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Abstract. The Church of the Laboral University of Gijon has the world's largest
elliptical masonry roof with 40.8 meters of mayor axis. This big structure is vertically
supported with no columns using twenty pairs of masonry ribs crossing each other, and
horizontally supported by means of two elliptical ring beams located at the top of the
Church. In order to study this historical building, this paper presents the overall three-
dimensional structural numerical analysis of the Church, taking into account different
material nonlinearities - including masonry and reinforced concrete - as well as geometrical
nonlinearities, such as contact effects among the different structural components of the
building. Furthermore, a coupled thermal-structural analysis was carried out considering
the summer temperature distribution and the Spanish standard rule dead and live loads. The
most relevant results, in terms of maximum displacement, stress and, cracking and crushing
phenomena are presented. Finally, valuable information from the interaction among the
structural elements of the Church are discussed and the most critical points of the building
are located, giving place to the most important conclusions of the nonlinear numerical
analysis of this interesting structure.

1 INTRODUCTION

The Universidad Laboral of Gijon was built between 1946 and 1956. With 270,000 m?, it
was the most important architectural work in the twentieth century and is still the
largest building in Spain [1]. The church building (see Figure 1) is undoubtedly the most
spectacular
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architectural ensemble of the Universidad Laboral in Gijon. With an overall inside surface of
807 m?, the church has the world’s largest elliptical roof: with a major axis of 40.8 m and a
minor axis of 25.2 m. The church is twenty-five meters high from the floor to the springing
line, and thirty-three meters high to the crown. The dome has an estimated weight of 2,300 tons.
For its construction, 450,000 annealed bricks from the province of Ledn (Spain) were used. The
whole structure is self-supported with twenty pairs of interlaced masonry ribs. In the crown,
there is an oculus to light the interior of the Church naturally. Currently however, there is no
natural lighting due to a slight sag in the dome.

The structural analysis of masonry structures, and in particular of domes, has several
difficulties: nonlinearities due to the material properties, with almost no tensile strength; the
lack of experimental characterisation of the mechanical properties of masonry structural
elements; and in this particular case, the complexity of the geometry [2].

To solve this complex structural problem, refined mechanical models, which accurately
predict the behaviour of masonry material and elements, are proposed in the literature [3-6].
These models use different strategies to consider the highly nonlinear behaviour of the material
both in tension where low tensile capacity and consequent cracking phenomena are taken into
account, and in compression. Some of those models are also able to provide the structural
response to large displacements. Unfortunately, current models are difficult to apply to a 3D
analysis of complex structural systems. This is due to the great number of parameters involved
in the definition, and the large number of degrees of freedom required for structural meshing,
leading to unmanageable data. In this work, a nonlinear structural static analysis of the elliptical
dome of the church is developed. The most relevant results: maximum displacement, stress, and
cracking and crushing phenomena are presented.

Finally, valuable information from the structural behaviour and the interaction among the
elements of the structure are discussed. Furthermore, the most important conclusions of the
structural analysis are drawn, and a plan for the conservation of the building is proposed.
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Figure 1. Current state of the church of Universidad Laboral in Gijén

2 DESCRIPTION OF THE CHURCH IN THE UNIVERSIDAD LABORAL

Traditional church buildings are often in the shape of a cross, and frequently have a tower
or dome. However, the Church of the Laboral is completely different, since the roof has an
elliptical shape [7] (see Fig.2).

The main parts of the system are described as follows:

- Masonry ribs: There are 20 interlaced pairs of brick ribs, stretching from the columns to
the central skylight. They are rectangular in cross section, 0.9 m wide and from 1.8 to 2 m high,
with variable lengths up to 16.8 m. The main function of these elements is to transmit forces
from the dome to the columns.

- Ring beams: There are two elliptical ring beams located at the top of the columns: upper
and lower. Both of them are made of reinforced concrete.
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Figure 2. Church of the Laboral with main dimension: elevation view (upper) and plan of the dome (lower)



Del Coz-Diaz JJ, Lozano Martinez-Luengas A, Alonso-Martinez M, Garcia-Cuetos P, and Alvarez-Rabanal FP.

3 STRUCTURAL ANALYSIS

Analysis of the structural response of masonry structures, and in particular of domes, is
complex. The nonlinear material properties of masonry, with almost no tensile strength, must
be considered in the numerical model. In addition, there is a lack experimental data of the
mechanical properties of the masonry. Finally, this case is particularly complex due to geometry
of the dome which is elliptical in shape and has double curvature on three axes [7].

Previous numerical models [2, 5-6] are able to provide the structural response to large cyclic
deformations, which occur under seismic actions. However, there are no 3D numerical models
able to analyze complex geometries like the case studied in this work.

The numerical simulation carried out in this work uses the ANSYS Workbench 2019 R2
academic software. The numerical simulation developed gives great insight into the structural
response of the dome, saving costs and time in relation to experimental tests [8-9].

3.1 Geometrical model

The 3D geometrical model of the dome was based on the project of the building (see Fig. 2).
It was done using a parametric CAD software. The main elements considered are the following:
e Masonry ribs: elliptical arches of the dome made of masonry and concrete.
e Ring beams: there are two ring beams made of reinforced concrete to support the
masonry ribs, the upper ring and the lower ring.
e Roof: the conical auxiliary structure over the ribs, including the small tower at the
central skylight.
- Columns: there are twenty main building supports made of reinforced concrete.

The explode view of the geometrical model and the main components are shown in Fig.3.
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Figure 3. Geometrical model of the Church of the Laboral main parts: explode view (left) and masonry ribs
(right)

3.2 Finite element model

Numerical model uses several finite elements to simulate the structural behaviour of the
dome. The concrete and masonry components were modelled using the element SOLID65 and
SOLID185 from ANSYS®. Both are an eight-node solid element, with three degrees of
freedom at each node (translations in nodal x, y, and z directions). They are suitable numerical
elements to simulate masonry and concrete components. SOLID65 supports plastic
deformation, cracking in three orthogonal directions, and crushing. SOLID185 supports
plasticity, stress stiffening, large deflection and large strain [8-10].

Furthermore, elements type SOLID186 and SOLID187 were used to mesh the conical roof
and the smallest parts of the Church. They are three-dimensional higher order solid elements
that exhibits quadratic displacement behavior. SOLID186 is a twenty-node solid element with
three degrees of freedom per node. SOLID187 is a ten-node solid element and tetrahedral in
shape [8-12].

Contact between structural components, masonry ribs, conical roof, upper and the small
tower at central skylight, lower rings and pillars, were simulated using pairs of contact elements,
CONTA174 and TARGET170 [8-12].

The MultiZone mesh method was used to solve the complex meshing of the structure. This
method divides automatically the geometry in mapped regions and free regions. Then, it
generates a pure hexahedral mesh where possible and fills the more difficult regions with
unstructured mesh. This meshing method is suitable to mesh complex geometries.

The mesh sizing parameter ranges between 0.1 m for the masonry ribs and 0.2 m for the ring
beams. The finite element model has more than 1,500,000 nodes and 1,200,000 elements (see
Fig.4).
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Figure 4. Mesh of the church in the Universidad Laboral: overall view (left) and masonry ribs detail (right)
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3.3 Material properties

The structural behavior of the masonry dome was analyzed using a macro-modelling
strategy, based on previous research works [4-6]. In this sense, mortar and unit-mortar interface
are smeared out in the complex geometrical model of the roof, due to a necessary compromise
between accuracy and efficiency in this specific case.

Nonlinear material models were used to simulate masonry and concrete material behavior.
Two material models were combined to study both material failure modes, cracking and
crushing: Drucker—Praguer material model for compression stresses, and Willam-Warnke
material model for tension stresses, in order to predict both material failure modes: cracking
and crushing [13-14].

In order to obtain the main masonry properties, other minor structure located near the
building was tested. The brick is 0.24 m long, 0.11 m wide and 0.06 m thick. The mortar
thickness is 0.01 m in all directions. [14-15].

The main material properties considered in the FEM model are shown in Table 1.
Table 1: Material properties

Material E Gt Gc p ) a A
(Mpa) (Mpa) (Mpa) (kg/m®)  (°ChH)  (W/m°C)
Sandstone 10,000 145 95 030 2,250 1.16E-5 1.7
Limestone 35,000 15 140 025 2,750 0.8E-5 1.3
Sponge (roof) 5 0.20 10 1.4e-5 2.0

Reinforced concrete 23,000 2,9 30 0.18 2,300 1.2E-5 1.63
Masonry 870 0.5 9.5 0.25 2,000 0.5E-5 0.8

3.4 Load cases

In this work, a thermal analysis was carried out to determine the temperature distribution in
the model due to the solar radiation. A thermal flux of 200 W/m? was applied considering the
worst climatic condition in the summer [16]. Convection film coefficients were obtained from
the Standard UNE-EN 1SO 6946, as it is shown in Table 2 below, ranging from 25 to 5.88
W/m?2K [17-18].

Table 2: Convection film coefficients

Film coefficient Thermal flux direction
Upper Horizontal Lower
Inner surfaces 10.0 1.7 5.88
Outer surfaces 25.0 25.0 25.0

Furthermore, a coupled thermal-structural analysis was carried out considering the
temperature distribution obtained in the previous thermal analysis.
Dead load and snow load were considered, taking into account the following parameters:
e Dead load: density of the main materials, including a specific study to the conical roof.
e Snow load: a constant pressure of 450 Pa were applied in the exterior surface of the roof
[16].
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To solve the couple thermal-structural analysis the temperature distribution previously
obtained was applied to nodes and transferred to the model. The nonlinear problem was solved
using a Newton-Raphson method with adaptive descent including plastic material properties.
The maximum number of equilibrium iterations was 100, with an initial step of 0.01 over 1. As
convergence control, the displacement was considered with a minimum tolerance of 0.01 [10-
12].

The coupled thermal-structural problem was solved in a four Intel ® Xeon ® Gold 6230
CPU @ 2.1 GHz machine, with 256 GB memory and 4 TB Raid0 NvMe SSD disks, distributed
among 80 cores. Total CPU time was about 10,000 seconds, with 14 load steps and 300
iterations.

4 NUMERICAL RESULTS AND DISCUSSION

4.1 Main results

In this section, the main numerical results from the thermal and structural analyses are
presented. Results include a detailed cracking and crushing analyses.

Figure 5 shows the temperature distribution obtained in the thermal analysis where summer
climatic conditions were applied. Temperature values ranges between 16 °C and 21.6 °C at the
upper part of the masonry ribs. These variations could cause thermal stresses in the dome

A: Verano
Temperature
Unit: °C
21.604
- 20.359
= 19.114
1 17.868

| 16.623
16




Del Coz-Diaz JJ, Lozano Martinez-Luengas A, Alonso-Martinez M, Garcia-Cuetos P, and Alvarez-Rabanal FP.

A: Verano
Temperature
Unit: °C

21.604
20.359
19.114
17.868
116.623
16

| W W
o 5 om L

Figure 5. Temperature distribution in masonry ribs: zenithal view (upper) and isometric view detail (lower)

Figure 6 shows the main results of the coupled thermal-structural nonlinear analysis. Figure
6 upper shows the maximum displacements of the dome and Figure 6 lower, the crack patterns
obtained when the total load is applied on the dome.
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Figure 6. Maximum masonry ribs displacement (upper) and crack pattern (lower)

Maximum displacement value is about 0.026 m, which lead a ratio of 962 between short
dome length and vertical displacement. With respect to the crack patterns, short masonry ribs
present crushing under compression stresses in the upper zones, and cracking failures at the
lower part of the short ribs.

In the non-linear region of the response, subsequent cracking occurs as more load is applied
to the dome. Cracks grow in the constant region, located at the short ribs, and the masonry ribs
starts cracking out towards the supports at a 20% of the maximum load (see Figure 6). Figure
6 shows the details of the crack evolution at 6 different points of the analysis (0.2 s, 0.325 s,
0.555,0.7555,0.85s, 1 s). Symbols in red represent the cracks and blue lines the finite elements
of the numerical model.
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5 CONCLUSIONS

This paper has proved that the use of advanced numerical methods helps to obtain the
structural response of a complex nonlinear model, such as the case studied in this work. The
most important findings are the following:

e To define the complex geometry of the Church in the Universidad Laboral it is
necessary to use a three-dimensional parametric design program.

e In order to obtain a regular tetrahedral mesh, it is necessary to use a MultiZone mesh
method. In this study, suitable element size ranges between 0.1 and 0.2.

e The thermal gradient in the masonry ribs causes significantly less stresses and
deformation than the expected. The low stress levels are due to the conductivity
properties of the material and the air chamber in the interior of the Church.

e The use of nonlinear numerical models including contacts are suitable to study the

thermal and structural behavior of complex geometries and assembles of different
structural elements, such as ribs, columns and annular rings.
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e A constitutive material model to simulate concrete and masonry models is very
efficient to simulate the behavior of bricks. In this case, William-Warnke and
Drucker-Prager models were combined to obtained accurate results.

e The numerical results of the coupled thermal-structural model show cracking
patterns in the short masonry ribs. These cracks caused some deterioration in the
elliptical dome.

In this work, our experience in numerical simulation provided an important contribution to
know the structural conditions of an important cultural heritage. The structural behavior of the
elliptical dome of the Church in the Universidad Laboral was analyzed using advanced
numerical models and the most critical points were located. This study is very important to
prevent and assist the conservation, or retrofitting of this building.
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