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ABSTRACT: Val d’Aran is located in the north side of the Spanish Pirineo, between Spain and 

France. There we can find a group of Romanic churches built in the XIIth Century, which present 
large geometrical deformations of more than 10% from the initial form. The basilical churches were 
initially covered with timber roofs. Later these were replaced by barrel vaults supported by non-
monolithic columns with circular section [1].  

Of particular interest is the church of Santa Maria d’Arties (XII-XIII), whose large deformations were 
previously discussed by several authors including Villanueva [4], Bassegoda [3], Sáez [5] and Polo 
[6]. This work presents the analytical assessment of the masonry structure of this Romanesque 
church, where the constructive materials are working to the limit. A limit analysis by means of thrust-
lines and a FEM calculation has been performed to assess the large movements of the structural 
elements and to determine its possible causes. 
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1 INTRODUCTION  

In the Pyrenees region of Val d’Aran, there is a set of Romanesque churches built between XIth 
and XIIIth centuries, with some particular features which distinguish them from other contemporary 
buildings. The constructive typology presents the typical configuration with a central nave and two 
lateral naves, covered with a cannon vault and half-vaults respectively. What distinguishes these 
buildings are the large deformations of the masonry and the buttressing strategies built through 
centuries to hold them. 

They have caught the attention of many architects and historians of construction in Spain through the 
years. Josep Puig i Cadafalch (1867-1956) [1] developed a hypothesis about the roofing of these 
churches.  According to his theory, they were originally covered with a timber structure, and 
transformed later with the construction of barrel vaults supported by non-monolithic columns and 
arches. then Joan Bassegoda i Nonell (1930-2012) [2] stated that the formal anomalies are a feature 
of the Romanesque architecture produced in Catalunya. Thus, specific peculiarities are set in a 
characteristic geographic environment, hence the importance of the early churches of Val d'Aran,  

One of the most relevant examples of this architecture is the church of Santa Maria d’Arties (Figure 
1). The large movements of the masonry have deformed the structure to the limit, challenging the 
principles of stability. These large deformations have already been checked, described and studied by 
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several authors such as as Bassegoda i Nonell [3], Villanueva [4], Saez [5] and Polo & Cots [6]. This 
research goes a step further, focusing on the equilibrium conditions of the structure from an analytical 
point of view.  The understanding of the initial conditions will shed some light on the origin of the 
movements, as well as the assessment of the current geometry. 

The traditional elastic theory is based on resistance, stiffness and stability [7]. The concept of stability 
governs masonry constructions. Thus, historical buildings such as the churches of Val d’Aran are 
controlled by this criterion. These structures should be assessed considering their overall stability, 
which sometimes is altered due to their capacity to assume geometrical deformations. 

The theoretical framework for the assessment of masonry structures is currently well developed, 
according to the principles of limit analysis defined by Heyman [8] and developed by many authors 
such as Huerta [9] or Block et al. [10]. Masonry structures are subjected to compression, but this 
being far from its mechanical limits, even in the largest buildings. So, they may be considered as 
having infinite resistance to compression. Also, the tensile strength is considered to be zero and the 
friction prevents sliding between pieces. 

While limit analysis enables the assessment of the stability conditions, FEM calculations can give 
good approximations about the overall behavior of the masonry, considering the non-linear nature of 
the material. In this case, mechanical properties of the masonry are taken from the literature, so the 
results have to be considered only qualitatively. Both are usual strategies in the assessment of 
masonry structures, widely used by several authors such as Roca et al. [11, 12] and Lourenço [13].  

 

2 CASE STUDY: SANTA MARIA D’ARTIES 

The topographical documentation used in this assessment was developed during several 
campaigns carried out between February and July 2013. The great deformations and the irregularity 

Figure 1. External view of Santa Maria d’Arties (2013)  
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of the facings hindered the process of data collection using manual techniques. Thus, the survey was 
made combining traditional and photogrammetric techniques.  

Thus, a 3D model is made combining the data obtained with a total station, and those from 
photography with a calibrated camera. Due to its size and shape, it is necessary to capture partial 
images of the elements and identify common points for the outward orientation based on a Cartesian 
system, according to the mathematical principles of photogrammetry [14]. Singular points identified in 
the masonry were used as references to record them in a single system of coordinates with an 
accuracy of 10mm. 

The model is generated by surfaces from stereo pairs of photographs oriented by means of control 
points. The surfaces consist of TIN (triangulated irregular network) meshes, which incorporate the real 
textures of the masonry by mapping with the same stereo pairs of photographs. The proposed mesh 
pass is 30 mm (i.e. the triangles of the meshes have a side of 30 mm under optimum conditions). The 
3D model obtained is post processed and the geometrical data is combined with the measurements 
taken in situ to generate the planimetric documentation of the building. Moreover, the survey is 
completed with an exhaustive assessment of the masonry construction.  

In typological terms, the church defines a rectangular space of about 19.60x13.8 m until the 
apsidioles (Figure 2). This measure is only indicative, as the great deformations make impossible to 
accurately set the general building measures. The construction is raised with the typical East-West 
orientation, with a central nave and two collaterals, each with four bays with a span of about 5m. The 
central pillars support the formerets under the barrel vault and the lateral half-vaults. In the western 
side of the church it is found also a wooden choir over the bay of access. 

The heading is currently finished with a semicircular apse, reconstructed during last years, and the 
two original apsidioles. All of them are covered with hemispherical domes. A recent intervention 
replaced the timber structure of the roof by a new one of steel, preserving the same finishing with 
slate tiles. The masonry structure was also reinforced with concrete. Following assessment considers 
the structural conditions previous to the intervention, with the construction working only under gravity 
loads.  

 

The naves present a typical deformation pattern according to the structural arrangement. Vertical 
supporting elements, especially the pillars, have moved abroad because of the thrusts of vaults. 
Despite the construction of some buttresses, some sections of the wall have leant about 20cm, and 
pillars have reached values of about 50cm. Thus, vaults have settled and deformed. 

Figure 2. Santa Maria d’Arties (2013) 
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 It can be found in Catalunya a lot of constructions with similar typological characteristics, but what 
really distinguish these churches are the great deformations of the masonry. After almost a thousand 
years, they are still standing despite the sequence of displacements suffered through time. The 
builders of Val d’Aran have fought against this process, and several interventions have modeled the 
initial architecture. Thus, many elements have been added, such as the buttresses, setting the current 
image of the building.  

3 METODOLOGY 

3.1. Geometrical definition and materials 

 A theoretical reconstruction of the initial shape of the masonry is proposed with the aim of assess 
the initial equilibrium conditions and the causes of the displacements (Figure 3). It is impossible to 
determine with precision the original shape of a masonry construction, as there are many factors that 
may cause formal alterations: design issues, settlements, deviations during the works, etc. With this in 
mind, a theoretical section is proposed based on the situation of the elements in the floor plant. 

The analyzed section presents a leaning of about 18 and 13 cm in walls, and 48 and 27 cm in pillars. 
The model assumes that the location of the base of both pillars and walls has not changed over time, 
and also they were perfectly vertical. The assessment of the stones shape reveals that buttresses 
probably were built afterwards. Therefore stability shall be checked according to different wall 
thicknesses. 

About the covering of the naves, lateral vaults are supposed to be layout with arcs of circumference, 
according to the typological references. The central barrel vault shape is not semicircular in the 
encounter with the wall, which defines an oval section. It is assumed that the length of the arches has 
remained almost the same through years, so the total height of the domes is set in function of the 
length of the arch and the theoretical section. 

 

The inner dimensions vary considerably in each bay, therefore in order to simplify the calculation a 
typical section has been defined, based on the measures of the central bays. Walls thickness is 
known through the geometrical survey, and considered as 175cm for calculation. Otherwise, vaults 
thickness is unknown, so it is defined according to typical values found in similar built typologies. 
Thus, it is considered a calculation thickness of 50 cm.  

Figure 3. 3D Model – Hypothesis of the original geometry. 
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About materials, the masonry is very heterogeneous and, in general terms, of poor quality. Also, the 
mortar presents low mechanical properties. In absence of accurate data about the properties of the 
materials, it has been considered common physical properties for the calculation. It can be 
distinguished two main groups: the masonry structure (walls, pillars, arches and vaults), and the 
timber roof. Walls and pillars support their own weight and also the timber structure of the roof, 
finished with slate tiles. The weight of the roof is considered as a dead load uniformly distributed. The 
main mechanical characteristics of the materials are set in Table 1. 

Table 1. Parameters of masonry   

Material        

Masonry 5000 0.3 2.3E-9 

 

3.2. Calculation 

The assessment of the structure involves the use of two analytical methodologies, commonly used 
on masonry structures. Thus, it is performed a limit analysis calculation by means of lines of thrust, 
together with a FEM calculation based on a non-linear model. 

The thrust-line calculation is performed in the theoretical framework of the limit analysis and the 
approach of equilibrium. Thus, masonry is considered as it has no tensile strength; it can resist infinite 
compression, and no sliding will occur within the masonry because of the friction between pieces. 
Also, according to the safety theorem, also known as the lower bound theorem, a masonry structure 
will stand if a network of compression forces in equilibrium with the applied loads can be found which 
fits within the section of this structure. It is not necessary to found the real distribution of forces, only 
possible solutions, so it is a powerful tool to assess possible weaknesses in the initial design, and 
also to understand the equilibrium conditions of the current structure.  

Moreover, the aim of the FEM calculation is not reproducing the breaking and deformation process of 
the masonry, nor set a real state of the structure. The procedure develops an elastic calculation 
based on a non-linear model to enable an intuitive approach to the behavior of the structure. It is 
performed a 3D model based on the theoretical original section used in the limit analysis.  

It is used the software Salome Meca, based on code open source [15, 16]. This software has not had 
a spread use, but some authors have tested it with good results [17]. The Mazars model material 
behavior is considered robust, based on the mechanics of damage. It makes it possible to describe 
the reduction in the rigidity of the material under the effect of the creation of microscopic cracks in the 
material. It lean on only on scalar intern variable D describing the isotropic damage, but distinguishing 
in spite of this, the damage from tension and from compression.  

The Mazars model is in the frame of the damage mechanics. This model is detailed in the thesis of 
Mazars [18], where the stress is given by the following relation:  

           
(1)                .  

Where E is the matrix of Hooke, D is the variable of damage,    is the elastic strain                 , 
                thermal dilatation,           endogenous shrinkage (related to the hydration),  and 

                 the shrinkage of desiccation (related to drying). 

About the variable of damage D, entry 0 is understood as healthy material, and 1 as broken material. 
The damage is controlled by the equivalent strain    , which makes it possible to transform a triaxial 

state on an uniaxial state by means of an equivalence. As the extensions are paramount in the 
phenomenon of cracking of the material, the introduced equivalent strain is defined starting from the 
positive eigen values of the tensor of the strains, that is to say: 
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               (2) .  

 
where in the main reference of the strain tensor: 

 

           
       

       
  

(3) .  

 

Knowing that, the positive part       is defined so that if    is the principal strain in the direction i: 
 

 
                    
                    

  
(4) .  

 
    is an indicator of the state of tension in the material, which generates the damage. This quantity 

defines the surface of load f such as: 
 

             (5) .  

 
With  

 

        if   .     (6) .  

is the strain threshold of damage. 
 

When the equivalent strain reaches this value, the damage is activated. D is defined like a 
combination of two damaging modes defined by Dt and Dc, variable between 0 and 1 depending on 
the state of associated damage, and corresponding respectively to the damage in tension and 
compression. The relation binding these variables is the following: 

 

    
 
     

 
   (7) .  

 

  is a coefficient which was introduced later on to improve behaviour in shears. Usually its value is 
fixed at 1.06. The coefficients    and    carry out a restrain between the damage and the 
compactness of tension. When the tension is activated      whereas      and conversely in 
compression.  

 
A characteristic of this model is its explicit writing what implies that all the quantities are computed 
directly without using an algorithm of linearization like that of Newton-Raphson. Thus, the laws of 
evolution of the damage    and    are expressed only starting from the equivalent strain    

 

     
         

   
                    

     
         

   
                    

 

(8) .  

 

With     ,    ,    , and    , of the parameters of materials to be identified. These parameters make it 
possible to modulate the shape of the curved post-peak. They are can be obtained from traction tests 

and compression tests. The values used in the calculation are:      ,      ,         , and 
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4 RESULTS 

The assessment considers a characteristic section with a length of 5m. According to the principles 
of the limit analysis, if it is possible to find a thrust-line contained within the masonry, the solution will 
be stable. Thus, a range of possible solutions is calculated considering different hypotheses. The 
loads considered are the own weight of the masonry and the roof supported by pillars and wall. 

According to the resultant lines of thrust in the theoretical section, we can consider that the initial 
structure was stable. It is quite easy to find several valid solutions (Figure 4), even without considering 
the buttresses of the perimeter walls. 

 

 

A second calculation is performed for the current state of the construction. As it can be seen in 
(Figure 5), most of the constructive elements have suffered large deformations. Specially, the left 
pillar and the central barrel vault. It is harder to find in this case a line of thrusts contained in the 
section. The only combination of hypothesis with a valid solution considers maximum thrust of lateral 
half vaults, and the minimum thrust of the central vault.  

Figure 4. Theoretical initial section – range of possible lines of thrusts. 

Figure 5. Section of the current state – range of lines of thrusts. 
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The 3D model built for the FEM calculation is based on the theoretical section used in the limit 
analysis. The mesh is composed by 27763 tetrahedral elements, 13574 triangular faces, 2092 edges 
and 8394 nodes. The diagrams (Figure 6) show how the main displacements take place in the upper 
parts of the structure, according with the typical behavior of this kind of construction described before. 
The center of the barrel vaults sinks about 6.5 cm, while the arches over the pillars and the half-vaults 
move over 7.5 cm towards the walls. Otherwise, the main strains concentrate in the base of pillars 
and walls, and also in the supports of arches and vaults. It should also be noted the concentration of 
strains in the impost line, especially in the collateral naves side. 

 

5 DISCUSSION 

The stability in the pillars of the central nave is obtained by the combined thrusts of the barrel vault 
and the lateral half-vaults. The timber roof lays on the vertical elements, which is also a favorable 
action. In both lateral and central vaults, the thrust-lines obtained cross the arch near the limits of its 
section, in the lower third of the arch, and also in the upper middle of the central vault. There may 
appear horizontal cracks, according to the usual collapse mechanisms in arches. The cracking pattern 
observed in the real vaults agrees with these results. 

Otherwise, in both models the thrust lines found in the perimeter walls are contained in the section, 
despite lines are out of the central third in the bottom. It may cause the appearance of tensions in the 
base of the walls, so the construction of buttresses will have a favorable effect in the global 
equilibrium. In the case of pillars, results are further apart from the central third, so there are less 
stable solutions, and the safety is lower.  

Figure 6. Qualitative diagrams with the FEM results 
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These results are coherent with the FEM diagrams obtained, where it is observed a concentration of 
strains in the bottom of vertical elements, especially in pillars. There are no evidences in the masonry 
about cracks in the base of vertical elements, but the leaning of the structure agrees with the typical 
deformation pattern. The central nave tends to open, pushing the lateral half-vaults and tilting the 
pillars and walls. The change of direction in the left pillar can’t be explained through the thrust lines 
diagrams, but the FEM calculation reveals a concentration of strains in the impost line which can 
explain this behavior. This section coincides with the former arches, which changes the stiffness of 
the element. 

Probably the use of a poor material, with a high index of heterogeneity has caused the progressive 
accommodation of the structure through decades. Moreover, the variations of stiffness and resistance 
in the overall structure may have caused the differential movements of the masonry. 

6 CONCLUSIONS 

The structural concept which rules masonry constructions is its stability. Masonry is a 
heterogeneous material where the resistance and stiffness have a secondary role, unlike modern 
materials such as reinforced concrete or steel. Thus, constructions may assume great geometric 
variations, as long as combined gravitational loads are balanced. 

The assessment of the church of Santa Maria d’Arties revealed that, despite the great deformations, 
the initial structure should be stable. Similar constructions use to have problems because of its 
foundations, but in this case the damages and movements observed suggest that the problem is not 
in the subsoil. 

The masonry used in this construction has poor mechanic properties. It is an ordinary masonry, built 
with irregular stones of widely varying sizes (usually small), and a poor mortar. This may have been 
determinant in the settlement of the building through centuries. Thus, the variable stiffness and 
resistance of the structure may have caused differential movements which could even lead the 
collapse of the building. But in the case of the churches of Val d’Aran, it is found a significant number 
of buildings which have been able to adapt to movements and survive until today. 
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