered of interest in order to 
characterise the effects caused on  the original elements.  
 

        Fig.1 shows the global model 
elaborated for the structure of the 
cimborio, which includes the four 
supporting piers, the lateral bays and 
abutments, the original inferior arches, the 
new upper arches and the arches and 
columns of the vaulted superstructure.  The 
upper main arches were built at the 
beginning of 20 c. (years 1906 to 1912) in 
order to sustain a new   high spire made of 
stone tracery.  
       In that case, one of the aims of the 
study was to investigate the effect of the 
new elements and loads on the ancient 
structure and to assess the adequacy of the 
structural re-organisation envisaged by 20 
c. architects in order to build the new spire.  
The use of the model allowed to conclude 
that the added elements and loads, 
although compatible with the stability of 
the entire system, should have produced 
cracking on the original (inferior) arches. It 
has been observed that his cracking was 
actually developed and repaired at some 
time, possibly after the execution of the 
new parts. Fig. 6- View of the cimborio during its    

           construction c. 1910.   
 

     The cimborio of Barcelona Cathedral is not built over the crossing piers but, 
unconventionally, over the bay closest to the main façade. In that bay, the medieval builders 
laid-out more robust piers, arches and buttresses -with larger cross-sections compared to those 
in rest of the nave- so that the additional weigh and thrust could be adequately resisted.  
However, it seems that the original intention was to erect a two-storey flat-roofed  cimborio, 
with no spire, similar to that of Valencia Cathedral. The cimborio actually built reaches a 
height of 90 m and has a total estimated dead load of 19 MN. Since it is significantly more 
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weighed than the one envisaged during the middle age, doubts could be placed about the 
actual capacity of the structure to adequately carry it. Moreover, the arches where the 
cimborio had to be built showed significant deformation prior to its construction.   For these 
reasons, architect August Font actually erected the cimborio on a new system of robust stone 
arches, markedly pointed, built over the original ones, while leaving these uncharged. No 
architectural measure was taken to alleviate the work of the piers in supporting the total load, 
or that of the arches and vaults of the aisles and close nave bays in buttressing the cimborio. 
However, no external signs are apparent of any structural disorder but for some repaired 
cracks which can be recognised in the original arches. 
       The objectives of the numerical analyses performed are: (1) to study the original 
condition of the structure and the reason why the original arches historically built to sustain 
the cimborio showed significant initial deformation; (2) to analyse the effects caused by the 
construction of the new cimborio on the original structure; and (3) to validate the new 
structural system consisting of the new arches and original elements which support or laterally 
buttress them. 
      The construction has been studied using two different structural models, each of them 
belonging to a different  historical configuration. The first model (Fig. 7) includes the original 
structural elements intended to sustain the cimborio. With respect to this one, the second 
model also includes the upper 20th century arches and the structure of the tambour (Fig. 1). 
Taking advantage of symmetry, only one half of the structural system has been modelled. The 
spire is not included in the model but treated as additional weight.  

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 – Deformation of the arches  
             and piers in the original 
             configuration (amplified) 
 
 
 
 

 
4.2 Study of the original system  
 
The analysis undertaken on the initial (or historical) configuration showed that the observed 
initial deformation of the lower arches is explained because of the effect of dead loading on  
them even if no cimborio is built. Because of their inadequate (almost semicircular with 
imperceptible bluntness), the original arches are too weak and sensitive to the deformation of 
the piers which sustain them; even a moderate load, as the one originally applied, causes 
cracking and large deformation in them (Fig. 7).  It can be concluded than the original system 
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would have showed structural disorders if the cimborio (even the lighter one envisaged during 
the middle age)  had been built on  it. 
 

4.3  Study of the effects caused by the new construction 

The complete model representing the final configuration has been used, first, to study the 
effect of placing the new construction on the original system. It has been observed that 
applying the new dead loads causes generalised cracking in the lower arches (Fig. 8) with 
some sections completely cracked throughout. In fact, as already said, these arches show 
today cracks filled with mortar. It is likely that these cracks appeared during the construction 
of the cimborio and were repaired immediately.  

 
 
 
 
 
 
 
 
 
 
Fig. 8- Cracked zones (in white)   
      caused in the original lower      
      arches by the construction  
      of  the upper new system 
 

4.4  Assessment of the present configuration 
 
          The  analyses carried out in the present configuration are similar to those presented in 
section 3.2  for the nave. 
          In a first attempt, the possible resisting contribution of the stone spandrels which fill the 
space between arches was ignored. The non-linear analysis allowed to estimate the ultimate 
load as 160% of the actual dead load. The ultimate mechanism resulted, as expected, because 
of the generation of a set of five plastic  hinges in each of the main arches. In Fig. 9, the 
generation of a hinge can be recognised in those sections were very deep cracking appears 
combined with complete yielding of the uncracked portion.  
         No matter the plausibility of the ultimate mechanism predicted, it can be said that the 
associate ultimate load obtained is too low as to consider it realistic, unless the structure is 
indeed in precarious equilibrium condition.  In a modern design of a masonry construction 
one would expect a margin of 250% or even greater to account for aspects such as the 
scattering of the material mechanical properties, geometric defects or the uncertainty in the 
estimation of density.    
         Aiming to a more complete  treatment of the resisting resources of the building, an 
alternate model was prepared in which the spandrels of the tambour are indirectly included 
and treated as additional thickness in the main arches. It is expectable that these spandrels 
may develop a significant strength contribution since they are built with the same type of 
large block masonry and have the same width than the arches. The only material 
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differentiation lays in the horizontal arrangement of joints, which is radial in the arches and 
horizontal in the spandrels.  In that case, the ultimate load reaches a value of  200% of the 
dead load.  Nevertheless, a different, non-ductile, ultimate mechanism is predicted with some 
sections showing complete cracking throughout. The mode of failure obtained is mainly 
determined by the transverse cracking in the arches caused by the horizontal outwards thrust 
produced by the increased dead load of the upper vaulting. This cracking produces the 
division of the arches into parts which then work independently as cantilevers with almost no 
residual capacity.  The effect of the outward thrust produced by the tambour can be 
recognised in the horizontal deformation of the arches.   

 
Fig. 9 – Distribution of cracking (in white), crushing (in black) and intermediate compressive  
             stresses  (in grey scale) for an applied load equal to160% of the actual dead load. 

 
         The seismic analysis, executed as in section 3.2 
by applying a set of equivalent loads, predicted that the 
structure would resist the lateral loads corresponding to 
the acceleration a=0.06g defined by the Spanish 
seismic code,  although some damage would be caused 
at certain points. The lower uncharged arches would 
show extensive damage and possibly fail, although, 
given its null resisting role in the today configuration,  
their damage or failure would not be meaningful for the 
equilibrium of the rest.  As already mentioned, there 
results consists of a rough approach due to the intrinsic 
limitation of the analysis by static equivalent loads. 
Further extension of the method here presented, now 
into development, may allow to attempt, in a near 
future, a more realistic true dynamic analysis. 
 
 Fig. 9 – Deformation of the structure due to   
              differential settlement (amplified) 
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         A settlement occurred between the two piers included in the model has been simulated 
and increased until causing a pre-failure condition (Fig. 9). According to the analysis, this 
condition is reached for a differential settlement of 7.5 cm. This great value shows the 
remarkable ductility of the system.  
 

5  FINAL REMARKS 
 
        The analyses carried out allowed to gain understanding about aspects such as the 
adequacy of the original design, the origin of the observed structural deficiencies and the 
actual equilibrium condition of an ancient large construction. In particular, the consequences 
of erecting new and over-weighed cimborio over a pre-existent building, not necessarily 
prepared to sustain it, were characterised and related to observed alterations.  
     In spite of its relative simplicity, the generalised matrix formulation used for the present 
study has shown large applicability in the analysis of historical masonry constructions as the 
ones described here.  Non-linear analysis involving the numerical simulation of the ultimate 
condition have been possible with moderate computer effort.             
       This capability stems from the adequate treatment of several aspects which are essential 
for a successful description of the behaviour of such structures. First, the formulation is able 
to describe complex geometry and to accurately compute and distribute dead loads. Second, it 
includes suitable constitutive equations to model the essential characteristics of the behaviour 
of the material (the inability of masonry to carry tension, in particular). Finally, it affords to 
model highly localised damage and deformation and thus to simulate realistic ultimate 
mechanisms similar to those which would be predicted by classical ultimate analysis. 
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