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Foreword

REHAB 2017 - 3rd International Conference on Preservation, Maintenance and Rehabilitation 
of Historical Buildings and Structures aimed to proceed with the discussion on built heritage 
and the preservation of its legacy that was established in the previous editions of the event. The 
importance of conservation of historical constructions (built landscape, urban fabrics, buildings, 
and engineering works) are of utmost importance to preserve the cultural references of a com-
munity and was deeply discussed n March 2014, in Tomar, and July 2015, in Porto. 

Under the main topics of discussion, subjects of preservation and rehabilitation methodolo-
gies and technologies, as well as the importance of the economic and social impacts of preserva-
tion practices were covered as the main leading guidelines for the conference debate. Further-
more, different communities� scales (local, regional, national or even worldwide) and authentic-
ity interpretation raise different questions and approaches, and therefore different solutions that 
are worthily to study, to compare and to experience. The sustainability approach was covered 
once more, highlighting the importance of the commitment between heritage preservation and 
technical requirements related to its occupancy and use, such as energy efficiency or materials 
recovery. Inclusivity was also an important aspect to be discussed as public historical sites and 
buildings need to be adapted to receive different kind of visitors (children, elderly or handi-
capped persons) and to establish an adequacy with the perceiving of the physical environment 
and information contents. 

A new chapter was included in this edition of REHAB 2017 and Earthen Buildings were 
brought into a particular approach highlighting the complexity of their preservation, mainte-
nance and rehabilitation. Earthen buildings techniques are in many cases of a great importance 
for local economies and access to housing. 

Authors submitting papers to REHAB 2017 were encouraged to address one of the above 
mentioned topics of the Conference by providing evidence on past experience and ongoing re-
search work. As a result, REHAB 2017 welcomed a significant number of papers and presenta-
tions addressing field work and case studies but also theoretical approaches to historical build-
ings preservation and conservation. As in past editions of this Conference, REHAB 2017 also 
gave stage to early stage researchers and students willing to share the results of their research 
projects, namely post-graduation projects and doctoral projects. REHAB 2017 received a sig-
nificant number of such proposals the quality of which was confirmed during double-blind re-
view. 
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1 THE GREAT DEFORMATIONS OF THE VAULTS IN THE VAL D�ARAN 
ROMANESQUE. 

The main objective of the article is to show the theoretical basis for the systematization of the 
structural movements suffered by the Romanesque buildings in the Val d�Aran in Spain. One of 
the more deformed construction is Santa Maria de Arties (12th-13th Century), in which arches 
and vaults have produced anti funicular forms. These anti funicular forms are the reverse form 
of an arch, and therefore, they are convex in relation to the vault�s guideline. (Figure 1). 

The deformations of the Valle de Aran�s vaults in Spain. The 
formation of anti-funicular arches 

J. Lluis i Ginovart 
Universitat Internacional de Catalunya, Barcelona, Spain 

A. Costa-Jover & S. Coll-Pla 
Universitat Rovira i Virgili, Catalonia, Spain 

M. López-Piquer & J. Urbano Lorente 
Universitat Internacional de Catalunya, Barcelona, Spain 

ABSTRACT: There are a set of Romanesque churches at Val d�Aran, with basilical plan, which 
were built between the 11th and the 13th centuries. They have great deformations over 7% its 
initial geometry. These deformations have caused joints on the vaults due to active thrusts that, 
together with the passive thrusts caused by the buttresses, have defined anti funicular shapes. 
The paper exposes a general revision of the masonry theory at Val d�Aran, systematizing the 
deformational mechanisms and through a specific assessment of the equilibrium of an anti-
funicular vault at Santa Maria de Arties 
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Figure 1. Santa Maria d�Arties. Lluis, Coll, Costa (2014) 

 
The verification of the equilibrium is done with the traditional theory of masonry and its 

thrust line, following the method of Canon Henry Moseley (1801-1872) (Moseley, 1843). The 
masonry works with compression and the thrust line must be inside the thickness of the arch. If 
we invert the arch, these forces of compression are converted in traction, with the shape of a 
pendant chain. This theory was set out by Robert Hooke (1635-1703) in A description of 
helioscopes, and some other instruments (1676) (Hooke, 1676) and applied by Christopher 
Wren (1632-1723) in St. Paul�s dome (1675) (Heyman, 2003). The equation of the catenary 
(1697), formulated by David Gregory (1659-1708), concludes that this is the true form of the 
arch, because if they remain standing is because a catenary can be traced in their inside 
(Gregory, 1697). James Stirling (1692-1770), in Lineae Tertii Ordinis Neutonianae (1717) will 
build a catenary with some spheres in order to simulate the behaviour of a constructive element 
(Stirling, 1717). Giovanni Poleni (1683-1761) (Poleni, 1748) used this methodology in the 
dome of the Basilica of San Pedro (1748) (Heyman, 1988).  

This way of working with the arches and its anti-funiculars will be spread by John Robison 
(1739-1805) in the Encyclopaedia Britannica (1801) (Robison, 1801). These statements are still 
in the theory of the limit analysis. Jacques Heyman (1999) states the same principle that David 
Gregory. Thus, the vaults that have an anti-funicular shape, as hypothesis, must be able to 
contain a catenary (Heyman, 1999). Thomas E. Boothby (2001) (Boothby, 2001) and Santiago 
Huerta (2005) (Huerta, 2005) have explained the operative mechanic of the limit analysis, 
applied to dimensional forms on the perpendicular plan, by means of the application of 
funicular polygons, which is the operative system that we will use.  

2 BACKGROUND IN THE STUDY OF THE ROMANESQUE CONSTRUCTIONS AT THE 
VAL D�ARAN 

The Romanesque constructions at the Val d�Aran have deserved the interest of Emmanuel 
Viollet-le-Duc (1814-1879), who made a visit to Bossòst (1883) (Español, 2011). Later, the 
School of Architecture of Barcelona (1905) with Lluís Domènech i Montaner (1850-1923) also 
went to Val d�Aran (Granell, 20116). In the expedition of the Institut d'Estudis Catalans to the 
Val d�Aran and the Ribagorça (1907), led by Josep Puig i Cadafalch (1867-1956) (Alcolea, 
2008), the hypothesis that the churches were initially covered by a wood structure, which was 
later transformed into barrel vaults, took place (Puig i Cadafalch, 1908). 
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Figure 2. Anti-funicular vault at Santa María d�Arties 

 
Juan Bassegoda Nonell (1930-2012) stated that the formal anomalies constitute one of the 

characteristics of the Romanesque architecture in Catalonia (Bassegoda Nonell, 1974). The 
building that has been most studied is the church of Santa Maria d�Arties, where its great 
deformations were already noticed in the restoration interventions that were carried out in the 
seventies (Bassegoda Nonell, 1972) (Sàez-Aragonès, 1976). José Luis Villanueva Bartrina 
detected the problem of anti-funicular deformations (Villanueva, 1974) (Figure 2). The finite 
element analysis (FEM) was introduced for the structural verification in the year 2009 by the 
team of Joan Josep Polo and Berroy (Polo, 2009). 

3 GENERAL METHODOLOGY. THE GEOMETRIC STUDY OF THE VAULTS 

The methodology proposes the analysis of the current state of the building, with the aim of 
locating and characterizing the deformations suffered, paying special attention to the anti-
funicular shapes of the vaults. Once identified the mechanisms that determine how these 
buildings are deformed, they are systematized at a theory level and, in the specific case of Santa 
Maria d�Arties, the equilibrium conditions are checked by means of the graphic static, in those 
sections where is considered appropriate. 

The study starts from the three-dimensional model obtained by scanning with a terrestrial 
laser device (TLS) (Figure 3). The laser scanner used is the Leica P20, with a bandwidth of 
808/658 from class 1. The scanning ratio is 1,000,000 points and the noise is of 9.0 mm in 
Black colours at 100 meters, 4.30 mm in grey colours, 1.5 mm in white. The field of vision is 
360º in horizontal and 270º in vertical. The points� cloud is obtained with the Cyclone program 
and with the 3DReshaper is generated a three-dimensional mesh, with an average point distance 
of 5 cm and a triangle size for the hole detection of 10 cm. The model of the inner surface is 
composed of 80,582 points and 156,449 triangles, and the exterior consists of 314,650 points 
and 609,472 triangles. 
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Figure 3. Methodology for the topological determination of Romanesque architecture 

 
The analysis of these forms can only be understood from a three-dimensional analysis 

through an interval (a, b), which has to impose the equilibrium condition through the elastic 

theory =0 y =0. A study of constructive 

elements� deformations has been done. From the analysis of the central vault and the collaterals� 
deformations, caused by the action of its own weight, we conclude that the external actions that 
affect them, such as the action of the snow and the earthquake, or the loss of mortar due to 
humidity or vibrations, make that the primitive function (x, y, z) of the vault tends to deform 
into a function ff (x, y, z). From the observation and analysis, we can compare the different 
states: linear, bi-dimensional and three-dimensional of the primitive function fi (x, y, z) and of 
the deformed ff (x, y, z), analysed in a space of time. The three-dimensional model allows 
analysing, both qualitatively and quantitatively, the entire geometry of the factory. The analysis 
has been made from cutting planes, which allows obtaining infinite sections in a relatively short 
period. Thus, certain formal anomalies have been detected in the vaults, some already evident at 
first sight. 

4 SYSTEMATIZATION OF THE VAULTS AND PILLARS DEFORMATIONS  

From the historiographical point of view, Emmanuel Viollet-le-Duc (1814-1879) was who 
determined, more accurately, the study of the barrel vaults and the wooden stirrups (Viollet-de-
Duc, 1854-1868). August Choisy (1841-1909) will not turn to the Romanesque vault, but to the 
Roman vaults made of brick or concrete (Choisy, 1873), using the Byzantine reference for its 
construction with or without cramp (Choisy, 1883). When these vaults have a regular geometry 
and their construction is monolithic, due to the locking of the masonry, it is determined that the 
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force is perpendicular to its guideline. Thus, we determine the force of a vault, Eb (Ebx, Eby, 
Ebz). The vectorization of this force, assuming homogeneous vaults and constant guideline, 
referred to what was established by Choisy (1873) would be; Eb (Ebx, 0, 0). 

Otherwise, the barrel vaults of Val d�Aran�s churches have special characteristics. As Juan 
Bassegoda (1974) said, they produce conical vaults, and as Josep Puig i Cadafalch (1901) 
established, the stereotomic cutting has no regular distribution. The difference in rigidity 
between the supports of the vaults, outer walls and arches is checked, as it was pointed out by 
Luis Villanueva (1974). These three conditions depart completely from what is established as a 
general theory of homogeneous vault force with cylindrical guideline. The study of 
deformations from the pillars and their rigidity, influenced by the appreciation of Josep Puig i 
Cadafalch (1908), is also different from that theory. 

In any of the hypotheses above, or their combination, the force acts in two directions (x, y, 
z), as long as the support does not collapse. Therefore, the resultant will not be perpendicular to 
the guideline of the vault. The general vectorization could be established, in these cases, as the 
force of the vault Eb (Ebx, Eby, Ebz), being able to cause deformations in both directions; f (dfx, 0, 
dfz). 

The efforts of these vaults are transferred to the vertical structural elements. The vaults of the 
central nave are supported on the walls of the toral arches, which in turn do so on the pillars of 
the central nave, being able to have deformations on the three planes dfp(dfpx, dfpy, dfpz), and also 
on the walls of enclosure dfm(dfmx, dfmy, dfmz). 

On the other hand, the deformations of the pillars will be in function of their monolithism. In 
this way, the deformations are directly related to the abutment of the pillar, as a function of the 
force Ep (Epx, Epy, Epz). In some cases, depending on the internal distribution of the forces, the 
masonry, the mortar (Epz1), and the irregular geometry of the vault (Epz2) may tend to balance 
(Epz1- Epz2), or may do the opposite (Epz1+Epz2). 

In a rigid pillar, of a single piece, it tends to make a turn on its base. The head of the pillar 
moves in the axis direction (x), to the outside due to the horizontal main thrust (Ex). It also tends 
to have a displacement with respect to the axis (y), obtaining an off-end descent, and in turn by 
a displacement on the axis (z) due to Ebz, establishing deformations; dfp (dfpx, dfpy, dfpz). If the 
pillars are built with discontinuous material and abundant masonry joints, there is a general 
tendency for the pillar to move in its upper part, so there is no  dfpy. If it is assumed that the 
ends of the vaults have not undergone differential settlements and, therefore, there is no descent 
of these extremes ( y = 0), the deformations produced will be of the type; dfp (dfpx, 0, dfpz). 

In some occasions, it may be a combined action of rotations and translations, so the general 
characterization would be made by intervals I1; dfp(dfpx, dfpy, dfpz),, and in I2 ; dfp(dfpx, 0, dfpz). 
Displacements can also be caused ( y> 0) due to the contact situation between the mortar and 
the masonry, or the friction between it at the points where there is no agglomerate joint. 

As a general standard, we can establish that there are deformations on the pillar, dfp (dfpx, 
dfpy, dfpz. In order to determine the shape of deformation, they can be established on the section 
of this element. One way to determine the displacement of the pillar is to analyse the 
displacement of the centroid of this element through n sections (ns). For this, only the 
coordinates (xci, yci, zci) must be determined through the sections (ns). Thus, a matrix of points is 
determined, starting from the initial centroid on the plane of the soil that has not had 
deformations (xc0, yc0, zc0), up to the one located on the imposture (xcs, ycs, zcs). These points 
determine a function f (ci), being able to determine the tendency to regression plane ( ) that 
characterizes the approximation of a displacement vector of the structural span acting on the 
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column. The analysis of this displacement vector will also determine the angle of incidence on 
the vault guideline so that the angle ( ) of the plane ( ) (Figure 3) may be ( ) = 90 °, 
perpendicular to the guideline 1, ( ) <90 °, displacement towards the apse, ( )> 90 °, and 
displacement towards the facade. The walls, with greater rigidity than the pillars tend to 
rebalance the stresses of the thrust of the lateral vaults Eb Eb (Ebx, Eby, Ebz) on the wall; Em (Emx, 
Emy, Emz).. 

This action is solved through the entire length of the wall, having at its ends the critical 
points. These tend to be balanced by the curved walls of the small apses and, in other cases, 
with the placement of a bell tower on the opposite facade. In some cases the Romanesque has a 
constructive system that imbues, in the interior of the wall, a frame as a wooden stirrup, as 
indicated by Emmanuel Viollet-le-Duc (1859). With this, they tend to withstand the traction of 
the horizontal force. The general tendency is that the deformation due to the horizontal pressure 
(Emx) provokes the main collapses, because of the scarcity of rigidity of two leaves� masonry, 
which are generally used in the Romanesque walls construction. However, there is also another 
horizontal component (Emz) and different pieces of the vault, much smaller than (Emx). Thus, the 
forces produced by the masonry and the mortar (Emz1), and the irregular geometry of the vault 
with which we characterize the differences of geometry of this vault (Emz2), although much 
smaller than in the central nave, may tend to balance (Emz1- Emz2) or the opposite (Emz1+Emz2), but 
there will still be a small deformation (dfmz). 

On the other hand, if there have been no differential settlement ( y=0) it could be some 
deformations; dfm (dfmx, 0, dfmz). However, if there have been some, or there have been 
deformations due to friction between masonry and mortar, and ( y>0) has occurred, then the 
deformations tend to be; dfm (dfmx, dfmy, dfmz). In this way, the main deformations of the 
Romanesque walls; dfm (dfmx, dfmy, dfmz), due to the forces of the vaults Em (Emx, Emy, Emz), they 
tend towards the collapse of the exterior side of the wall, and especially of its outer side like this 
in general dfm (dfmx, dfmy, dfmz), where the main component is going to be (dfmx). The deformation 
dfmz, on the outer side of the wall tends to be Lim f (dfmz)  0. This is generally because the 
filling between both sides tends to discontinuity of the surface. A very different thing is going to 
be dfmz in the interior part of the wall, the one located in contact with the barrel vault and the 
reaction of both constructive elements wall and vault. 

The repair and control of these deformations has provoked reinforcement actions in the outer 
walls, by the placement of buttresses or the strategic situation of the bell towers, being placed in 
many occasions in the façade opposite to the apse. So far, we have determined the active 
pressures (Eba) of the vaults on the pillars and walls, but in order to understand the balance of 
these buildings the role of counter-balance made by the passive forces of these elements (Epm) is 
essential. In some cases, these vaults have been deformed and had created anti funicular shapes. 

5 PROCESS OF ANALYSIS OF THE VAULTS OF SANTA MARIA DE ARTIES 

In order to analyse the structure, 3 families of cutting planes have been initially used (Figure 3). 
On the one hand, a total of 8 cross sections (Tii), 3 by the axis of the pillars (Tp1, Tp2, Tp3), 
and 4 by the centre of the span (Tv1 ... Tv4). In the longitudinal direction of the structure, a 
section has been made by the key of the central vault (Lc1), and 6 sections by the North lateral 
nave (Ll1 ... Ll6) since it is in this side where the main deformations have been observed. 

This process will allow the identification of the most deformed vault part. The initial 
observations made in situ indicated that it should be the span V2 of the vault in the north lateral 
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nave. Once confirmed, the objective is to determine if, despite the anti-funicular geometry that 
the vault has adopted, it is possible to find a pressure line contained in the section, so that the 
stonework continues to work under compression. 

Given the irregularity of the vaults, in order to determine the section of the analysis model 
some cuts (Si) have been made every 50 cm of the section of the vault between the two 
protruding arches, obtaining a total of 9 sections (S1, S9). To identify the most deformed 
section, a reference arch (Sr) is established from the span and rise extremes of all sections, and 
the area between the reference section (Sr) and each vault section (Yes) is measured. 

In order to make the calculation, it is necessary to differentiate, firstly, the elements that 
provoke the pressures of those who receive them and on the other hand, the elements that are 
supported. As it is usual in these buildings, most of the elements are structural and we only 
consider the cover as a supported element, which relays on the walls and central pillars. As 
elements with structural responsibility, we have, on the one hand, the vaults (with their 
respective protruding arches) and the arches that separate the central nave from the lateral ones, 
as elements that cause pressure. On the other hand, there are vertical elements (walls, pillars and 
buttresses), which constitute the counter system that receive the forces. The parameters to 
characterize the balance are the geometry and the weight of the constructive elements. For the 
geometry, the visible part is perfectly defined with the laser lift, but we do not have data from 
the extrados of the vaults. Therefore, a theoretical thickness of 30 cm is established. As for the 
specific weight, there is also no data taken on site from the stonework, so we use the common 
values taken in this type of constructions. These are two; stonework 24 kN/m3, slate cover 2 
kN/m2. 

6 RESULTS 

The sections have revealed that, although each section has been deformed differently, the 
movements suffered by the stonework are coherent and there are no significant differences 
between the different structural spans (Figure 4a). It is also worth mentioning that some 
geometric discrepancies have been identified with the cross section analysed in the previous 
study. This was predictable given the differences in accuracy between the methodologies used 
in both elevations. The comparative has revealed that the deformations identified with the laser 
are slightly lower than those initially defined by manual means are. Qualitatively, this fact does 
not change the evaluation of the previous study, since it was possible to find at least one line of 
pressure contained in the section and, therefore, the structure could be considered stable. 

The geometric study has allowed identifying several deformations with anti- funicular forms. 
In the longitudinal section (Lc1), the vault is divided by protruding arches that produce a 
stiffening effect (Figure 4.b). Consequently, the central part of each span, which is less rigid, 
tends to deform and go down; meanwhile the area of the arches is less deformed. This causes in 
each span the effect of a "hanging" vault with a slightly convex geometry. The most deformed 
section in this sense is (V2). The longitudinal sections (Ll1, ...Ll6) perfectly indicate how the 
lateral vault has been deformed and, again, the most deformed span is (V2). 
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Figure 4. Sections done: a) Superposition of cross sections (Tii), b) Longitudinal section (Lc1),  
c) Longitudinal sections (Ll1, Ll6) and results of the analysis of the area differences  

between the sections (Si) and the reference section (Sr) 

 
The results of the cross sections (Tii) are consistent with the previous results and with the 

observations made in situ, with the northern vault of the span (V2) being the most deformed. 
Thus, the equilibrium will be checked on this element, considering a 100 cm section. From the 
sections (Si) (S5) has been identified as the most deformed with respect to the reference curve 
(Sr). The graphic of (Figure 4.c) shows the results with the areas contained in the two curves. 
The calculation by graphic static has revealed that, despite the anti-funicular deformations, it is 
possible to find a solution contained in the section of the factory. Two hypotheses have been 
verified, minimum and maximum forces, both contained within the section. 

In addition, a second test has been carried out, reducing the thickness of the vault in half, due 
to the absence of real data. Thus, for a thickness of 25 cm it is still possible to find a valid 
pressure line. In this case, two pression hypotheses have also been analyzed. The (Table 1) 
shows the cubicles and weights considered 

. 
Table 1. Cubicles and weights considered. Values of the resulting thrust 

 

Quoin Area Depth Volume Specific weight Weight

m 2 m m 3 kN/m 3 kN
1 0,324 1 0,324 24 7,776
2 0,334 1 0,334 24 8,016
3 0,335 1 0,335 24 8,040
4 0,335 1 0,335 24 8,040
5 0,334 1 0,334 24 8,016
6 0,344 1 0,344 24 8,256
7 0,346 1 0,346 24 8,304

TOTAL 56,448

Quoin Area Depth Volume Specific weight Weight

m 2 m m 3 kN/m 3 kN
1 0,162 1 0,162 24 3,888
2 0,167 1 0,167 24 4,008
3 0,168 1 0,168 24 4,020
4 0,168 1 0,168 24 4,020
5 0,167 1 0,167 24 4,008
6 0,172 1 0,172 24 4,128
7 0,173 1 0,173 24 4,152

TOTAL 28,224

Thickness 50 cm

Thickness 25 cm

Area difference between (Si) and (Sr)
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7 DISCUSSION AND CONCLUSIONS 

The geometric study has allowed to identify the vaults with greater deformations, in which we 
find anti-funicular forms. The longitudinal section (L1) of the span (V2) is one of them. From 
the mechanical point of view, if we omit frustoconical shape of the vault and we only consider 
the force in a transversal direction, the anti-funicular of the key does not cause the appearance 
of traction forces. This is so if we understand the vault as a serie of arches (method of cuts) in 
which the arches do not interact. This approximation implies an important simplification, since 
obviously each section of the vault is interconnected with the follow, but at mechanical level the 
repercussion is minimal. The interest lies in the stiffening effect of the nerves, which determines 
the way in which each gap is deformed and shows the great deformation of these constructions. 

Regarding the calculation of the lateral vault (V2), the results have shown that, despite the 
anti- funicular forms, it is still possible to draw a line of pressures contained in the section. This 
is so even considering a lower thickness than the one that propbably has the real factory. The 
existence of anti-funicular forms implies that there are traction forces, but it is also possible to 
draw a line of pressure contained in the section. Thus, the factory continues to work under 
compression, although in some areas there may be traction. 

The capacity of deformation of this building highlights the importance of considering the 
rigidity in order to understand certain structures of the masonry work. The church of Santa 
Maria de Arties is built with a stone factory characterized by a small size stones and a mortar 
with very poor mechanical properties. Thus the results show the enormous deformation that can 
have a factory structure without collapse. 

As a general criteria we establish that given a section the length of the deformed vaulted 

form ff(x is greater or equal to the primitive function fi(x);  . Also the 

deformed vaulted section ff(x,y)  is greater  or equal to the primitive function fi(x,y);  

. The volume of the interior interval (a,b) of a deformed vault ff(x,y,z)  can be 

equal, greater or less than that of the primitive function fi(x,y,z). If the volume of the vault is 

greater  or equal to the initial one, the vault is funicular, so   . 

On the contrary, if the volume of the deformed vault is smaller than the initial form, the vault is 

anti funicular,  < . 

We can also define this concept regarding the function of the concavity or convexity of the 
function : the deformed ff(x), interval (a,b) on a plane perpendicular to that of the guideline of 
the vault 1. Thus if it is concave the function is funicular so that ff��(x) < 0. Meanwhile if the 
deformed is convex and anti-funicular ff��(x) > 0. Another feature that determines the function 

of the deformed ff(x) is that its maximum point is one that has a horizontal tangent. According to 
Fray Vicente Thomas Tosca (1651-1723), in the midpoint arches the collapse mechanism tends 
to the descent of the key, unlike a pointed arch that, according to Georg Gottlob Ungewitter 
(1820-1864) (Tosca, 1651-1723) (Ungewitter, 1890-1892), is going to be an important point 
since the ( y 0); ff��(x) = 0. 
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