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Abstract: The complex structural behaviour of masonry, with its brittle response in tension, frictional
response in shear, and anisotropy, makes it challenging to model accurately. Tile vaults, with their
unique features such as different binders and bricks placed flat, have distinctive structural performance,
and determining the most suitable assessment method is still a subject of debate in both academic and
professional circles. This paper presents a study on the structural analysis of tile vaults, aiming at evaluating
different numerical approaches for this type of structure. The examination of these approaches and their
effectiveness in capturing the structural behaviour of tile vaults intends to offer valuable insights to
researchers and professionals in this field. Experimental research was initially carried out in order to
provide data for the calibration of the structural models. Two full-scale vaults were tested. Furthermore,
several material characterization tests were also performed. The numerical assessment was carried out
through limit analysis and non-linear static analysis with numerical models based on the Finite Element
Method (FEM). Two FEM models were prepared using different modelling approaches for masonry,
namely the macro-modelling and the simplified micro-modelling approaches. The results of the limit
analysis presented a load capacity significantly lower than the ultimate load obtained from the experimental
tests. The calibrated FEM models presented good results in comparison to the experimental results, namely
in terms of damage pattern and load capacity.

Keywords: tile vault; Catalan vault; experimental test; FEM; limit analysis; masonry

1. Introduction

Tile, thin-tile, Catalan, timbrel or Guastavino vaulting is a traditional construction
technique to build masonry structures. Vaults and shells can be built without any formwork
thanks to the use of light bricks (either tiles or hollow bricks) and a fast-setting binder
for the first layer, which serves then as formwork for the subsequent brick courses [1].
This construction scheme together with the availability and affordability of the materials
involved made up the appropriate combination to create a traditional building system in
the area close to the Spanish Mediterranean coast, which was afterwards spread to different
parts of the world.

Some authors have identified a possible precedent in a similar construction technique
by the Romans [2], who used ceramic pieces as stay-in-place formwork for their particular
concrete [3], while other researchers observe a later clear origin either in the north-east [4,5]
or south-east of Spain [6].

The “Catalan” adjective for the tile vaults has its origin in the technique’s peak in
terms of expressiveness and versatility during the Catalan Modernism period, thanks to
the works of Antoni Gaudi Cornet and Lluis Domeénech i Montaner, among others [7]. The
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“Guastavino” adjective comes from the Spanish architects (father and son) with that sur-
name who emigrated to the United States in 1881 and built there hundreds of extraordinary,
innovative timbrel vaults [8]. The study of the tile vaults existing in Cuba has also been the
object of recent research [9-13].

The current environmental crisis urges the construction of more sustainable struc-
tures, necessitating a radical shift in our contemporary design and building practices [14].
In response to this imperative, the recovery and integration of traditional construction
techniques emerge as a promising approach. By leveraging local and sustainable mate-
rials, these age-old methods offer potential solutions to mitigate the adverse impacts of
construction on the environment [15-17].

To effectively harness the benefits of traditional construction techniques, it is im-
perative to adapt and modernize them to align with present-day demands and chal-
lenges [18-25]. A comprehensive understanding of their construction processes and struc-
tural behaviour is crucial to ensure their seamless integration into contemporary building
practices. Additionally, there is a pressing need for innovative advancements aimed at
reducing their carbon footprint and enhancing their economic viability [26].

Projects featuring tile vaults are currently spreading around the world, boosted by
architects and engineers who envisaged opportunities related to economy, aesthetics and
the sustainability of this construction technique [27]. Cutting-edge, form-finding and struc-
tural analysis computational tools are being used to safely shape these masonry structures
and create unique contemporary architectural pieces [28-31]. Furthermore, research on
the combination of tile vaulting with reinforcement and/or concrete has also been car-
ried out [32-34], exploring new construction techniques to build, for instance, economic,
composite (masonry and reinforced concrete) shells [35-37], or geogrid-reinforced, soil tile
vaults [38]. Textile reinforced mortar has also been used to strengthen tile vaults [39,40], as
well as a glass-fibre-reinforced polymer mesh [41-43].

Limit analysis [44] has been traditionally used for the safety assessment of masonry
vaults, focusing on determining the collapse mechanism and force capacity. Both static
and kinematic approaches (i.e., lower-bound [45-50] and upper-bound [51-54] theorems,
respectively) are a matter of research. However, when there is a specific interest in under-
standing displacement capacity and damage evolution, researchers often turn to continuum
approaches [55-59] or discrete approaches [60-63]. Due to the masonry’s composite charac-
ter, namely its brittle response in tension, frictional response in shear and anisotropy, its
complex structural behaviour is today still difficult to model [64].

The specific features of tile vaults, involving different binders and placing the bricks
flat (with the bed of the first course of tiles defining the intrados), confer unique structural
performance on this construction technique, whose most appropriate assessment method
is still a matter of discussion both in the related academic and professional domains [65].
The use of accurate models and non-conservative safety factors becomes particularly
important when dealing with the restoration of existing constructions, whose usual high
slenderness is, in many cases, challenging to the assessing architect or engineer. An
inappropriate structural evaluation of constructions may result in their demolition, which
is unfortunately not uncommon among professionals working in the field, mainly due to
the use of erroneous material properties and linear elastic approaches. It is noted that the
linear elastic FE analysis is not adequate to assess the structural performance of existing
masonry constructions [64,66].

This paper presents research on the structural analysis of tile vaults, aiming to con-
tribute to a better understanding of their behaviour and to determine the most appropriate
numerical modelling approaches for the analysis of tile vaults. The combination of ex-
perimental and numerical analysis is strongly advisable when addressing the analysis of
masonry structures to obtain the data for the numerical models and validate the numerical
results. This approach was followed in the present study.

Experimental tests on specimens were performed, aiming at obtaining the physical and
mechanical properties of the materials. Furthermore, tests on full-scale vaults were also
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carried out. The collected data was processed to validate the numerical model of the vault
adopted for this study. Two structural analysis techniques were used, namely: (a) limit
analysis; (b) non-linear static analysis. The non-linear static analysis was carried out using a
numerical model based on the FEM and for two numerical modelling approaches [67], namely,
(a) macro-modelling approach, in which units, mortar and unit/mortar interface are smeared
out in a homogeneous continuum material; and (b) simplified micro-modelling approach, in
which the expanded units are represented by continuum elements, whereas the behaviour of
the mortar joints and unit/mortar interface is lumped in discontinuous elements.

2. Experimental Tests and Generated Data
2.1. Material Properties

Several experimental tests on specimens and full-scale vaults were carried out at the
Laboratory of Materials and Quality Control of the School of Building Construction at the
Polytechnical University of Catalonia (UPC), aimed at obtaining the material properties
needed for the numerical analysis and the experimental response (maximum load capacity
and deformation) of the structure. When the specifications provided by the manufacturer
and the recommendations present in the literature provided reliable data on the material
properties, those were taken into account and no tests were performed.

The construction of vaults involved three materials, namely bricks, gypsum and mortar.
The vaults were made of hollow bricks of 28 cm x 14 cm x 4 cm with a volume equal to
1.57 x 1072 m3. Each brick weighs 1.5 kg and the density (p) is equal to 954.7 kg/m3. A
fast-setting gypsum was used to build the first course of bricks, “Iberplast B1” [68], with a
water/gypsum (L/kg) ratio of 0.66, complying with UNE-EN 13.279-1:2006 [69]. A grey
dry Portland cement mortar M7.5 was the binder used to build the second course of bricks.
A water/dry mortar (L/kg) ratio of 0.17 was adopted.

For the macro-modelling approach, several parameters of the materials are needed,
namely: (a) density (p) (also needed for the limit analysis); (b) Young’s modulus (E);
(c) Poisson’s ratio (v); (d) compressive strength (fc); (€) compressive fracture energy (Gr);
(f) tensile strength (f;); and (g) tensile fracture energy (Gg). Four flat specimens of the vault
were built, see Figure 1. The specimens’ volume is 1.99 x 102 m?, with dimensions of
0.475m x 0.475 m x 0.088 m. They have an average weight of 24.21 kg and a density of
1219.4 kg/ m3. The Young’s modulus (E) of the masonry, equal to 3118 N/ mm?2, and the
compressive strength (f.), equal to 5.90 N/mm?, were obtained through compression tests
on specimens. The compressive fracture energy (Gy) can be calculated from Equation (1):

Gr =df. )

where a value 4 (ductility index) equal to 1.6 mm is recommended for f. <12 N/ mm? [70].
The Poisson ratio (v) was defined according to typical values for masonry present in the
literature (0.15) [67]. The tensile strength and the tensile fracture energy (Gﬂ) were the
parameters used to calibrate the model. An initial value of 5% of the compressive strength
(0.295 N/mm?) for the tensile strength and a value equal to 0.012 N/mm [67] for the tensile
fracture energy were adopted. The shear behaviour was assumed as a linear relationship
between principal stresses and strains, in which the shear stiffness is reduced after cracking
to 0.10 of its initial value. The adopted material properties, after the numerical calibration,
for the macro-model are presented in Table 1.

Table 1. Material properties for the macro-model.

Young's Modulus  Poisson’s Ratio  Density Tension Compression
E v P fy Gt fc Gee
N/mm? - kg/m3 N/mm? N/mm N/mm? N/mm

3200 0.15 1219.4 0.24 0.14 5.90 9.44
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Figure 1. Compression test on vault specimens.

In what concerns the preparation of the simplified micro-model, tile vaults present
some challenges for the assessment of structural performance using this approach. One
of them is related to the different orientation of bricks in each course (see Figure 2), as the
bricks do not have the same mechanical properties for each direction.

VERTICAL DIRECTION

Figure 2. Construction of the vault: (left) first layer; and (right) second layer.

In the simplified micro-modelling approach, the brick units were considered linear
elastic elements. Thus, only the interfaces present non-linear behaviour. The linear proper-
ties of the interfaces and units and the non-linear properties of the three interface types (to
be listed later) are needed, see also Figure 3. The linear properties of the interfaces and units
are (a) Poisson’s ratio (v) and Young’s modulus (E) of the brick in its vertical and horizontal
directions (Figure 2); and (b) normal and shear stiffness (k, and ks) of the three interfaces, for
which the Young’s and shear moduli (E and G) of binders and bricks in the three directions
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are needed. The non-linear properties of the interfaces are (a) tensile strength (f;); (b) tensile
fracture energy (Gp); (c) cohesion (c); (d) friction and dilatancy angles (tan¢ and tang);
(e) shear fracture energy (Ggy); (f) compressive strength (fc); (g) compressive fracture energy
(G); and (h) equivalent plastic relative displacement (kp).

Bricks H (second layer) Mortar joint Bricks H (second layer) Infertace 2 (H-H, mortar)

—L S Infertace 3 (V-H, mortar)

Bricks V (first layer) - Bricks V (first layer)
Gypsum joint Infertace 1 (V-V, gypsum)
Figure 3. Two-layer tile vault: (left) arrangement of the masonry; and (right) units and interfaces of
the simplified micro-model (“V” and “H” correspond to the vertical and horizontal direction of the
units, respectively).

The Young’s modulus and the compressive strength of the bricks in the vertical direc-
tion were obtained by testing four brick specimens. The average of Young’s modulus and
compressive strength of four specimens in the vertical direction is equal to 7748 N/mm? and
21.04 N/mm?, respectively. In the other two directions, Young’s moduli equal to 5936 N /mm?
and 2665 N/mm? were obtained for the horizontal and orthogonal directions, respectively.

According to the characteristics of construction, the vault presents three types of
interfaces (Figure 3, right), namely (a) interface 1, made with gypsum between bricks in
the vertical direction; (b) interface 2, made with mortar between bricks in the horizontal
direction; and (c) interface 3, between the two layers, made with mortar between bricks in
the vertical and horizontal directions.

Young’s moduli of mortar and gypsum, and the Poisson’s ratio of bricks were obtained
from the literature [71] and the technical specifications defined by the manufacturer. The
shear modulus (G) was computed using Equation (2):

E
= — 2
G 2-(14v) @)
The normal and shear stiffness of interfaces were calculated by applying the following
equations [66]:
Eu'Em

kn=——7———, 3

" hm'(Eu *Em) ( )
Gu'Gm

ks = —————. 4

° hm'(Gu *Gm) ( )

in which E, and E,; are the Young’s moduli of the units and the mortar/gypsum, respec-
tively; G, and G, are the shear moduli of the unit and the binder, respectively; and h,, is
the joint thickness. The joints present an average thickness of 8 mm.

Twelve specimens of gypsum were tested in compression according to EN 1015 [72].
The load was applied through an area of 40 mm x 40 mm. The average compressive
strength is equal to 19.56 N/mm?. The compressive strength of the mortar (7.5 N/mm?)
was obtained from the technical specifications defined by the manufacturer (grey dry
mortar 7.5). The compressive fracture energy was derived from two different equations as
a function of f. [71]:

Gfe =15+ 043 f —0.0036 fZ (N/mm); for 12N/mm” < f, <80N/mm?  (5)
ch =d-f; for fo <12N/ mm?a d = 1.bmmisrecommended. 6)

The values of tang, tang, Gy and k, were assumed according to the literature. The
cohesion, ¢, was estimated as 1.5f; [71]. As assumed for the macro-model, the tensile
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strength and tensile fracture energy of the micro-model are defined as the parameters to
calibrate. The material properties adopted for the micro-model are presented in Tables 2—4.

Table 2. Young and shear moduli of the materials.

E G
N/mm? N/mm?
Bricks V 7750 3370
Bricks H 6000 2609
Mortar 1800 783
Gypsum 100 43
Bricks V-H 2700 1174

Table 3. Linear properties of the interfaces and units.

Young’s Modulus Poisson’s Ratio Normal Stiffness Shear Stiffness
E

Element v k. ks
N/mm? - N/mm? N/mm?®
Bricks V (first layer) 7750 0.15 - -
Bricks H (second layer) 6000 0.15 - -
Interface 1 (V-V, gypsum) - - 13 6
Interface 2 (H-H, mortar) - - 321 140
- 675 293

Interface 3 (V-H, mortar) -

Table 4. Non-linear properties of the interfaces.

Tension Shear Compression
Element ft Gﬂ c tan¢  tang Gﬂl fe ch kp
N/mm? N/mm N/mm? - - N/mm N/mm? N/mm N/mm?

Interface 1 0.80 0.14 1.20 0.75 0 0.093 19.56 22.03 10
Interface 2 0.32 0.14 0.48 0.75 0 0.093 7.50 12.00 10
Interface 3 0.32 0.14 0.48 0.75 0 0.093 7.50 12.00 10

2.2. Load Tests of Vaults

The vault adopted for this study presents the usual dimensions and characteristics of
tile vaults traditionally used in dwellings. The vault adopted for this study (Figure 4) is a
1 m wide, 0.3 m high and 3 m span barrel vault composed of two layers of hollow bricks

(88 mm thick in total).

Two layers of bricks

Figure 4. Cross-section of the vault.

Two vaults were built and tested, applying a load at § of the vault’s length on a
platform constructed to create a flat surface 0.4 m wide and 1.0 m long (vault’s width)
(Figures 5 and 6). The setup included two metallic beams at the supports with two tie rods

installed to absorb the horizontal thrust (Figure 5).
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Figure 5. Preparation of the load test.

Loading surface P2, P3
P1 P4
’ 3.00 m ’
’ 0.75m ’ 0.75m ’ 0.75m , 0.75m ,
P 0.40m s Cross-section
P2 P4
> N T
Loading surface 1.00m
< > N
P1 P3

Plan

Figure 6. First vault’s potentiometers’ distribution.

Four potentiometers were installed on the first vault, aimed at monitoring the dis-
placements (Figure 6). The average values of the data registered by the potentiometers at
the vault’s edges, P2 and P3 (Figure 6), are called P2-P3 and estimate the displacements in
the central point of the vault, both regarding the width and the length. The potentiometers
in the P1 and P4 positions supply data concerning the vault’s edges’ displacements at the
spots indicated in Figure 6. A torsion phenomenon can be identified, as the values from P2
are positive, whereas those from P3 are negative, meaning that one edge is subjected to
downward displacements while the opposite one is subjected to upward displacements.
An identical behaviour across the entire width of the vault was not expected due to imper-
fections caused by the manual construction process and potential small asymmetries in the
loading process.

As awaited, the loaded side of the vault presents a downward displacement (posi-
tive) (P1), whereas the potentiometer at the opposite side (P4) registered negative values
(Figure 7). P2-P3 data also indicate upward displacements, but very slight ones. For this
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type of loading, the displacement at midspan is very low and generally not regarded as a
reference point. Minor irregularities in the vault’s shape can result in slight variations in
the displacements at the central point (often hovering around zero), potentially altering
their direction.

18
16
14
12
10

Force (kN)

o N B~ O

Displacement (mm)

Figure 7. Load-displacement curves of the first vault’s test.

The ultimate load reached 16.0 kN and no cracks were visible until the collapse.
The collapse occurred suddenly, which is associated with unreinforced masonry’s brittle
behaviour. Taking into account the shape of the vault and the load’s point of application,
a four-hinge mechanism was expected to be developed during the loading test [44]. This
behaviour was indeed observed in the vault, and the presence of the four-hinge mechanism
could be inferred after collapse from the broken parts of the vault (Figure 8).

Figure 8. First vault collapsed. Red arrows show the identified hinges.

Four potentiometers were also used to monitor the displacements of the second vault
(Figures 9 and 10). However, in this test, the potentiometers were placed in a distribution
designed to obtain the displacements of three points at the central section directly. The dis-
tribution of the four potentiometers is presented in Figure 10. The displacement at the load
point, called P1-P2, is taken as the average between the data registered by potentiometers
P1 and P2. The displacements until the load of 12.5 kN were not properly measured by
the potentiometers due to a technical limitation; these data are therefore not presented and
only the displacements after that load are reported.
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Figure 9. Load test on the second vault.

Loading surface P3

~ 0.75m 7 0.75m % 0.75m # 0.75m 7
¥ 0.40m Cross-section
P1
/'> W
] P3 P4
Loading surface —t ® ® 1.00 m
/j .
P2
Plan

Figure 10. Second vault’s potentiometers’ distribution.

The ultimate load was equal to 13.19 kN and, as observed in the first vault, the failure
mechanism involved four hinges (Figure 11, left). The displacements at 13.19 kN were 4.45 mm
and 0.06 mm downwards for P1-P2 and P3, respectively, and 4.05 mm upwards for P4 (Figure 10).
During this test, it was possible to observe a crack for a load equal to 12.5 kIN. The crack was
located on a single brick under the load at the edge of the vault (Figure 11, right).
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Figure 11. Load test on the second vault: (left) end of testing with red arrows showing the identified
hinges; and (right) crack during the load test (12.5 kN).

3. Modelling of the Structural Performance of the Vault

The numerical modelling of the structural performance of the vault was carried out
based on two different methods, namely the limit analysis and non-linear static analysis.
As mentioned above, two numerical models based on the Finite Element Method (FEM)
were employed for the non-linear static analysis. The FEM models were prepared based
on different modelling approaches for masonry, namely the macro-modelling approach,
in which units, mortar and the unit/mortar interface are smeared out as a homogeneous
continuum material, and the simplified micro-modelling, in which the expanded units
are represented by continuum elements, whereas the behaviour of the mortar joints and
unit/mortar interface is lumped in discontinuous elements [73].

3.1. Limit Analysis

In the limit analysis, the lower bound theorem (static approach), the upper bound
theorem (kinematic approach) and the uniqueness theorem were adopted [74]. The vault
was divided into 46 voussoirs and a density equal to 12.19 kN/m?, obtained from the
experimental tests, was used for the masonry. Each voussoir presents a volume of 0.006 m?,
which corresponds to a weight of 0.073 kN. The incremental load was applied over a length
of 0.40 m to replicate the experimental test. The software ELARM, Extended Limit Analysis
for Reinforced Masonry, was used to perform this assessment [36,75].

The ultimate load obtained from the limit analysis was equal to 3.84 kN (Figure 12),
which is not similar to the ultimate load obtained from the experimental tests. According to
this analysis, the load capacity of the vault is lower than one-third of the minimum collapse
load obtained from the two experimental tests. Thus, the limit analysis seems conservative
to evaluate the load capacity of these vaults. It is noted that limit analysis assumes the
hypothesis that the masonry has no tensile strength along the voussoir interfaces [44],
which is a cause for the low ultimate load obtained.

Total load = 0.64 kN x 6 loads = 3.84 kN

9.8 kN

AR E

w L ,-rl—fr,l"f 11| iE L] . i:'f"zﬁ%?__
i s
T L

; \\ ’\ ,‘L« i :/:%

Figure 12. Limit analysis: (top) vault divided into 46 voussoirs; and (bottom) uniqueness theorem.
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3.2. Macro-Modelling Approach

The software DIANA FEA was used to carry out this analysis. In the non-linear static
analysis based on the macro-modelling approach, the Total-Strain Fixed-Crack Model,
which corresponds to a model based on total strains, was selected due to its robustness and
simplicity. It assumes that the cracks are fixed according to the principal directions of the
strains and remain invariant during the loading of the structure. Quadrilateral isoparamet-
ric plane stress elements with eight nodes (CQ16M) based on quadratic interpolation and
Gauss integration were used [76]. A mesh with a size of 38 x 22 mm was adopted.

In what concerns the stress—strains relationships, a parabolic hardening and softening
curve for the compressive behaviour and exponential tension-softening for the tensile
behaviour were adopted. The shear behaviour was simulated by a linear relationship
between stress and strains, in which the shear stiffness is reduced after cracking according
to the shear retention factor (0.1) [76].

The boundary conditions of the vaults in the experimental tests are complex and do
not correspond to pinned (translations) or fixed (translations and rotations) supports. The
observation of the damage, namely the position of the hinges, can be helpful for defining
the boundary conditions of the numerical model. If the hinges in any of the two vaults
are not located at the supports, but inside the vault, it means that the supports should be
fixed. In this case study, both cases were found (Figure 13) and the two types of boundary
conditions were evaluated. For the different boundary conditions, the tensile strength
(fo) and tensile fracture energy (Gg) were calibrated. The other material properties were
assumed as fixed parameters and were obtained from the experimental tests and data
collection (Section 2). For the numerical model with pinned boundary conditions, the
calibrated tensile strength is almost 14% of the compressive strength, which is a ratio
considerably higher than those found in the literature [66,71,74]. The tensile strength and
the tensile fracture energy obtained for the model with fixed boundary conditions are equal
to 0.24 N/mm? and 0.14 N/mm, respectively, which are more appropriate for masonry.
Thus, the numerical model with fixed boundary conditions was adopted for the assessment
of the vault.

Figure 13. Details of the damage at the supports: (left) hinge before the support; and (right) hinge at
the support.

The material properties used for the non-linear analysis are presented in Table 1. First,
the self-weight was applied and then an overload over a length of 0.40 m was applied at one
quarter of the span of the vault until failure. The capacity curves for the two control points
(P1 and P4 for the first vault and P1-P2 and P4 for the second one) are presented in Figure 14.
It is noted that the displacements of the capacity curves of the first vault were obtained from
the edges of the vault (Figure 6). Due to the torsion effect (Section 2.2), these displacements
are not equal to the displacements at the central section of the vault. Observing the direction
of the displacements in each point and the torsion effect, it can be concluded that in the
case of the loaded side, the central point’s downward displacement is bigger than that on
the edge. On the opposite side, the central point’s upward displacement is bigger than
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that on the edge. This is also in agreement with the curves of the first vault tested, which
show less displacement in both graphics (Figure 14). In what concerns the load capacity of
the vault, the numerical model presents a maximum load of 14.35 kN, which is within the
results range obtained in the two experimental tests. Finally, the numerical model is able to
simulate the damage observed in the experimental tests, in which the typical four hinges
are observed (Figure 15).

[
o o

[P
o~ &

12 t 12 -

10 N <
3 ° Macro-model Macro-model [ E
5 6 - T 6
< —— First Vault First Vault + )

4 T+ 4

2 —— Second Vault ——Second Vault T 2

o I : ! ; ' | ; i i - i o

-1 o 1 2 3 4 5 -5 -4 -3 -2 -1 0 s |
Displacement (mm) Displacement (mm)

Figure 14. Numerical (macro-model) and experimental load-displacement curves: (left) response at
the load point; and (right) response at the opposite side of the loading. (For the second vault, only
the displacement after the load of 12.5 kN is shown).

I o.75x10%

0.668 x 107
0.586 x 10
0.503 x 107
0.421x10™*
0.339x 10
0.257 x 10™*
L 0.174x10™
1 0.922x107°

0.1x10°
1

Figure 15. Principal tensile strains and hinges of the macro-model.

3.3. Simplified Micro-Modelling Approach

In the simplified micro-model, the elements utilized for the units are identical to those
used for the macro-modelling approach: quadrilateral isoparametric plane stress elements
with eight nodes, called “CQ16M” in the software DIANA FEA. A mesh of smaller finite
elements is required to fit them within the dimensions of the bricks in both directions. The
finite elements have a size of 19 x 22 mm. The interface elements are modelled as inelastic
and had zero thickness and six nodes based on quadratic interpolation [76]. The yield
surface adopted for the interface elements is defined by the function presented in Figure 16,
where f,, is the compressive strength, f; is the tensile strength, t; is the shear traction, ¢, is
the normal traction and c is the cohesion. The diagrams of the behaviour of the model in
compression, tension and shear are presented in Figure 17.
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Figure 16. Yield surface of the interface elements [76].
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Figure 17. Material behaviour of masonry for the simplified micro-model: (left) compressive be-
haviour; (middle) tensile behaviour; and (right) shear behaviour [76].

The simplified micro-model was calibrated using the same procedure adopted for the
macro-model. Thus, different boundary conditions were evaluated and it was concluded
that the model with fixed boundary conditions presents results more in accordance with
both the experimental tests and the literature [67,73,74].

Figure 18 presents the load-displacement curves for the two control points of the
simplified micro-model and those from the experimental tests. The simplified micro-model
presents a collapse mechanism with four hinges (Figure 19), which is in agreement with the
damage observed in the experimental tests.

18
16
14
12
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Force (kN)

—— Micro-model
—First Vault

——Second Vault

—— Micro-model

First Vault

—Second vault

|
e e e e
5k sa b
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Displacement (mm)

t +
3 4
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Figure 18. Numerical (simplified micro-model) and experimental load-displacement curves: (left) re-
sponse at the load point; and (right) response at the opposite side point. (For the second vault, only
the displacement after the load 12.5 kN is shown).
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Figure 19. Principal tensile strains and hinges in the simplified micro-model.

3.4. Comparison of Results

Although the ultimate load capacity of both models is similar (14.35 and 14.25 kN for
the macro- and micro-models, respectively), the numerical models based on the macro-
modelling and simplified micro-modelling approaches present different deformations,
namely, at the point placed at the opposite side of the loading point (Figure 20). The
numerical models cannot match exactly with the experimental results, as the tested vaults
presented different responses. Thus, an approximation of the numerical response to both
experimental responses was expected, namely, a numerical response between both experi-
mental results in terms of maximum load capacity and displacement. In what concerns
damage, namely the collapse mechanism, the simplified micro-model allows for a more
accurate identification of the hinges’ position through the principal tensile strains, as the
model itself is defined with more detail. On the other hand, the hinges in the macro-model
appear as a diffuse stain distribution (Figures 15 and 19).
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Figure 20. Load-displacement curves of the macro-model and the simplified micro-model: (left) re-

sponse at the load point; and (right) response at the opposite side point.

4. Conclusions

This paper focuses on the structural analysis of tile vaults, aiming to enhance under-
standing of their behaviour and determine the most suitable approaches for their analysis.
The complex structural characteristics of masonry pose challenges in accurate modelling.
This research contributes to the ongoing discussion in academic and professional circles
regarding the assessment methods for tile vaults.

A study on the structural performance of tile vaults is presented, involving experi-
mental tests on masonry samples and two vaults, and graphical and numerical analysis.
Limit analysis and non-linear static analysis were carried out. Two FEM models based on
the macro-modelling and simplified micro-modelling approaches were prepared.

The two masonry full-scale structures showed brittle behaviour and presented the
typical collapse mechanism with four hinges caused by a punctual load applied at % of the
vault’s length. The ultimate loads were 16.0 kN and 13.19 kN for the first and the second
vault, respectively.

The collapse load obtained from the limit analysis (3.84 kN) is significantly lower
than the load capacity obtained from experimental tests (average of 14.59 kN). Although
in general limit analysis is considered a reliable tool for the assessment of the structural
behaviour of masonry structures, it was not able to predict correctly the load capacity
of the tested tile vaults. The differences in the results can be related to one of the three
well-known Heyman'’s assumptions for the application of the plastic theorems to masonry
structures: masonry’s tensile strength is considered null [44]. In light of the findings
from the limit analysis, it would be highly beneficial to explore the integration of the tile
vault’s tensile capacity into this method. This inclusion would enable the application of the
well-established and straightforward assessment method to tile vaults as well.

After the calibration process, the non-linear static analysis of both FEM models (macro-
modelling and simplified micro-modelling approach) presented good results, mainly in terms of
maximum load capacity (14 kN). Although the micro-model seems more appropriate to identify
the position of the hinges, the macro-model presented better results in terms of deformation.
Both FEM models were able to correctly replicate the damage observed in the experimental
tests. Finally, it should be taken into account that the complexity in the preparation of the
model (mesh and material properties) and the time needed for running the analyses for the
micro-model are significantly higher than for the macro-modelling approach.

The comparative analysis of assessment methods for tile vaults enhances the under-
standing of their structural behaviour. By evaluating various approaches and elucidating
their strengths and weaknesses, researchers and professionals are empowered to select the
most suitable method for their specific needs. This research contributes to advancing the
field of tile vault analysis and promotes the adoption of reliable assessment techniques.
Embracing these advancements unlocks the potential of tile vaults in sustainable and effi-
cient construction practices, enabling the creation of visually striking architectural designs
with robust structural integrity. Through a comprehensive investigation of traditional
construction techniques and their adaptation to contemporary standards, a paradigm shift
toward a greener, more ecologically responsible future for construction is envisioned—one
that embraces heritage while fostering innovative solutions for a planet in need.
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