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ABSTRACT: This paper is particularly interesting since it provides unpublished data on the reinforcement
carried out in 2006. Cross-sectioned plan and elevation drawings give a detailed account of the geometry,
illustrating cracks and strains with precision. The building specifications of walls and masonry shells with
poor mortar, the depth and bond of brick arches and the walled vaults and domes are also depicted. Non-linear
structural damage models of the fractured structure were made to reproduce the settling of the foundation and
its effect on the fracture of structural elements such as the dome, drum and the outer buttress. The paper also
describes the stability analysis performed on the damaged construction elements, drum and dome. The
criteria and intervention techniques applied and described are supported by the results of these analyses. The
criteria and intervention techniques applied and described are supported by the results of these analyses.

1 INTRODUCTION

The village of Todolella in the El Maestrazgo highlands
of Castellon, Spain, has a rich architectural and
environmental heritage. The parish church of St.
Bartholomew is in the Gothic style with a star-shaped
vault within the side-chapel and diaphragm arches in
the central nave. Later additions increased its complexity,
particularly a dome over the circular apse.

Its latest extension (18th century) consisted of a
classical style chapel with a Greek-cross plan on the
western side of the nave. The drum arises from four
main arches with a hemispherical dome covered
with tiles.

The chapel was in a particularly ruinous state.
Due to the collapse of a pilaster, the two main arches
resting on it were cracked through, since the pilaster
was located close to the keystone. The other two
arches only showed fissures, since their supports had
not been affected. Two outer walls were also
cracked through in parallel with the arches. The
main cylindrical drum under the main dome was
fractured in the area between the crack in the pilaster
and the fracture of the keystone.

Figure 2. Cracks on the two main arches.

1269



Figure 3. Main dome fractured.

2 STRUCTURAL DAMAGE

The condition of the structure needed an urgent in-
spection to evaluate its safety. The most serious prob-
lem of the construction was its structural-mechanical
nature, which meant that the stability, structural pres-
sures and the reactions on the foundations had to be
determined. The first step was to study the structure for
damage and to discover its composition and geometry.

The break at Point A of arch, between Sections 1-
2 is clean and has a width, that varies according to
height, of between 23mm and 50 mm. In addition, it
can be seen that the interior surface of the arch is
smaller on the right than the left by 75 mm (central
observation point). There is also a radial displacement
of 5 mm.

At Point B of arch, there was an 8 mm wide crack,
but with no reduction and both sides of the crack are
on the same level. The depth is difficult to specify.
At Point C of arch there is a similar crack to the one
in arch T in the key, but its width is 2mm and no re-
duction can be seen.

At Point D of arch, here again the break was clean
with width of around 200mm, varying according to
height. The interior surface of the arch on the left
hand side is smaller than the right by 75 mm (central
observation point). Radial displacement is 20mm.

At Points A and D the arches are cracked in the
proximity of the key in a very similar way. The
drum is completely cracked between the keys of the
R and S arches, following the directrix of a load-
bearing arch in response to the base of arches R and S.

In the outer walls between abutments, there is a
break approximately at the center of the wall throughout
its width, being wider at the bottom than the top.
The third side does not show any cracks. The fourth
side does not exist, since it connects the nave with
the presbytery.
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Figure 4. arch A cracked in the key.

3 DESCRIPTION OF THE BUILDING
CONSTRUCTION

The walls are of great thickness, following the
Greek cross plan. They are made of limestone and
joined together with earthen mortar containing al-
most no lime. In the corners they are stiffened by
large and well fitted stone blocks. The inside walls
are covered with plaster and paint, while the outer
walls do not have any coating.

On the top of the walls there is a cornice of alter-
nate layers of tiles and brick.

The arches are well-proportioned and made of
brick masonry with lime mortar. The pendentives
are made of masonry in the form of successive
stringcourses.with a double-walled arch, separated
by an air chamber, on the outer surface.

The circular drum, supported by the pendentives,

is also made of masonry. Its outer covering prevents
the determination of the dimensions, ties and mortar
used in its construction. The zones open to view are
of similar characteristics to the walls.
The dome itself was constructed with a double layer
of bricks held together with plaster, the outside
having a covering of curved ceramic tiles over the
simple stringcourse cornice of brick and tiles.

To determine the mechanical behaviour of the
structure, the characteristics of the materials that had

1270



to be defined were: compression strength, traction
strength and the deformation and density modulii.

The analysis of the building structure was carried
out to facilitate the creation of theoretical calculation
models to compare with the models of the structure.
The form of the construction, in which shape plays a
decisive role, provides structures of extraordinary,
and sometimes surprising, rigidity.

4 THE STRUCTURAL STUDY

From the data collected, it is deduced that pilaster,
on which arches A and D rest, had descended ap-
proximately 75 mm and caused the break in the
arches. No settling was detected in the other three
pilasters. Analyzing the geometry of the deforma-
tion, the agreed interpretation is that the abutment
pilaster AD, decreases to precisely the same value as
the difference of level on both sides of the crack of
the arch. The cause of the fracture, therefore, was at-
tributed to the settling of the foundations due to
ground movements.

The structural-mechanical study is based on a
three-dimensional model of the building by the Fi-
nite Element Method. The mesh is composed of
solid, hexahedral elements for the walls and the
drum and tetrahedral for the arches. The brick dome
is modeled with quadrilateral surface elements.

The model is made up of 15088 nodes, 480 sur-
face elements and 22379 solid elements with 45545
degrees of freedom.
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Figure 5. Complete mesh of the model.
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Figure 6. Meshes of the arches and the drum.

Three types of analysis were performed.

1. Linear static analysis to evaluate the reactions
in the foundations and tension in the undamaged
masonry and without considering the settling of the
foundations.

2. Nonlinear static analysis, applying a damage
model to characterize the behavior of the masonry
against cracking and material breakage. The process
followed in this analysis consisted of applying the
load of the structure’s own weight in stages until
reaching the total load. Next, the load due to the set-
tling of the foundations was applied. With this
analysis it was possible to determine approximately
the state of cracking and fractures in the masonry.
By comparing the model with the real structure, it is
possible to value the validity of the ground move-
ment hypothesis assumed and the final state of ten-
sion of the masonry in extreme conditions.

3. Nonlinear static analysis with damage model,
applied to the resulting structure of cracking and
breaks in the masonry to evaluate the load-bearing ca-
pacity and degree of safety of the structure under ex-
treme conditions. This was done by including breaks in
the meshes at the points where the fractures appeared.

Linear static analysis for weight loads.

The elastic-linear analysis was carried out to ob-
tain the pressures on the foundations due to the
weight of the structure.

The characteristics of the materials of the differ-
ent elements used are the following:

Stone rubblework for walls and drum:
Deformation Module E =9000 N/mm*
Poisson Coefficient v =0,20
Density p =2100 kg /m’

Brick masonry for the arcs:
Deformation Module E =6,000 N/mm?
Poisson Coefficient v =0,20
Density p = 1,900 kg /m’

Brick masonry of the dome:
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Deformation Module E =7,000 N/mm?
Poisson Coefficient v =0,20
Density p = 1,800 kg /m’

The reactions on the nodes at the base of the
model that form the foundations are distributed in
the following way:

Figure 7. Load distribution on foundations.

The loads on the foundations are distributed as
shown in the previous figure. In order to analyze the
effect on the foundations, these were divided into seven
parts, the loads on each of which were calculated.
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Figure 8. Results of loads on the foundations

The loads were not vertical. In the following table,
the values of the loads are presented, together with their
components with respect to three axes, XYZ, and the
pressure on the ground obtained by the distributed ver-
tical component on the corresponding area.

Table 1. Values of the loads on the foundations.

Z0O Push Evertical. E.horizo  E.horizontal Pressure
NE kN Z kN ntal XkN and kN kN/m2
1 656,53 649,46 -44.68 85,12 278,97
2 655,92 648,83 -44.,66 -85,10 278,70
3 776,71 776,38 -9.41 20,62 213,29
4 776,98 776,65 -9.34 -20,64 213,36
5 928,64 92428 45,90 77,25 230,14
6 928,64 92429 45,79 -77,19 230,15
7 704,89 704,70 16,38 0,00 193,60
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From the linear analysis carried it can be con-
cluded that the structure is very rigid and the defor-
mation level is very low. Maximum deformation is
less than 1 mm in the dome.

Figure 9. Vertical deformations for the weight of the structure.
Nonlinear static analysis for structural loads.

A nonlinear analysis of the structure was performed
to approximate the numerical calculation to the real
structure, considering cracking by traction of the
masonry or crushing by compression.

The calculation carried out corresponds to an iso-
tropic damage model in which the scalar damage in-
dex for each of the Gaussian points of each element
is evaluated. The value of d varies between O for no
damage and 1 for structural failure.

In order to carry out the analysis of nonlinear be-
havior regarding geometry and material with a dam-
age model, the iterative incremental method process
was performed divided into load steps.

For the type of structures used in this method, be-
ing frictional material, rubblework or brick mason-
ries, and geometries corresponding to historical
buildings, geometric non-linearity is small, since the
level of deformation is low. Mechanical non-
linearity is somewhat higher, the rigidity variations
corresponding to the state of a much smaller degree
of cracking and crushing by compression. In gen-
eral, a large number of iterations are not needed to
obtain results of acceptable precision.

The incremental process, in this case, was di-
vided into 12 steps. The first 5 steps correspond to
the weight of the building itself. From step 6 to step
12, the fraction of settling of the foundations at the
corners of the building is introduced as incremental
load. The value of the maximum settling entered
was 6 cm.



There is no analysis available of the properties of
the materials that compose the structure. For this
reason, the parameters chosen are similar to cases
taken from other publications that have been previ-
ously referenced.

The values of the parameters of the materials
considered in the calculation are the following:

Stone rubblework for the walls and the drum:

Deformation Module E =9,000 N/mm?
Poisson Coefficient v =0,20
Compressive strength 6. =5 N/mm’
Tensile strength o = 0,08 N/mm”
Fracture energy  gr= 0.06 kg.cm/cm®
Density p =2,100 kg /m’

Brick masonry of the arches:

Deformation Module E =6,000 N/mm?
Poisson Coefficient v =0,20
Compressive strength 6. =6 N/mm”
Tensile strength &= 0.1 N/mm?
Fracture energy  gr= 0.06 kg.cm/cm®
Density p =1,900 kg /m’

Brick masonry of the dome:

Deformation Module E =7,000 N/mm?
Poisson Coefficient v =0,20
Compressive strength 6. =6 N/mm”
Tensile strength o= 0.15 N/mm’
Density p = 1,800 kg /m’

The levels of deformation, tension and damage
resulting from the nonlinear analysis for the total
gravitational load are shown in the following fig-
ures.
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Figure 10. Rank of nonlinear vertical tension for total gravita-
tional load.
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Figure 11. Damage indices in all the structure for total gravita-
tional load.

4

X

Figure 12. Damage indices in arches and pendentives for total
gravitational load.

The calculated deformations are slightly higher
than those produced by the linear analysis, confirm-
ing the great rigidity of the masonry.

The low state of tension values are within the
normal range for this type of construction.

The damage index graphs show very few zones
with traction fissures. These are typical fissures in
vaulted structures, such as the keys of the arches and
where these are joined to the walls.

Nonlinear static analysis for the settling of the
foundations.

In order to introduce the load hypothesis, whose ac-
tion is the settling of the foundations at the corners,
several ground movement models were constructed
and the results were compared with the fissures ob-
served.

The actual settling of the foundations forms a set
of complex movements impossible to measure and
therefore impossible to calculate numerically. A
simplification was introduced, which consisted of
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rendering the settling zones by planes which turn on
a line that intersect the walls at their mid points. The
following figure shows the foundation settling planes:

Figure 13. foundation settling planes.

The maximum settling entered was 6 cm. The
numerical calculation produced a mechanism in the
structure when the corner sinks 3 cm.

In the actual structure, the 7 cm. sinking was
measured at the corner. This is because the settling
of the foundations follows the failure of the ma-
sonry. The model measures up to the moment of fail-
ure, that is when the structural mechanism appears.

The model reproduces the cracked surfaces with a
high degree of similarity to the real surfaces.

Crack modeling. Nonlinear static analysis with
discontinuity of mesh.

A model of the building was constructed that repro-
duced in the mesh the fissures of the structure, with
breaks in the zone of arches and drum.

i oy
Figure 15. Cracking of the walls due to gravitational load and
settling of foundations.
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The numerical analysis of this sample show that
the damaged structure is stable and new mechanisms
do not take place. This is consistent with the real
structure, which has remained stable since the inter-
vention was carried out.

In the part of the drum over the horizontal fissure,
a type of load-bearing mechanism is formed, as the
horizontal tensions in the previous figure shows.
This causes a sort of projection to appear in a curve
that remains stable.

Figure 16. Mesh reproducing the fissures with breaks in the
archs.

Figure 17. Model of damage applied to the mesh modified by
the fissures.

Figure 18. Horizontal tensions in the drum.



5 THE INTERVENTION.

We ruled out any rectification of the arch, as we pre-
ferred to leave visible the joints, the response of the
broken structure and its search for balance. But we
had to cure the wounds, restore the lost continuity,
close the cracks, avoid the entrance of water while
leaving testimony of the episode in the building’s
history.

Luckily, the correct strengthening of the founda-
tions with a reinforced concrete wall eliminated the
cause. The slope became stabilized and the founda-
tions of the heavy rubblework walls now properly
transmitted their loads onto the lower supporting
layers.

With the reproduction of a broken arch on a 1:1
scale, load tests were performed and the cracks
were opened and closed. The tests provided valuable
information on the behavior of the adopted solution.

In the case of the arches with fissures, several
coats of dilute lime washes were applied.

The vaults. The vaults were reconstructed due to
hygrothermal requirement that affects people’s com-
fort and the durability of the construction. A weak
ventilation was created, which improved the elimi-
nation of damp and lengthening the life of the
wooden elements prone to rotting.

Thanks to this action, the large windows have re-
covered their mission of renovating the air by incor-
porating grids.

The vaults were partially reconstructed, the fallen
sections reinforced and the cracks were cleaned.

The drum and dome. The techniques described
for the consolidation of the rubblework were used.
Fissures and cracks were stopped with flexible mor-
tar in such a way as to leave a testimony of the event.

CONCLUSIONS

From the analysis carried out in the evaluation of the
loads of the structure on the foundations, it is possi-
ble to conclude that:

The distribution of pressures on the ground is car-
ried out homogenously and is centered on the base.
The average value of tension in the ground is 233
kN/m2 [2.33 kp/cm2], a value that can be consid-
ered as low.

The settling of the foundations that took place
was not due to pressure on the ground, but to slip-
page of the terrain. The underpinning carried out in
the foundations will ensure their stability.

The nonlinear analysis of the damage model pro-
vided a hypothesis on the cause of the cracking in
the masonry. There is a good agreement between the
cracking provided by the numerical model and the
actual cracking of the structure.
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The calculation of the model that includes the
cracks in the arches and the drum allows us to con-
clude that the post-breakage structure is stable and
this is corroborated by the behavior of the building
since the intervention.
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