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ARTICLE INFO ABSTRACT

Keywords: Conventional formworks for concrete curved shells either are expensive, complex and wasteful or have formal

Tile vault restrictions. Using tile vaults (also known as timbrel, Guastavino, thin-tile or Catalan vaults) as stay-in-place

Ilrlasonryk formwork for concrete shells could significantly reduce construction costs and material waste. Tile vaults only
ormwor

Concrete shells require formwork at the boundaries and provide a high formal flexibility.

Numerical analysis The combination of masonry and reinforced concrete creates a new type of composite structure that needs

FEM experimental validation and new structural analysis models to deal with the specific features of the system. This
paper presents experimental research on the component materials, load tests on doubly-curved, full-scale pro-
totypes and the definition of a reliable Finite Element structural model for the analysis of the proposed hybrid
structure.

The experimental research has involved the characterisation of the bricks, mortar, concrete and reinforcement
composing the proposed system in order to provide the material properties to be considered in the structural
analysis. The construction and testing of two composite sail domes in the laboratory have allowed the validation
of the proposed FE model by comparing its predictions with the collapse mechanisms, damage, ultimate loads
and load-displacement curves obtained experimentally.

1. Introduction

Tile vaults (also called timbrel, Guastavino, thin-tile or Catalan
vaults) are traditional masonry structures built in layers using bricks and
binder. The combination of a light brick (either a tile or a hollow brick)
and fast-setting cement or gypsum allows the construction without the
need of supporting formwork, except for the boundaries (Fig. 1) [1].
This made the construction technique inherently economic and,
together with the low cost of the required materials, allowed its
continued existence and spread during centuries [2-10].

After a period of partial abandonment in the second half of the 20th
century [2], the tile vaulting technique has experienced a revival in the
last two decades [11]. Different architects or engineers have found tile
vaults worth to be recovered considering their efficiency, sustainability,
aesthetics and the possibility, in many of the cases, to use local materials
and workforce [12 13 14]. Furthermore, the formal versatility of the tile
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vaulting construction together with the advances in the computational
tools for the design and analysis of masonry structures have allowed the
construction of (so-called) free-form, funicular tile vaults [15 16]. These
new, expressive structures came together with construction, design and
materials innovations that provided affordable solutions despite the
labour intensive nature of the technique [17 11 18].

The safety of masonry vaults has been traditionally analyzed by limit
analysis [19] and the numerical implementations of the static (lower-
bound) (e.g. [20-25]) and kinematic (upper-bound) (e.g. [26-29])
theorems. These approaches provide information related with the
collapse mechanism and the force capacity. On the other hand, contin-
uum [30-34] and discrete approaches [35-38] are preferred when in-
formation on the displacement capacity and damage evolution are of
particular interest.

The possibilities and benefits of tile vaulting can be enhanced by
combining it with reinforcement and/or concrete [39]. This
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combination has been explored in the past by architects or engineers
seeking to improve the performance of the technique in terms of struc-
tural behaviour, economy or construction speed or easiness. The system
studied in this paper, first presented in [40] and [41], learns from these
experiences to propose a technique for a more sustainable and economic
construction of concrete shells.

The use of tile vaults as integrated formwork for reinforced concrete
could reduce the waste related to the construction of the conventional
formwork, provide an unconventional, unique finishing to the intrados
when left exposed, and offer an economically-competitive solution for
many shapes and contexts. Furthermore, the tile vault does not only
have a constructive and aesthetic purpose, but it is part of the structure
as well (Fig. 2).

Apart from the authors’ previous work [40 41], experimental and
numerical research on composite structures involving tile vaults exists in
the literature both with the purpose of restoring existing constructions
and building new ones. The proposed systems are very different from the
one presented in this paper. The work by Bertolesi et al. [42], aimed at
the reparation of tile vaults, presents tests on two full-scale cross vaults
strengthened with textile reinforced mortar. Subsequent research, by
Bertolesi et al. as well [43], performs numerical modelling of those
specimens, both before and after the application of the reinforcement.
Dejong et al. [44] and Ramage and Dejong [45] tested and analysed
geogrid-reinforced timbrel vaults envisaging their construction in
seismic areas and used the system in different architectural projects [18
46]. A similar approach was followed by Castori et al. [47,48], who
tested seventeen tile-vaulted arches strengthened with a glass fibre
reinforced polymer (GFRP) mesh. The variables differentiating the
seventeen specimens were the application or not of the mesh, its position
(either only between the layers or also on the extrados), the mortar type
and the number of layers composing the arches. A GFRP mesh has also
been recently used by Savino et al. [49] to reinforce the specimens they
used for the testing and numerical analysis of Catalan vaulting using
earth-based bricks called “Ecorrasillas”.

Recent research has revealed relevant architectural pieces featuring
tile vaults in Cuba [50], where the National Art Schools in Havana are a
striking example [51]. The work by Douglas et al. [52,53] and Hughes et
al. [54,55] analyses existing reinforced composite tile-concrete ribbed
domes in these Cuban art schools. The ribs of the dome did not allow the
traditional construction without supporting formwork, which entails a
significant difference with the system proposed in the present paper, not
only in terms of the construction process and economy, but also in
relation to the structural performance considering their different cross-
section [51]. The domes are assessed using Finite Element Analysis: a
linear elastic analysis in the case of the work by Douglas et al. [52] and a
nonlinear analysis using a concrete damage plasticity model with an
effective-section approach (applying a simplified cross-section, lumping
the tile vault and reinforced concrete in a single material) in the case of
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Hughes et al. [54].

A lower-bound method for the structural design and analysis of
composite tile vault-reinforced concrete shells was presented in Lopez
Lopez et al. [56]. The method is based on Thrust Network Analysis [57],
but takes into account the tensile capacity of the reinforcement and the
limited compressive strength of the masonry and concrete by computing
a virtual thickness within which the thrust network must be contained to
guarantee a global stability of the hybrid structure.

Despite the mentioned previous work on the field, the tile vault and
the reinforced concrete, combined as shown in Fig. 2, create a new
hybrid structure that still requires numerical and experimental research
to fully understand the specific structural features of the system. This
paper addresses this issue by presenting the definition of a Finite
Element (FE) structural model for the analysis of the proposed com-
posite structure. Furthermore, the calibration of the FE model is carried
out by comparing its results with those provided by physical tests on the
system. The experimental research described in this paper has contrib-
uted to the understanding of the system’s structural behaviour, and has
allowed further validation of the feasibility of the construction tech-
nology and its application to doubly-curved vaults. This validation has
been achieved by building and load-testing two composite sail domes. In
addition, the experiments carried out can serve as benchmark for
eventual further structural models. The research has also involved the
characterisation of the materials composing the shells (bricks, mortar,
concrete and reinforcement).

The characterization of the composite structure’s materials is
described in Section 2, followed by the load tests on sail domes in Sec-
tion 3. The work related to the Finite Element Method (FEM) is pre-
sented in Section 4, which includes the description of the modelling
technique utilized, the adopted material properties and the analysis of
the tested specimens. The last section is Section 5, devoted to present the
conclusions.

2. Material characterization

The materials used for the construction of the sail domes’ masonry
were also used for the construction of further prototypes and samples in
the context of a wider research project conducted at ETH Zurich,
Switzerland, and Universitat Politecnica de Catalunya, Spain. A detailed
description of the masonry characterization, including values of the
individual materials (tiles, fast-setting cement and Portland cement
mortar), can be found in [40] and [41] and is summarised in Tables 1
and 2. The values are obtained from experimental tests performed ac-
cording to EN 1015 [58] and EN 12390 [59] and calculated using
equations provided by Eurocode 6 [60] and the Spanish concrete code
EHE [61]. The compressive strength of the masonry was estimated as
described in [40] for a two-layered tile vault with a thickness of 36 mm.
The tiles’ dimensions are 277 x 134 x 14 mm and each has a weight of

Fig. 1. Construction of tile vaults without supporting formwork [1].
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Fig. 2. Cross-sections of a barrel vault using the proposed construction system. Top) Transversal cross-section, bottom) longitudinal cross-section. [41].

Table 1
Properties of the materials composing the masonry.

Tiles

Fast-setting cement

Portland cement mortar

Compressive strength

Extrusion direction

Orthogonal direction

Compressive strength

Flexural strength

Compressive strength

Flexural strength

N/ Coef. Variat. % N/ Coef. Variat. % N/ Coef. Variat. % N/ Coef. Variat. % N/ Coef. Variat. % N/ Coef. Variat. %
IIlI'[l2 I'[lIIl2 l'IlIIl2 IIlHl2 I'l'l[Il2 l'IlIll2
111 8.93 87 2.70 4.47 10.16 0.9 1.48 6.98 14.72 2.5 8.47
the concrete layer (50 mm). The samples tested in bending had sizes of
Table,z . 564 x 277 x 86 mm, including also masonry (36 mm) and concrete (50
Material properties of the masonry. mm). The tests showed sufficient bonding between the masonry and the
Masonry concrete, with debonding happening only after a drop of 20% of the
Compressive strength Flexural strength Tensile strength force capacity.
N/mm? N/mm? Coef. Variat. % N/mm? While further research specifically focused on the bond strength
13.02 4.47 8.54 1.89 between tiles and concrete is necessary, existing studies on masonry

800 g. The densities of the materials are 1373 kg/m? for the fast-setting
cement, 1940 kg/m® for the Portland cement mortar and 2000 kg/m? for
the masonry.

The concrete poured on top of the tile dome had a density of 2460
kg/rn3 and its mix proportions are shown in Table 3.

Compression tests were performed on 200-mm-high, 100-mm-
diameter, concrete cylinders according to EN 12390 [59]. The resulting
average compressive strength was 33.4 N/mm? with a coefficient of
variation of 3.92%.

The reinforcement used to complete the composite structure con-
sisted of 6-mm-diameter steel bars. Ten specimens were tested in tension
following EN ISO 15630-1 [63], resulting in a mean tensile strength of
581 N/mm? and a Young’s modulus of 207000 N/mm?, with respective
coefficients of variation of 0.95 % and 3.61%.

Compression and bending tests were performed on composite sam-
ples to test the bonding between the masonry and the concrete layers
[64]. The samples tested in compression had sizes of 134 x 136 x 86
mm and were composed of the masonry element (36 mm in total) and

Table 3
Concrete’s mix proportions.

Cement Water  Sand<4 Gravel5 Limestone Super-plasticizer
CEM I mm mm < X filler MasterGlenium
42.5 N-SR <12 mm ACE425, BASF
5[62]

kg kg kg kg kg kg

1 0.5 2.877 2.324 0.332 0.01

bond can provide valuable insights into strategies for enhancing the
structural performance of the proposed composite technique in this
aspect [65,66]. The factors influencing masonry bond, such as mortar
composition, masonry unit characteristics, and environmental condi-
tions, can serve as initial guidelines for improving the bond strength
between tiles and concrete. By considering these factors and adapting
the findings from masonry bond research, it is possible to develop
strategies that may optimize the tile-concrete bond and enhance the
overall structural performance of the composite technique [41].

In terms of mortar composition, enhancing the flexural bond strength
can be achieved by increasing the amount of cement in the mix design
and using mortars with higher strength values [67]. The addition of lime
or soil to the mortar mix has also been found to improve bond strength
[66-68].

Regarding masonry unit characteristics, the moisture content at the
time of laying plays a significant role in bond strength. Partially wetted
bricks tend to exhibit better bond development compared to dry or
completely saturated bricks [66-69]. Additionally, the surface texture of
the brick is important, with bricks featuring a larger frog area demon-
strating better bond performance [68,70].

Environmental conditions should also be taken into account. Curing
conditions have an impact on bond strength, and proper curing tech-
niques should be employed to optimize bonding. During mortar place-
ment, applying the appropriate pressure is crucial to ensure proper
adhesion between the mortar and masonry unit. Additionally, attention
should be given to filling the frog or valleys on the unit’s surface
adequately, as this contributes to enhancing bond strength [71-73].
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3. Load tests on sail domes
3.1. Dome’s geometry and test configuration

The two identical sail domes are squared in plan and are supported
on the corners. They are spherical, have an intrados radius of 2 m, a rise
of 0.39 m and a span of 1.76 m.

A minimal thickness of the construction system is sought. A self-
supporting tile vault requires at least two courses of bricks. The mini-
mum thickness of such structure is 36 mm, using 14-mm-thick tiles and
applying 8-mm-thick mortar joints. The concrete layer is also built with
minimal thickness considering an exposure class with no risk of corro-
sion or attack (X0), a cast on an uneven surface and allowing small
design deviations of 4 mm [74], resulting in a concrete cover of 19 mm
on both sides. According to this, the cross-section consists of a 36-mm-
thick tile vault and a 50-mm-thick concrete layer with the reinforce-
ment placed at mid concrete thickness. The reinforcement consists of 6-
mm-diameter steel bars at 70 mm in both directions (Fig. 3). Among the
various options available, the size of the rebars was selected to ensure
ease of construction in terms of bending and positioning. This choice
was made not only for the building of the tested domes, but also with the
foresight of potential future construction involving more intricate
shapes.

Regarding the total thickness of the cross-section, 86 mm, two facts
can be pointed out: i) the ratio span/thickness of the structure is low, i.
e., larger structures could be built using this cross-section provided the
tile vault withstands construction loads such as a worker, material, tools
or wet concrete on top of it; ii) considering other situations with a less
favourable exposure class and higher design deviations, a larger con-
crete cover may be required.

The domes’ supports lie on a steel frame, to prevent their displace-
ment and to allow transportation. These consist of four prefabricated
concrete blocks positioned on the four corners of the steel frame (Fig. 4),
on which the dome is simply supported. Once the specimen is moved to
the test position, the steel frame is used to tie the corners of the structure
in order to prevent or minimize possible displacements at the supports.

A squared, 160-mm-sided, horizontal surface made of concrete re-
ceives the load at one quarter of both span directions (Fig. 5). A single
actuator applies a displacement-controlled punctual load at a speed of
0.2 mm/min distributed to the square surface through a 20-mm-thick,
170-mm-sided, squared steel plate. The loading device is a hydraulic
quasi-static HIDRASA actuator of 300 kN of force range and 500 mm of
displacement range. Data is acquired with an HBM MGCPlus acquisitor
at 50 Hz. The use of a point load instead of a distributed one (e.g., using
sand bags) was motivated for three reasons. First, it allowed to apply a
displacement-controlled load, making possible the investigation of the
post-peak response. Second, it permitted a better control of the position
and amount of load, which was important for the numerical modelling of

Fig. 3. Reinforcement of the sail dome under construction.
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Fig. 4. Corner of the steel frame with a prefabricated concrete piece on which
the dome was simply supported.

the test. Third, the use of sand bags would increase discretely the load,
whereas with the used setup, a continuous displacement (and thus load)
variation could be applied.

Seven potentiometers (100 mm range and 0.2% linearity) are used to
measure vertical displacements as shown in Fig. 5. Although the setup is
planned to prevent the displacements of the supports, one LVDT (20 mm
range and 0.2% linearity) measuring horizontal displacements is
installed with the purpose of verifying that those displacements are
negligible (Fig. 5, H1).

Two expert bricklayers and one helper required three working days
to build the two domes, which roof a total surface of 6.6 m?. During the
first and second days, the tile domes were finished and the reinforce-
ment placed. The third day was devoted to the concrete placement, to
the building of the loading platforms and to the preparation of the
control specimens.

3.2. Results

The tested sail domes had a non-linear plastic behaviour with long
post-peak unloading responses. The peak loads were 91.3 kN and 94.3
kN for the composite domes 1 and 2, respectively (Fig. 6). The ultimate
loads were significantly higher than those required in Eurocode 1 [75]
for concentrated loads in any of the categories of use, where the highest
recommended value intended for determination of local effects is 7 kN.
For both prototypes, the test ended when the corner opposite to the
loading point detached and slipped upwards from the support (Fig. 7).
Small upwards displacements of that corner in relation to the support
were also detected visually after the peak load and before the end of the
tests.

The cracks and crack patterns identified during the load tests (Fig. 8),
together with the registered displacement data, allow the identification
of the failure mechanism, which was the same for both domes (Fig. 9). A
crack at the tile vault under the actuator running perpendicular to the
dome’s sides, developed from the loading point to the closest edges,
evidenced the appearance of a hinge under the load (Fig. 9, d). Crushing
of the concrete was reported at this hinge in the last part of the test, after
the development of the collapsing mechanism. Cracks at the corners also
manifested the hinges at the supports (Fig. 9, e and f, and Fig. 10). A
group of cracks on a portion of the concrete surface revealed the creation
of the last hinge (Fig. 8 and simplified in Fig. 9, g).

The data registered by the potentiometers (Fig. 11 and Fig. 12) are in
accordance with the assumed mechanism, illustrated in Fig. 9. Measured
points P1 (under the load) and P3 (the closest one to the hinge under the
load) suffered the biggest displacements, whereas P5 and P7 registered
the smallest ones, with almost no displacement during the loading
phase. The latter were also the only points registering upwards
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Fig. 5. Setup of the monitoring and load test for the composite sail domes.
Potentiometers indicated as P1 to P7. Top) cross-section, middle) front view,
bottom) plan.

displacements after the development of the mechanism, which is in
accordance with their position in block 3 of Fig. 9, c. The points P2, P4
and P6 had moderated downwards displacements, also in concert with
their position in block 2 of Fig. 9, b. The data measured by potentiom-
eters P2 and P6 at the composite sail dome 1 (Fig. 11) had to be dis-
carded for the first part of the tests (below a load of 70 kN) due to an
imperfect adhesion of the sensor to the concrete’s surface. LVDT H1
(Fig. 5) registered displacements at the peak load of 0.49 mm and 0.58
mm for composite dome 1 and 2 respectively.

Small cracks at the interface masonry-concrete were reported at the
last fraction of the loading phase, from approximately 85% of the peak
load. During the post-peak unloading response, a gradual detachment of
the bricks from the concrete layer was visible at the four corners until
some portions of the tile vault fell (Fig. 13). After the detachment of the
tile vault from the concrete at the corner next to the loading point,
compression cracks appeared at the concrete’s upper surface running
from the loading platform to the mentioned corner (Fig. 8).
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3.3. Comparison with an unreinforced tile vault

Two identical plain, unreinforced tile-vaulted shells (Fig. 14) were
subjected to load-tests [76], similar to the ones described earlier. These
new domes can be seen as the outcome of removing the concrete layer
and slightly repositioning them upwards, aligning their central surface
with the axis of the composite shells. Fig. 15 illustrates the geometry of
the vaults, as well as the setup of the load test and the monitoring sys-
tem. The loading device and the potentiometer used in the first set of
load tests were also employed in this case.

The tested specimens’ peak loads were 19.5 kN and 21.0 kN,
resulting in an average ultimate load of 19.75 kN. The inclusion of a 50-
mm-thick concrete layer on top of the 36-mm-thick masonry structure
led to a significant 469% increase in the loading capacity when
compared to the analysed composite shells.

4. Finite element method

This section proposes the use of a FEM technique for the analysis of
the proposed composite structure, describing the modelling technique
and the adopted material properties. The ductile post-peak response and
the extended damage distribution of the tested composite vaulted sys-
tem have motivated the use of a continuum finite element approach. Its
validity is demonstrated by comparing the outcome of the tested spec-
imens’ analysis with the experimental results in terms of collapse
mechanisms, damage, ultimate loads and load-displacement curves.

The material and geometrical nonlinear analysis is carried out using
the software DIANA FEA [77].

4.1. Modelling technique utilized

4.1.1. Description of the geometry

The finite element model presented in this section corresponds to the
composite sail dome described in Section 3, whose geometry is shown in
Fig. 5. The concrete loading platform and the steel plate are also
modelled in order to apply a displacement at the top centre of the plate
and replicate the real conditions as faithfully as possible (Fig. 16).

Regarding the boundary conditions, the four concrete supports on
which the dome is simply supported are also modelled. An interface
between the supports and the dome is modelled to allow the detachment
of the contact surface as a consequence of the formation of the hinges
(Fig. 17, right). In addition, the four support are provided with springs in
the X and Y directions to allow for the small horizontal displacements
registered during the load tests (Fig. 17).

The composite dome, the loading platform and the steel plate are
modelled using a four-node, three-sided, isoparametric, solid tetrahe-
dral element. The reinforcement bars are modelled as lines embedded in
the solid elements, as indicated in DIANA FEA [77]. The interface be-
tween the shell and the concrete supports is modelled using interface
elements between two planes in a three-dimensional configuration,
based on linear interpolation and with a 3-point integration scheme
[77]. The concrete supports are modelled using a six-node isoparametric
solid element.

The number of finite elements of the dome’s concrete layer is
160053, whereas that of the tile vault is 110231. These elements have an
approximate average edge size of 2 cm. Each concrete support has 74
elements and each of the four interfaces has 37 elements. Every support
has 29 of its nodes connected to two spring elements, in the X and in the
Y direction, making a total of 232 spring elements.

4.1.2. Material modelling

Masonry is simulated as a homogeneous isotropic material with
average properties using a total strain crack model [77 78]. This
smeared crack model features a predefined tension softening exponen-
tial function based on fracture energy and a compressive behaviour
following a parabolic curve, which in DIANA is a formulation based on
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Fig. 6. Ultimate load test. Load-displacement curves of the two composite sail domes at the loading point.

Fig. 7. Detachment and upwards displacement of the support opposite to the
loading point.

fracture energy according to Feenstra [79 77].

The concretés constitutive model is also a total strain crack model.
The nonlinear material model for the steel reinforcement is based on
Von Mises plasticity, using the Von Mises yield criterion and no hard-
ening function. A discrete cracking model is used to define the relation
between stresses and relative displacements across the interfaces. A
brittle behaviour is chosen for tension, with which a full reduction of the
tensile strength is applied after the introduced strength limit is surpassed
[771.

As the experimental results showed that separation between masonry
and reinforced concrete was not critical and occurred after a drop of
20% of the force capacity (i.e., after what is considered the displacement
capacity of the vault), a discrete modelling of the interface between the
two materials was not considered. This choice allows for a more efficient
numerical simulation without compromising the accuracy.

Linear elastic properties are assigned to the springs and the steel

Fig. 8. Cracks on the extrados of the composite sail dome 1 after the test.

plate on top of the loading platform.

4.2. Adopted material properties

Different strategies have been used to obtain the material properties
of the tile vault, namely, experimental tests, using expressions provided
in codes and using values extracted from related literature.

Following previous analysis of brick masonry structures, the Pois-
son’s ratio is taken as 0.2 (as for instance in Saloustros [80]).

A curved (faceted) structure built with straight masonry units fea-
tures unavoidably slight variations of its thickness. The construction of
the composite sail domes maintained the centre of the tiles’ lower face in
the first course tangent to a fictitious spherical intrados, and the centre
of the tiles’ upper face in the second course tangent to a fictitious
spherical extrados. Due to this fact and for the presented composite sail
dome’s geometry and tile’s sizes, the tile vault in this case had a
maximum thickness of 36 mm, which decreased 4.8 mm at the intrados’
joints (Fig. 18). The tile vault’s thickness is therefore taken as the
resulting 31.2 mm for calculation purposes. A thickness reduction of the
two-layered tile vault means a thickness decrease only of the mortar
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Fig. 9. Simplified scheme of the tested sail domes’ failure mechanism, a) block 1 (red), b) block 2 (green), c) block 3 (blue), d) hinge under the load, ) hinge at the
load’s closest support, f) hinge at the rest of the supports, g) hinge at the extrados, and h) load. Hinge g has appeared in the experiment as a series of distrib-

uted cracks.

Fig. 10. Crack at the support closest to the loading platform.

layer between the tiles. This has an influence in the masonry’s me-
chanical properties, which need to be recomputed [40]. Considering the
corrected thickness, the density results in 2009 kg/m®, whereas the
compressive strength results in 13.95 N/mm? using the following
equation in Eurocode 6 [60] as described in [40]:

ﬁ( — Kf;)ﬂf;?l,f& (1)

where K is a constant, and fi, f, and f;, are, respectively, the tile vault’s
characteristic compressive strength, the normalised mean compressive
strength of the units and the mortar’s compressive strength; the three of
them in N/mm?.

The compressive fracture energy, Gy, equal to 20.30 N/mm, is
obtained using the expression from the Model Code 90 [81], as proposed
in Lourenco [82], which is applicable for a concrete’s compressive
strength, f., between 12 and 80 N/mm?:

Gy = 15+0.43f. — 0.0036f2 2

The tensile fracture energy, Gs equal to 0.032 N/mm, is also ob-
tained from concrete’s recommended values in the Model Code 90 [81]

and is derived from the following expression:
Gy = G, (f./10)"’ 3)

where Gp, is the base value of fracture energy and is equal to 0.025
provided that the maximum aggregate size is 8 mm.

As described in Section 2, the tensile strength is equal to 1.89 N/
mm?. The values of the tile vault’s Young’s modulus, 8500 N/mm?, and
shear retention, 0.05, are extracted from Lépez Lopez [64], where a tile
vault FE model is calibrated using the results of the experimental tests on
full-scale tile-vaulted prototypes [76]. The adopted material properties
for the tile vault are summarized in Table 4.

The concrete used to build the composite sail domes was also used for
the construction of the loading platforms and the supports. As reported
in Section 2, it had a density of 2460 kg/m® and a compressive strength
of 33.4 N/mm?. The Poisson’s ratio is taken as 0.2 (Eurocode 2 [74]) and
the elastic modulus results in 31590 N/mm? using the following equa-
tion from the Eurocode 2:

Een=22[(fon)/10]"* (&)

where the compressive strength, f.n, is expressed in N/mm?. The
compressive fracture energy is computed using Equation (2) and results
in 25.35 N/mm.

The concrete’s tensile strength and tensile fracture energy, together
with the springs’ stiffness, are the values used to calibrate the model.

Two steel materials are defined and assigned to the reinforcement
bars and to the plate on top of the loading platform. Regarding the steel
material applied to the rebars, the density and the Poisson’s ratio are
taken respectively as 7850 kg/m> and 0.3 [83]. The Young’s modulus
and the tensile strength were obtained through the experimental
research described in Section 2 and resulted in 207000 N/mm? and 581
N/mm? respectively. The material properties of the steel assigned to the
rebars are summarized in Table 5.

The elastic material properties assigned to the steel plate on top of
the loading platform are a Young’s modulus of 210000 N/mm? and the
same values for the Poisson’s ratio and density as in the steel material
assigned to the reinforcement bars.

The material properties used to define the selected interface element
are the normal and shear stiffness and the tensile strength. The normal
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Fig. 11. Load-displacement curves of the composite sail dome 1.
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Fig. 12. Load-displacement curves of the composite sail dome 2.
and shear stiffness, K, and Kj, are estimated using the following equa- E
tions, as proposed in Cervenka et al. [84]: G= 1) (@]

K, =— %)

©

where E and G are the elastic and shear moduli of the surrounding
material and t is the thickness of the interface, which is here taken as 10
mm [84]. The obtained normal stiffness is 3159 N/mms, whereas the
shear stiffness results in 1316 N/mm?, adopting a concrete’s shear
modulus of 13162 N/mm?, derived from the expression in Model Code
90 [81],

The tensile strength of the interface is taken equal to the tensile
strength of the concrete and, as mentioned above, is used as a variable
for the calibration of the model.

4.2.1. Calibration of the model

The model has been calibrated by gradually updating the springs’
stiffness and the concrete’s tensile strength and tensile fracture energy
until a satisfactory agreement between the numerical and experimental
load-displacement curves was obtained. Slight displacements of the
supports have a meaningful influence in the results of a finite element
analysis. The springs in the model allow the replication of the supports’
small displacements registered during the load tests. The modification of
the springs’ stiffness has a clear influence in the slope of the
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Fig. 13. Intrados of the composite sail dome 1 after the test showing debonding
between the tile vault and the concrete layer at the corners.

Fig. 14. Load test setup of the plain, tile-vaulted sail domes.

load-displacement curves. These slopes from the experimental research,
together with the registered maximum horizontal displacement at H1
(Fig. 5), have been used as reference for the calibration of the springs’
stiffness. Further work on this subject might include a sensitivity anal-
ysis to further assess and quantify the influence of the supports’ hori-
zontal displacements on the stiffness and ultimate load of this kind of
structures. Load tests on prototypes with different geometries and
allowing different supports’ horizontal displacements could be relevant
regarding this objective.

The properties concerning the non-linear tensile behaviour of the
concrete, namely tensile strength and tensile fracture energy, have also
been the values used to calibrate the model. The modification of these
values had a direct influence, among others, in the resulting peak load.

The adopted material properties for the concrete after the calibration
of the model are summarized in Table 6.

4.3. Analysis of tested specimens

The finite element analysis carried out on the domes model consid-
ered geometrical and material nonlinearity, using the Regular Newton-
Raphson iteration scheme [77].

After the calibration process, the proposed FE model is able to
replicate the behaviour of the tested specimens in terms of stiffness, peak
load, displacements, cracks and failure mode. The FE model’s
load-displacement curve at the loading point in Fig. 19 shows a close
approximation to the structural behaviour of the built composite domes
with a similar slope at the first stretch of the plot and a peak load, 91.94
kN, in between the two peak loads registered during the experimental
tests, which attained values of 91.29 and 94.26 kN for the first and the
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Fig. 15. Setup of the monitoring and load test for the plain, tile-vaulted sail
domes. Potentiometer indicated as P1. Top) cross-section, middle) front view,
bottom) plan.

second composite domes respectively.

The numerical model’s horizontal displacement at H1 (Fig. 5) at the
peak load is 0.57 mm and is as well in accordance with the experimental
tests, which resulted in 0.49 mm and 0.58 mm for composite domes 1
and 2 respectively. The LVDT measuring the displacement at H1 was
placed in contact with the frame’s steel profile that linked the two
corresponding contiguous supports. This profile was not included in the
FE model and this displacement could therefore not be directly
measured from it. Alternatively, this value was obtained by measuring
the displacement of a central point of the two mentioned contiguous
supports in the direction of the installed LVDT. Knowing the distance of
H1 to these two supports, the displacement can then be easily calculated.

The use of interface elements between the dome and the concrete
supports has enabled to simulate the hinges and the detachment of the
supports reported during the load tests. In particular, the displacements
of the FE model at an early stage of the loading process shown in Fig. 20
illustrate the detachment of the upper part of the support closest to the
loading platform, which was visually reported as the crack featured in
Fig. 10. The detachment and upwards displacement of the support
documented in Fig. 7 is also reproduced by the numerical model
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L

Fig. 17. Concrete support of the composite dome’s model. Left) meshed geometry showing the vertically constrained nodes on which springs in X and Y directions
are applied, and right) interface between the concrete support and the dome.

>

31.2 mm

o

N
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Fig. 18. Cross-section of the tile-vaulted part of the sail dome indicating its maximum and minimum thickness.

Table 4
Tile vault’s adopted material properties.

Young’s modulus Poisson’s ratio Density Comp. strength Comp. fracture energy Tensile strength Tensile fracture energy Shear retention
E v P fctv Gety fttv Gty ﬁ
N/mm? - kg/m® N/mm? N/mm N/mm? N/mm -
8500 0.2 2009 13.95 20.30 1.89 0.032 0.05
(Fig. 21) and signals the end of the analysis at a displacement of 18.96
Table 5 ) ) mm of the loading point. This coincides approximately with the first
Steel rebars’ material properties. . .
small upwards slip of that support reported in the load test of the
Young’s modulus Poisson’s ratio Density Tensile strength composite dome 2.
E v p Ft It is worth pointing out that this detachment is partly due to the
N/mm? - kg/m3 N/mm? particular type of boundary conditions, simply supported and specif-
207,000 03 7850 581 ically designed for the laboratory context. A common support detail
solution for concrete shells in real practice would be a fixed one with
overlapping reinforcement bars embedded both in the shell and in the
Table 6
Concrete’s material properties.
Young’s modulus Poisson’s ratio Density Comp. strength Comp. fracture energy Tensile strength Tensile fracture energy
E v P fec Gee fie Gre
N/mm? - kg/m3 N/mm? N/mm N/mm? N/mm
31,590 0.2 2460 33.40 25.35 0.334 0.01
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Fig. 20. FE model of the composite dome. Displacements (m) at a load of 44.72 kN. Detail of the detachment of the support closest to the loading point.
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support.

Apart from the detachments and displacements at the supports, the
model also recreates the two main sets of cracks detected during the load
tests, namely, the ones on the intrados related to the formation of the
hinge under the load (Fig. 22, left) and the radial-patterned cracks on the
concrete’s surface at the extrados (Fig. 22, right).

5. Conclusions

The construction of the full-scale, sail-dome prototypes demon-
strated the feasibility of the proposed technique to build doubly-curved
composite shells using tile vaults as stay-in-place formwork for rein-
forced concrete. Furthermore, the ultimate loads registered at the tests,
higher than those required by the codes, demonstrated satisfactory
structural behaviour. By testing unreinforced tile-vaulted domes, as well
as composite ones, it was observed that the ultimate load of the 36-mm-
thick masonry shell increased by 469% upon the addition of the 50-mm-
thick concrete layer.

The tested specimens demonstrated a satisfactory bond between the
tile vault and the concrete layer. However, to achieve a stronger bond,
several strategies can be employed. One approach is to design the con-
crete mix with specific proportions of cement and additives tailored to
enhance bonding properties. Additionally, ensuring an optimal level of
moisture in the tiles during the construction process promotes better
adhesion. Furthermore, using tiles or bricks with a larger frog area in-
creases the contact area between the tile vault and the concrete layer,
leading to a stronger bond.

Although specimens with specific cross-section sizes are presented in
this paper, the construction system’s thickness proportions between the
tile vault and the concrete layer may be adapted to the particular design,
construction and structural requirements (span, loads, geometry, etc.).
In this regard, the dimensioning of the masonry layer should be carried
out taking into account both the finished state with a fully-operational,
composite cross-section, but also the temporary condition of the tile
vault serving as formwork for the reinforced concrete. Additionally, the
diameter of the reinforcement steel bars should be selected considering
not only their structural performance, but also taking into account
construction restraints, namely their capacity to adopt the shape of the
shell and their ease of placement.

The load tests on the composite sail domes showed a collapse
mechanism featuring hinges. In contrast to unreinforced masonry shells,
and as a result of the reinforcement’s contribution, the hinge at the
extrados becomes a “distributed hinge”, which is accompanied by a
cluster of visible cracks on the concrete surface. Furthermore, the
presence of reinforcement significantly influences the structural
behaviour of the system in comparison to plain masonry by adding a
desired ductility and therefore avoiding an eventual brittle collapse.
Seeking that purpose, the structure should be designed avoiding over- or

4
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under-reinforced cross-sections. The software ELARM facilitates this
design process specifically for this kind of composite structures
[40,41,56].

The monitoring of the load tests on the full-scale prototypes, together
with the characterization of the materials involved, allowed the cali-
bration of the FE structural models and provide an important benchmark
for further research on the structural behaviour of these composite
structures. The presented FE models replicated accurately the overall
structural behaviour of the analysed specimens, including stiffness, peak
load, collapse mechanism, displacements and cracks’ position.

The FE analysis of the tested specimens showed a high sensitivity of
the models to slight displacements of the supports. The monitoring of the
support’s horizontal displacements, even if they are minimal, has
revealed itself as essential for the correct calibration of the proposed
models.

6. Future work

Experimental testing of the construction system outlined in this
paper has yielded successful results for the presented composite, doubly-
curved shells. Nonetheless, the applicability of this technique extends far
beyond that, encompassing a broader range of structures, such as long-
span, free-form or non-funicular shells. Regarding the latter, further
experimental and numerical research is planned on doubly-curved, non-
funicular, composite shells, for which the construction process should be
carefully planned considering the tile vault’s compression-only limita-
tion when serving as formwork for the reinforced concrete. In respect of
this purpose, the definition of the Finite Element model presented in this
paper is regarded as an essential milestone.

Future work will also be aimed at studying diverse loading cases and,
specifically, at better understanding and quantifying the influence of
eventual abutment’s relative displacements in the performance of such
structures, with special attention to the comparison between the plain
masonry shell and the composite system.
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