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The function of the flying buttress is to take the thrust from a central vault and carry it over the lateral
aisle to the external buttresses. Flying buttresses also resist lateral loads such as wind and seismic loads.
When there is an additional upper tier, its main function is to carry these lateral loads. The structural
behavior of flying buttresses has been studied by several authors since the 19th century with different
approaches. An accurate survey of the cathedral of Mallorca has been used to study these elements. The
flying buttresses in the cathedral of Mallorca, with ca. 9 m span and around 30 tons weight, are probably
the biggest in Gothic architecture. Their position approximately 30 m above ground makes them very
sensitive to the leaning of the buttresses. First, an overview of the structural behavior of flying buttresses
will be provided, within the theoretical framework of limit analysis. Then, the general equilibrium,
deformations and crack patterns of the flying buttresses in the cathedral of Mallorca will be analyzed.
The local problems, such as the sliding of the head of the flyers, and the different solutions that have
been adopted trough history will be studied.

1. Structural behavior of flying buttresses

Several authors have studied flying buttresses from the point of view of their structural behavior by
employing different approaches. Viollet-le-Duc in his Dictionnaire [1854] dedicates an article to this
element, making some qualitative notes about its structural behavior.

The first complete static analysis was carried out by Mohrmann for the third edition of Ungewitter
[1890], applying graphic analysis to the study of Gothic buildings, including flying buttresses (Figure 1).
He differentiated between the function of lower and upper flyers, assigning the upper ones the function
of taking the wind load. The contributions of Mohrmann were known in the United Kingdom through the
work of Rosenberg [1936]. Fitchen [1955] further discussed the function of the upper flying buttresses.

The most complete study of the structural role of flying buttresses was made by Heyman [1966;
1967], who is also responsible for the application and development of limit analysis theory to masonry
structures [Heyman 1995; 2008]. Applying limit analysis theory to a masonry arch, it is possible to say
that if we find a thrust line contained inside the arch, the arch will not collapse. As the arch is not a
statically determinate structure, it is not possible to know the “actual” thrust line. However, it is possible
to establish the boundaries within which the thrust will be. The thrust line with the largest rise and the
smallest span that fits inside the arch corresponds to the minimum thrust (Figure 2, left top), while the
one with the smallest rise and largest span corresponds to the maximum thrust (Figure 2, left bottom). In
these two cases, three hinges will form at the points where the thrust line touches the border of the arch,
turning it into a statically determinate structure. Minimum thrust will occur when the abutments spread
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Figure 1. Cross section of the cathedral of Strasburg showing the thrust line with and
without wind [Ungewitter 1890]. Dotted line: thrust line without wind. Dotted-dashed
line: thrust line with wind. Note that, with wind, the thrust line goes through the wall
over the transverse arches.

Figure 2. Semicircular arch: line of minimum thrust and line of maximum thrust (left
column) and collapse mechanism (right column) [Heyman 1995].

and the arch has to accommodate to the new span with the formation of the three hinges shown in Figure 2
(left top). If a fourth hinge is formed, the structure will turn into a mechanism (Figure 2, right column).

In the case of flying buttresses, the line of minimum thrust is shown in Figure 3 (left) for the long
flyer of Nôtre-Dame, Paris. The mechanism of three hinges formed by the spreading of the abutments is
shown in Figure 3 (center).
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Figure 3. Left: passive line of thrust in the flying buttress of Nôtre-Dame, Paris [Hey-
man 1966]. Center: flying buttress of Nôtre-Dame with a spreading of the abutments.
Right: partial cross-section of Nôtre-Dame [Viollet-le-Duc 1854].

Figure 4. Cracking forming three hinges in a flying buttress at the Dominican church
of Louvain [Smars 2000].

Flying buttresses are usually formed of three parts, that is, the arch on the bottom, a vertical wall
above the arch, and a coping running along the top of this wall, where a gutter may be present to conduct
rainwater (Figures 3 and 4). In some cases, because of the construction of the flyer, these parts may
deform separately, as shown in Figure 4 [Smars 2000, pp. 167–169]. The wall between the arch and
the coping is sometimes lightened by means of an openwork tracery, resulting in a lower and an upper
ribs that can be considered to act independently from a structural behavior point of view. Fitchen noted
that, in this case, the upper straight strut does not create inward pressure, stabilizing at the same time
the lower arch because of its weight [Fitchen 1961, p. 78]. Ungewitter considered that the upper rib acts
as a shore that can take any variable forces from zero to the crushing limit of the material [Ungewitter
1890, pp. 160–161].
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Figure 5. First and second column: arches that cannot collapse by the formation of a
four hinge mechanism [Heyman 1995]. Third column: snap-through mechanism for a
flying buttress.

As Heyman pointed out, for some arch geometries it is not possible to find a mechanism of collapse.
This is the case of flat arches, and most flying buttresses, which are a development on the flat arch
(Figure 5, first and second column) [Heyman 1995, p. 20]. Considering infinite compressive strength,
these arches will only collapse if the abutments spread enough to form a snap-through mechanism that
requires very large displacements (Figure 5, third column).

Limit analysis of masonry structures assumes that the sliding between two stones is impossible; how-
ever, there is a common problem in flying buttresses regarding the sliding at their head. Considering the
line of minimum thrust and depending on the form of the flyer, the thrust may be very inclined in the
upper part, and it may be outside the cone of friction (Figure 3, left). In this situation, the first voussoirs
may slide along the wall of the main nave. The construction details of the flyer, which is not usually
connected to the wall, permits this sliding. The absence of connection between the flying buttress and the
wall has been discussed by Viollet-le-Duc [1854, p. 64] and Ungewitter [1890, p. 396]. Both stated that
a connection with the wall could cause damages, as the flying arch would not be able to move freely.1

Master masons were aware of the sliding problem and they took measures to avoid it. The common
solution in French Gothic was placing a column or a pilaster under the head of the buttress (Figure 3,
right). In the case of Mallorca, as will be seen, master masons used a solution unique in Gothic construc-
tion, placing stone bracings under the head to avoid this sliding. It is also possible to avoid the sliding by
varying the form of the flyer, as remarked by Heyman [1966, p. 264] in the case of Lichfield cathedral
(Figure 6), where the thinness and slope of the flyer causes an almost horizontal thrust at its head.

More recently Nikolinakou et al. [2005] have studied the structural behavior of early French flying
buttresses, analyzing the significance of their forms and the possible failure modes. They demonstrated
that shorter and less sloped flying buttresses have more tendency to sliding failure [Nikolinakou et al.
2005, pp. 1201–1203, Figure 6a].

1An example of this sliding can be seen in [Nikolinakou et al. 2005, p. 1202, Figure 7]. The independent construction of the
flyer and the wall is visible in the cathedral of Mallorca.
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Figure 6. Left: Lichfield cathedral. Right: line of minimum thrust in the flying buttress
at Lichfield cathedral; note the almost horizontal thrust at the head [Heyman 1966].

2. The flying buttresses in Mallorca

The construction of the cathedral of Mallorca was begun in the 14th century. The last bay was finished
in the 17th century. In the 19th, the west façade was replaced by a neo-Gothic one. Despite the long
construction, the original design was kept with only small variations.2

The cathedral has the highest central nave in Spanish Gothic architecture, reaching 44 m. The span,
approximately 18 m, is one of the longest and the pillars are some of the most slender found in a Gothic
building (Figure 7). The construction of a building with these dimensions was for sure a structural
challenge for the master builders.3 Flying buttresses are a fundamental element in the equilibrium of the
building and their study is an important topic, since they have a considerable size (around 9 m span), and
it is possible to observe deformations, sliding and original solutions responding to these problems.

It is worth discussing the presence of transverse walls over the transverse arches of the nave, connect-
ing the upper flying buttresses found on either side (Figures 7 and 8). As Ungewitter [1890, p. 388]
mentioned, the upper flyers do not benefit from the thrust of the vault to counteract their own thrust,
and the construction of a transverse wall over the transverse arch between the both sides of the building
increases their stability.4 Besides some construction differences, the shape of the flying buttresses is
mainly the same in all different bays. The survey of the cathedral of Mallorca provided the possibility
of studying the actual deformation of the flying buttresses and relate it to the leaning of the buttresses.5

2A complete work about the cathedral has been done in Fuentes and Wunderwald [≥ 2018]. The variations on the design
regarding the flying buttresses and other elements are explained here.

3The stability of the cathedral has been analyzed with different approaches throughout history. A summary of these studies
can be found in Fuentes and Wunderwald [2017].

4Besides a possible function to counteract the thrust of the flyers, these walls have a fundamental role in the general stability
of the building [Rubió i Bellver 1912, p. 100] and [Huerta Fernández 2017, p. 15].

5The survey of the cathedral has been done with the collaboration of the “Raumbezogene Informationssysteme” of the BTU
Cottbus-Senftenberg.
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Figure 7. Cross-section of the cathedral of Mallorca: through the center of the fifth bay
(left) and through the fifth pillars (right) [Fuentes and Guerra 2015].

Based on the survey, the original shape of the flyers has been supposed as shown in Figure 9. This
ideal geometry is based on the fourth flying buttress of the north side, where the presence of the tower
has prevented large deformations. A radius of 8.8 m fits very well with the survey.

2.1. Static behavior of the flying buttresses in Mallorca. In his structural analysis of the cathedral of
Mallorca, Rubió [Rubió i Bellver 1912, pp. 120–121] concluded that the cathedral may have been better
without the upper tier of flying buttresses, since these are very large and consequently exert a large thrust.

More recently, Huerta [2017, p. 45] performed a structural analysis of the cathedral of Mallorca and
he confirmed that the flying buttresses are well designed and that their deformations are typical in this
type of element.

For the present analysis of the flying buttresses, a specific weight of 18 kN/m3 has been assumed.6

The lower flyer has been calculated to have a weight of 408 kN. The passive thrust is 80 kN. The upper
flying buttress has a smaller passive thrust of 75 kN and a weight of 330 kN (Figure 10).

The matter of the minimum thrust has been considered, but there is also an upper limit of the thrust
that is given by the least inclined line that can fit in the flyer. However, as explained above, thanks to
their shape, a straight line can be fitted inside the flyer without touching the edges and it is therefore
possible to say that the maximum thrust is infinite, being only limited by the crushing strength of the
material. That is, considering a crushing strength of 20 N/mm2, a maximum thrust of 29,000 kN would
be required for the lower flyers to fail,7 while the upper flying buttresses would fail by crushing with a
thrust of 18,800 kN. As can be seen, the flying buttresses are far away from their crushing failure.

6In the report made by the Universitat Politècncia de Catalunya, various tests were carried out on the stones of the fly-
ing buttresses, obtaining different specific weights. An average value has been deduced from these tests [UPC 2006–2008,
Documento 3, §1.4].

7Some tests have been performed on the stones of the flying buttresses. The results vary considerably, yielding a minimum
strength of 42 N/mm2 and a maximum of 152 N/mm2 [UPC 2006–2008, Documento 3, §1.4].
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Figure 8. Elevations of all the flying buttresses (with the exception of the ones on the
façade) and plan view of the cathedral of Mallorca (based on the cloud of points by Rex
Haberland).

2.2. Cracks and distortions. As explained earlier, the line of minimum thrust is the one that occurs
when there is spreading of the supports. The existing leaning of the buttresses, published by Fuentes and
Guerra [2016], has been used in this study. As shown in Table 1, the leaning is greater in the south side
(towards the sea). These movements appear to be quite large. However, they are around 1% of the height
of the buttress, which is not a big movement (see Figure 7, where the distortions have been drawn, but
are barely noticeable).
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Figure 9. Ideal geometry considered for the structural analysis.

Figure 10. Line of minimum thrust: lower flying buttress (left) and upper flying buttress (right).

The leaning of the buttresses causes a drop in the central part of the flyers, which can be seen most
clearly in the upper flyers. There is an additional movement to be considered. The wall of the central nave
leans inwards towards the upper part, at the height of the upper flyer, resulting in an additional increase
of the span of this flyer.8 Figure 11 shows the deformation of the ideal flying buttresses, considering the
leaning of the second southern buttress B1 (from Table 1: 26.5 cm in the upper flyers and 20.5 cm in

8This leaning inwards of the upper part of the lateral wall of the main nave can be caused because the crack opened due to
the increasing of the span of the main vault (wall’s crack), can be closed again when the upper flying buttress thrust inwards.
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out of plumb (m)

portico B0 B1 B2 B3

height (m) N S N S N S N S

34.7 0.395 0.270 0.470 0.265 0.130 0.330 tower 0.360
27.3 0.310 0.215 0.395 0.205 0.115 0.305 tower 0.305

B4 B5 B6 B7

N S N S N S N S

34.7 tower 0.445 0.145 0.400 0.105 0.340 0.205 0.280
27.3 tower 0.350 0.085 0.310 0.080 0.245 0.150 0.230

Table 1. Out of plumb of the external buttresses of the different porticos, on the north
and south elevations (see plan in Figure 8). The buttresses lean always outwards from
the nave, leading to an increased span for the flying buttresses. The table gives the out
of plumb at two heights: 27.3 m and 34.7 m above the floor (table made after [Fuentes
and Guerra 2016]).

Figure 11. Theoretical deformation of the ideal flying buttress for the leaning of the
south buttress B1 and the leaning of the nave wall. Geometry previous the deformation
in dashed line: lower flying buttress (left) and upper flying buttress (right).

the lower flyers) and the inwards leaning of the nave wall (9 cm). For these deformations, the maximum
drop is 18 cm in the lower flyer and 27 cm in the upper flyer (Figure 11).

Comparing the theoretical deformation with the survey, the maximum deviation measured in the lower
flying buttress is 6 cm in the lower part and around 8 cm in the upper flyer, at the point of the upper
crack. Despite these differences, the general form of the theoretical deformation agrees with the survey
(Figure 12). Despite the deformations being visible, cracks have probably been filled in restoration works
along the centuries and are not evident.
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Figure 12. Comparison of the theoretical deformation (dashed line) with the real defor-
mation (continuous line) (left) and orthophoto of the south flying buttresses B1 (right)
(based on the point cloud by Rex Haberland).

The spreading that would cause the collapse of the flying buttresses shown in Figure 5 (right column),
would be 1.38 m in the upper flyer and 1.81 m in the lower flyer. These movements are far from the
actual movement of the flyers, which show a maximum opening of 44.5 cm in the south flying buttress
B4 (Table 1).

The noticeable deformations have been a concern for the architects of the cathedral along history.
The introduction of stone struts and even a wall between lower and upper flying buttresses is a proof
of the fear of some of these master builders.9 Nonetheless, the flying buttresses are well designed as
demonstrated by the fact that an equilibrium solution has been found and the deformations coincide with
the expected. Therefore, there is no need for struts or walls between the two tiers of flying buttresses.

Pillars between the two flying buttresses are currently present in 4 of the 16 pairs. However, looking
at historical photographs it is possible to verify that at least three more pillars were found in the first two
pairs of flyers, close to the apse, with two under the lower flying buttress and another one between the
lower and the upper flying buttresses (Figure 13). At some point, these pillars were removed, probably
because they were the only three visible from the ground.10

2.3. Prevention of sliding. As discussed in Section 1, the flying buttresses of Mallorca are not connected
to the nave wall. Therefore, sliding may occur for the line of minimum thrust. Note that the thrust against
the wall in the lower flyers forms an angle of 42.4◦, while in the upper flyers it is of 41.4◦ (Figure 10).

9In 1677 and 1739 experts recommended building stone “feet” (peus de pedra, in the original mallorquin) in the flying
buttresses. These stone “feet” were probably these pillars [Domenge and Conejo 2003, p. 12]. About those concerns and
historical expertise on the stability of the flying buttresses, see [Domenge 2017].

10As Rubió’s work is dated in 1912, presumably these pillars were removed after this date.
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Figure 13. Exterior view of the cathedral of Mallorca from the east. Note the two pillars
in the north flying buttresses and another one under the lower south flying buttress [Rubió
i Bellver 1912].

For a common conservative friction coefficient of 0.7511 and for the minimum thrust, the first stone
would slide down the wall in both cases. In Mallorca it is possible to observe some sliding, but only in
a number of the upper flyers. In Figure 14 it is possible to notice the sliding of the second voussoir. It
is important to remark that some interventions have been carried out to place the upper part of the flyer
in its original position and to disguise the movement that would be very evident in the moldings. The
fact that there is no sliding in the lower flying buttresses is probably because the actual thrust is larger
than the minimum. This is expected, as it has to counteract the thrust of the main vault. This horizontal
thrust of the main vault has been calculated by Huerta [2017, p. 28], obtaining a value of 340 kN.

As in the upper flying buttresses there is no thrust to counteract, their state is that of minimum thrust
or close to it, and since they are in the limit of possible sliding, some of them present this problem while
others do not. This difference most likely depends on small variations of the thrust or on the contact
surface, as small irregularities on the surface can increase the friction coefficient.

Probably aware of the sliding problem, experts in the 17th and 18th centuries recommended the
construction of bracing in the flyers [Domenge and Conejo 2003, p. 12]. It is a completely original
solution that has not been found in other Gothic buildings (Figure 8 and Figure 16). The bracing solved
the problem, but resulted in unexpected distortions. The effect is shown in Figure 15. When the span
increases, three hinges appear in the flyer, one on the intrados at the springing, another one on the
extrados close to the midpoint, and the third one in the bracing. When the bracing rotates, the space for
the voussoirs between the bracing and the wall increases. As a result, the voussoirs slide and descend.
However, further movements are constrained by the bracing itself. This causes a particular shape with
double curvature in the upper part of the flying buttress, visible in some of them (Figure 16).

The master mason probably noticed this effect and tried to correct it with a small stone strut between
the flying buttress and the bracing, as can be seen in Figure 17.

11The friction angle in stone is usually between 30◦ and 40◦.
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Figure 14. Sliding in the upper flying buttress B6N. Note that the sliding is not between
the wall and the first voussoir, but between first and second voussoirs [Photo: Roland
Wieczorek, BTU Cottbus-Senftenberg].

Figure 15. Line of minimum thrust for the flying buttress with the insertion of bracing.

Figure 16. Orthophoto of south flying buttresses B1 (based on the cloud of points by Rex Haberland).
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Figure 17. Small stud between the lower flying buttress and the support in B6S (photo:
Huerta 2016).

3. Conclusions

The theoretical framework of limit analysis has been used to explain the behavior of flying buttresses.
This theory can explain the characteristic movements of these elements, such as the distortions and some
cases of sliding. A particular study of these effects has been carried out for the flying buttresses of the
cathedral of Mallorca, which are some of the largest in Gothic architecture. These flying buttresses have
a fundamental role in the stability of the cathedral. They are stable and admit an infinite range of lines
of thrust in equilibrium with the loads, permitting the thrust to adapt to different combination of loads
that may be experienced throughout the building’s life. The visible distortions, that have been the origin
of various interventions along history, are the normal movements expected in response to the leaning of
the external buttresses, and this leaning is far from the one that would cause the collapse of the flyers.
The struts and walls between the lower and upper flying buttresses are, therefore, not necessary and
demonstrate the fear caused by the perceptible distortions. Some sliding problems can be observed, as
well as the original solution of introducing stone bracings to prevent them. The use of these bracings led
to a further problem of deformations and subsequent introduction of an additional element, that is, the
studs between the head of the flying buttresses and the bracing.
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