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Abstract: The compatible strengthening of historical constructions is a critical
issue in modern restoration practice. Among others, numerical modelling
became a powerful instrument in the practice of checking the suitability and
effectiveness of a given structural strengthening solution. In particular, the
topic of numerical modelling of masonry arches and vaults was developed by
many researchers for several years. This paper is focused on the numerical
representation of a traditional strengthening technique, based on the use of
transversal masonry diaphragms applied to arches and vaults. Macro and
micromodelling approaches were considered in this work as to discuss the
adequacy and efficiency of the strengthened method and also compare results
between the two approaches. To further define the properties and effectiveness
of the strengthening solution, a parametric study was conducted by means of
geometrical and mechanical modifications applied to the diaphragms.
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This paper is a revised and expanded version of a paper entitled ‘“Numerical
modeling of masonry vaults strengthened with transversal diaphragms’,
presented at the 9th International Conference on Structural Analysis of
Historical Constructions, October, 2014, Mexico.

1 Introduction

Amongst the different structural elements of historical constructions, masonry arches and
vaults deserve a special attention. These structural components allowed the construction
of some of the most beautiful and spectacular buildings (e.g. gothic cathedrals) during the
past centuries. The use of vault-like structures allowed constructions of great scale to
emerge, using materials of low or almost null tensile strength, as the case of masonry
(Heyman, 1982; Ochsendorf, 2002).

Many historical buildings, including those classified as cultural heritage, are in poor
condition, or even in a condition characterised as endangered by severe damage or even
collapse. Therefore, it is crucial to find ways that might guarantee life elongation of the
most critical structural components. In the particular case of historical buildings, the
matter becomes even more complicated, since they usually cannot be altered in a way
that might compromise its original conception and meaning. Consequently, responsible
strengthening of historical constructions is becoming an important issue in modern
restoration practice (Carocci, 2001; Ministero per i beni e le attivita culturali, 2010).

Over decades, many preservation works have been done and a significant number of
strengthening techniques were developed. Unfortunately, not all of them were successful,
as sometimes interventions destroyed the cultural value of constructions. To prevent
repetition of poor restoration practices, the International Council on Monuments and Sites
(ICOMOS) formulated some ground guidelines to organise the work to be done in
historical constructions, so that monuments would be approached in a suitable way.
International Scientific Committee for Analysis and Restoration of Structures of
Architectural Heritage (ISCARSAH) created a set of principles and recommendations
aimed at ensuring rational methods of analysis and repair of historical constructions
appropriate to the cultural context (ICOMOS/ISCARSAH Committee, 2003). Here, it is
recognised that conventional calculation techniques and legal codes or standards oriented
to the design of modern constructions may be difficult to apply, or even inapplicable, to
historical structures. Additionally, ISCARSAH recommendations state the importance of
a scientific, multidisciplinary approach involving historical investigation, inspection,
monitoring and structural modelling and analysis.

During decades of rehabilitation of historical constructions, many strengthening
techniques were developed. With the progress of technology, more sophisticated
approaches were created, therefore nowadays there is a wide range of intervention
techniques that can be used. Choosing the right method is a complicated process in
which many factors have to be taken into consideration, such as: cultural value of the
structure, source of damage, reversibility of the technique and its interference with the
original element, cost estimation, feasibility and efficiency of the method in particular
conditions.

This paper is focused on the numerical modelling of strengthened masonry vaults.
This topic has been approached by many researchers, but has been typically concentrated
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on the use of innovative materials like Fiber Reinforced Polymer (FRP) (Valluzzi et al.,
2001; Oliveira et al., 2010) and, more recently, Steel Reinforced Polymer (SRP) or
Textile Reinforced Mortar (TRM) (Garmendia et al., 2011). The use of modern materials
is a reasonable approach as many constructions require significant increase of load-
bearing capacity that can only be provided by the use of the previously mentioned
techniques. With the increasing use of modern composite materials, many traditional
reinforcement materials and methods were disregarded and considered as not efficient
enough in comparison with the new ones. However, there is a significant trend towards
the use of traditional strengthening techniques due to their traditional compatible
behaviour with the masonry substrate.

In particular, this paper presents and discusses the numerical modelling of a type of
traditional strengthening technique, namely the use of extrados stiffening elements made
of masonry (also called masonry ribs). This method, which has some significant
advantages over innovative techniques, specifically its full compatibility with the
substrate, has hardly been investigated and characterised, from both the experimental and
(mainly) the numerical points of view.

2 Reference vault: methodology and results

2.1 Vault structural behaviour

Masonry structures are in general amongst constructions that are hard to analyse. From
the point of view of material parameters to the complexity of the construction, it is
usually difficult to define the proper state of a structure. Traditional masonry, as a non-
standardised material, presents heterogeneous properties, and its behaviour should not be
considered as linear, especially under tensile stress states. Moreover, past builders and
architects showed endless imagination in the manner they created new shapes and
construction details, which hinder the analysis of the structural performance of many
buildings (Lourengo, 2002; Roca et al., 2010).

Masonry arches and vaults owe their popularity in historical constructions to the
remarkable property that they possess - state of compression in which they work.
Nevertheless, their stability and safety depend highly on the mechanical properties of the
masonry constituents as well as on the geometry. Due to the fact that masonry has a
negligible tensile strength, the safety condition of an arch is conditioned by the thrust line
lying within the arch itself. If the thrust line becomes tangent at any point of the arch
cross section, the formation of plastic hinges will occur. Hinges enhance further arch
deformation, by material crushing in the compressed side of the cross section. This
changes the structural behaviour of an arch and increases the probability of development
of a sufficient number of hinges to transform an arch into a mechanism and to cause its
collapse (Heyman, 1982), see Figure 1.
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Figure 1 Line of thrust and failure mechanism of an unstrengthened masonry vault subjected to
vertical load applied to (a) middle of the span and (b) a quarter of the arch span
(see online version for colours)
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Source: Valluzzi et al. (2001)

An unstrengthened masonry vault tested in laboratory by Girardello (2013) was here used
to develop and validate a numerical model, which later included also a strengthening
solution analysis. The reference model is presented in two different modelling strategies,
namely macro- and micro-modelling. The vault was tested experimentally and the
available results were used to calibrate the two numerical models.

2.2 Review of experimental work

The geometry, available material properties and global force-displacements needed for
the numerical model calibration were kindly provided by University of Padova
(Girardello, 2013). A set of eight vaults was constructed, of which seven included
reinforcement of different kind (Steel Reinforced Grout (SRG), SRP, Carbon Fiber
Reinforced Polymer (CFRP), Basalt Textile Reinforced Mortar (BTRM) and extrados
stiffening diaphragms with SRP and SRG strips). The unreinforced vault was loaded at
the quarter span in a monotonic way until failure. The arrangement of vault and load
scheme is illustrated in Figure 2. The unstrengthened vault was monitored by a set of
Linear Variable Displacement Transducer (LVDT) applied in strategic positions on the
structure. The ultimate load of the vault reached 1.38 kN, for a keystone displacement
equal to 0.39 mm. Collapse happened due to the formation of the four plastic hinges, thus
creating the classical failure mechanism.

Figure 2 Unreinforced vault with location of plastic hinges: (a) scheme of the vault and (b)
picture of the vault (see online version for colours)
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2.3 Numerical modelling

A large number of numerical researches about masonry arches and vaults has been
resorting to micro-modelling to represent the complex behaviour of these structural
components. This approach is understandable because characterisation of mortar joints as
interfaces is of high importance to credibly reproduce vaults and arches’ behaviour.
Conversely, macro-modelling is considered to be able to realistically replicate the global
behaviour of a structure, rather than some local phenomenon. Nevertheless, macro-
modelling has an advantage that should be taken into account, which is the higher and
quicker feasibility of the model (Lourengo 2002; Roca et al., 2013).

To prepare a realistic reference model used to define the impact of extrados
diaphragms, a numerical model was created. A plane-stress two-dimensional model was
created in DIANA 9.4 software (DIANA 9.4, 2009). The masonry vault has a 2,980-mm
span, 1,140-mm rise, 120-mm voussoir thickness and total width of 770 mm, see also
Figure 3. During the analysis, subsequently to the application of the self-weight, a
monotonic incremental concentrated load was applied at the quarter span of the vault.

Figure 3 Geometry of the reference model
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2.3.1 Macro-model approach

Within a macro-model approach, the material non-linearities of masonry are the
governing parameters. The constitutive model, by means of suitable non-linear properties
of masonry, should adequately simulate the complex behaviour of the material.
Therefore, an important part of the modelling work was connected with defining the
material parameters not obtained from the experimental tests of material components.

Masonry was discretised resorting to eight-nodded quadrilateral finite elements,
whilst its physical non-linearity is approached by the total strain rotating crack model
implemented in DIANA software (DIANA 9.4, 2009), assuming stress-strain
relationships parabolic in compression and exponential in tension, see also Figure 4.
Total strain crack models have been used to model different historical masonry
behaviours with great success (Lourengo et al., 2012; Miccoli et al., 2015).

Figure 5 Mesh used in the micro-model: (a) general view and (b) detail of the modelling
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A preliminary parametric numerical study was carried out to define the suitable
parameters for the masonry. The study allowed to define material properties able to create
a representative numerical model, in terms of global behaviour and ultimate load. The
mechanical properties defined allowed to perform a second parametric study based on
reliable data (presented in chapter 4). Most of the properties used to simulate the vault
behaviour are provided in (Girardello, 2013). All the elastic and inelastic properties
adopted for modelling are listed in Tables 1 and 2, see also DIANA 9.4 (2009) and
Ptaszkowska (2013).

Table 1 Elastic properties of masonry and interfaces

Elastic modulus  Poisson ratio Normal stiffness  Shear stiffness

Element (N/mm?) “) (N/mm’) (N/mm?)
Masonry MAS1 7,200 0.15 - -
(brick)

Masonry MAS2 1,193 0.15 - -
Interfaces (INT1 - - 21 8

and INT2)
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Table 2 Inelastic properties of masonry and interfaces
Tension Shear Compression
1 11
fi G, c tang  tang G, fe G k,
(N/mm®)  (N/mm) (N/mm®) (=) (&) (N/mm)  (N/mm?)  (N/mm) (-)
Masonry  0.04 0.02 - - - - 5.97 9.55 -
MAS?2
Interface  0.07 0.02 0.17 0.43 0 0.05 5.97 9.55 10
INT1
Interface  0.04 0.02 0.17 0.43 0 0.05 5.97 9.55 10
INT2

2.3.2 Micro-model approach

For the micro-model approach, the model consists of units and interfaces, which
represents the brick units and mortar joints, respectively. For the modelling procedure,
units were treated like a continuous elastic material, whilst all the non-linearity of the
masonry was concentrated in the interfaces. Therefore, two types of mesh elements were
used to describe the structural behaviour. Eight-nodded quadrilateral elements were used
for all units, whilst six-nodded zero thickness interface elements were employed for the
mortar joints. The adopted mesh is presented in Figure 5.

To define the complex masonry, the crack-shear-crush multi-surface constitutive
model was selected for the interfaces, see (DIANA 9.4, 2009) for details. Basically, the
model sets a non-linear relation between tractions (i.e. stresses) and relative
displacements across a zero thickness interface (Lourengo and Rots, 1997). Parameters
for most of the materials were characterised during experimental tests (Girardello, 2013).
Values of properties that were not characterised experimentally had to be defined from
other experimental and numerical works present in the literature, as discussed in
Ptaszkowska (2013). For instance, tensile strength and mode-I fracture energy were
estimated during the calibration of the micro-model.

A monotonic incremental load was applied at the quarter-span of the arch, like in the
case of the macro-model. To perform the non-linear analysis, the arc-length method and
the crack mouth opening displacement technique were employed to surpass instabilities
caused by non-linearities associated to the sudden opening of the interfaces.

2.4 Comparison of results

To characterise the structural behaviour of the reference vault model, a comparison
between experimental and numerical results was conducted. This has been done by
defining the ultimate load capacity and the failure mechanism of both models. The two
different models, with different degrees of accuracy, gave some interesting outcomes,
presented in Table 3. Figure 6 presents the force-displacement curves at two particular
points of the model, namely keystone and loading point, for all three models under
analysis. The evaluation is made on the resultant displacement for those two points
available from experimental results.
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Table 3 Comparison of experimental and numerical results
Ultimate load capacity Displacement at the Initial stiffness
Type of result (kN) keystone (mm) (kN/mm)
Experimental 1.38 0.39 6.46
Macro-model 1.41 0.52 6.03
Micro-model 1.45 0.34 5.85

Figure 6 Comparison between experimental and numerical global force-displacement curves: (a)
keystone and (b) loading point (see online version for colours)
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The numerical response of the macro-model presents a very good correlation with
experimental results, especially in terms of initial stiffness and peak load. Figure 6 shows
that after the maximum load being reached, a drop in the load-carrying capacity is
detected, which can be connected with major damage present in the structure.
Additionally, the model and the experimental results show close values of the resultant
displacement measured in the keystone and loading point. Four zones of high tensile
strains are noticeable in the model, see Figure 7a. Those zones can be correlated with
localisation of hinges that developed during experiments. Thus, it can be concluded that
the numerical ‘collapse mechanism’ is due to the occurrence of four plastic hinges.

Figure 7 Principal tensile strain distribution and location of hinges at peak load: (a) macro-model
and (b) micro-model (see online version for colours)
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The micro-model approach replicates the experimental behaviour in a satisfactory
manner. The displacement at peak load is smaller than the real specimen, which signifies
that the micro-model is slightly stiffer and also behaves in a brittle manner. Close to the
maximum load capacity, the behaviour tends to become non-linear. After reaching the
peak load, the model replicates partially the softening branch. The values of the load
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capacity of the model goes above the results from the experiment, whilst at the same time
the maximum displacement at peak load is lower than in experiments (keystone section).
The initial stiffness of the vault is reasonably close to the experimental value. The model
allows to identify the location and the sequence of hinges in the structure (Figure 7b).
The identification of hinges is based on a principal tensile strain distribution, which can
be related with zones of crack development.

The macro-model approach has the advantage of a simpler pre-processing in terms of
model creation, it requires less input data and involves less computational cost. On the
other hand, micro-model allows for a more detailed structural behaviour description,
which tends to be typically more reliable.

3 Strengthened vault model

During the last century, several rehabilitation and strengthening techniques for historical
constructions were developed. The introduction of steel ties at the vault springing, for the
case of arched structures (Jasienko et al., 2006), or at the floor level (Tomazevic, 1999)
are two good examples of affordable and efficient options, showing also to be reversible
interventions, thus respecting the modern principles of conservation
(ICOMOS/ISCARSAH Committee, 2003). More recently, the use of FRP-based solutions
(Valluzzi et al., 2012) is currently being replaced by the TRM technique (De Felice et al.,
2014) due to compatibility problems with the substrate (Valluzzi et al., 2014) and
durability concerns (Ghiassi et al., 2014) associated with the former solution.

The idea of strengthening a vault with transversal stiffening masonry diaphragms
(also called ribs) applied at the extrados is an idea being rediscovered by engineers thanks
to its effectiveness, simplicity in concept and change in the conservation approach
towards traditional materials. Extrados stiffening diaphragms can be used in a variety of
geometric and material configurations. Traditional spandrel masonry walls reinforced
with composite materials have been proposed recently (Girardello, 2013). Some other
innovative approaches were also developed, in which the strengthening ribs are made
from composite materials or glued timber (Bednarz, 2008; Ferrario, 2013). Depending on
the concept, ribs can be understood as a continuous elements located throughout the
extrados or as spandrel walls placed on both sides of the extrados of vaults.

3.1 Macro-model approach

As in the case of the reference model, the reinforcement based on transversal walls was
modelled resorting both to a macro- and a micro-model. The geometry of the stiffening
diaphragm was taken from Girardello (2013), see also Figure 8. The stiffening element is
located at the extrados of the model in a symmetric manner. The width of the vault is 770
mm as previously. The stiffening diaphragm is 120-mm thick and is located in the middle
of the width of the vault.
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Figure 8 Strengthened vault model: (a) geometry and (b) detailed view of the mesh

Interface
1 \
- | — N
/g‘///"""f T \%ﬁﬂ “ AN ) Stiffening element
N A N Ve

/
280

\
NN
A
\
\
1140
V
/
630 e

«
Arch segment

~330

780 780 1560 \ )

360 L = 2980 360 _
(@) (b)

The macro-model was created as a continuous modelling of the reference vault and of the
transversal walls connected to each other with a structural interface. The vault and the
diaphragm wall should not be treated as continuously connected, especially in the case of
historical constructions, where strengthening is done much later than the vault was
erected. To take this aspect into account in the case of macro-modelling approach, the
properties of the interface vault-diaphragm had to be taken into consideration to imitate,
as closely as possible, the in-situ conditions.

The mesh of the model consists of two types of elements, eight-nodded quadrilateral
for the vault and six-nodded triangular for the strengthening part. Six-nodded zero
thickness interface elements were adopted to simulate the vault-diaphragm interface, as
presented in Figure 8b.

The constitutive law of the vault-diaphragm interface in the macro-model was taken
similar to the micro-model structural interface between units. The properties of masonry
were kept like in the case of the plain vault and were applied to both vault and stiffening
element. It is here assumed that the diaphragm is made with the same masonry of the
vault due to compatibility issues. The material properties used in the numerical model are
listed in Tables 1 and 2 (MAS2 and INT2).

Figure 9 presents the load-vertical displacement diagram at the keystone and under
the load point. The peak load is increased with regard to the plain vault. The maximum
value of the strengthened model is 1.72 kN, which means an increase of about 22%. In
terms of initial stiffness, the strengthening option doubles it, see also Table 4.

Table 4 Comparison of results for unstrengthened and strengthened macro-models
Increase of peak load Initial stiffness
Model Ultimate load capacity (kN) (%) (kN/mm)
u_arch 1.41 - 6.03

s_arch 1.72 22 11.06
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Figure 9 Comparison of results between unstrengthened and strengthened vault models in terms
of load-displacement curves (macro-model): (a) keystone and (b) loading point
(see online version for colours)
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As in the case of the unstrengthened specimen, failure of the strengthened model seems
to be due to the development of a four-hinge mechanism. The sequence of hinge
formation is different from the one developed for the plain vault, see also Figure 10a. The
hinges form alternately, once on intrados, once on extrados. Although failure is located
mostly in the vault itself, also the left stiffening element was affected (Figure 10a). The
hinges occurred approximately in positions similar to the unstrengthened vault, but now
cracks appear also in the diaphragms.

Figure 10 Principal tensile strain distribution and location of hinges at peak load: (a) macro-model
and (b) micro-model (see online version for colours)
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3.2 Micro-model approach

For the micro-modelling of the strengthened vault, two types of interfaces were
employed, one between unit-unit, and another between unit-diaphragm. For a more
realistic representation, a set of different properties for both interfaces were used, since it
is obvious that a newly laid mortar cannot have the same properties as the old one. The
geometry of the strengthened micro-model is the same as presented in Figure 8. In order
to replicate the reinforced vault, different materials were used for each component of the
model, see also Figure 11.
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Figure 11 Geometry of the strengthened arch with indication of all material types
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The mesh adopted consists of eight-nodded quadrilateral elements for the units, six-
nodded triangular for the stiffening diaphragm and six-nodded structural interfaces, see
Figure 12. Like before, the model was analysed in terms of structural response to a
monotonic incremental load. Material properties are listed in Tables 1 and 2.

Figure 12 Mesh used in the micro-model: (a) general view and (b) detail of the unit-diaphragm
connection

Interface Stiffening elemer
N /
VTS

Mortar >

interface N ) - \
4 ‘ / -
N/
“ 4/
-

(@) (b)

The load-displacement curve of the strengthened micro-model approach is represented in
Figure 13. The displacement in the vertical direction of the keystone is very low, around
0.01 mm. This might be linked with the fact that the unstrengthened model did not
replicate the post-peak behaviour in the most suitable way. The keystone first behaves
like in the plain vault, going downwards, but with increasing load the deformation is
greater and affects the displacement of the keystone, which starts to move upwards
(Figure 13a). The displacement of the loading point moved progressively from an elastic
to a hardening behaviour, ending with a slightly softening behaviour, typical of
kinematics (Figure 13b).
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Figure 13 Comparison of results between unstrengthened and strengthened vault models in terms
of load-displacement curve (micro-model): (a) keystone and (b) loading point
(see online version for colours)
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Once again, the presence of a masonry diaphragm alters the structural response of the
vault in terms of initial stiffness and ultimate capacity. Initial stiffness in the vertical
direction increases highly, almost doubled its value, whilst the maximum value observed
an increase of about 20%. All the comparable parameters are listed in Table 5. Finally,
the concentration of high principal tensile strains around four locations, see Figure 10b,
seems to indicate the formation of a four hinge mechanism, involving also the masonry
diaphragms, but not so obvious as for the macro-model one.

Table 5 Comparison of results for unstrengthened and strengthened micro-models

Ultimate load capacity Increase of peak load Initial stiffness

Type of arch (kN) (%) (kN/mm)
u_arch 1.45 - 5.85
s arch 1.74 20 11.54

4 Parametric study

To fully exploit the potential of the calibrated numerical model, a parametric study was
established to understand the response of the strengthened vaults to variations of potential
key material and geometric parameters of the stiffening diaphragm. Three variations were
then considered, but without changes in the meshes. Only the macro-model will be used
for the parametric study, due to its higher simplicity and smaller computational costs of
analysis. Additionally, the macro-model performed better in terms of post-peak
behaviour. Three types of parametric analysis were considered in the macro-model, as
follows:

1  increase of the extrados stiffening diaphragm thickness from 12 to 24 cm (s_arch_2)

2 increase of the diaphragm masonry properties, doubling the Young’s modulus and
compressive and tensile strengths (s_arch 3, see Table 6).
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Table 6 Values of properties of the original and changed (s_arch_3) model

3

Properties of Elastic

the masonry modulus Tension Compression

of the / B

diaphragm E(Nmm) — f(Nmm?) — Gr NImm?) ¢ Njp?) Ge(N/mm?’)
Original 1,193 0.04 0.02 597 9.55
values

New values 2,400 0.08 0.02 12 9.55

increase of the vault-diaphragm interface properties, doubling the tensile strength,
increasing cohesion and normal and shear stiffness (s_arch_4, see Table 7).

Table 7 Values of properties of the original and changed (s_arch_4) model

Properties’

values of the Normal stiffness  Shear stiffness Tensile strength Cohesion
interface k, (N/mm’) ky (N/mm®) [ (N/mm®) ¢ (N/mm?)
Original values 21 8.4 0.072 0.173
New values 210 84 0.14 0.25

Each change causes a variation in terms of the load-carrying capacity that the vault can

sustain. The comparison of results for the three parametric variations is illustrated in

d
1

Figure 14 and listed in Table 8. The largest influence is due to the doubling of the

iaphragm thickness (s_arch 2), allowing to reach a peak load value of 1.95 kN (about
3% increase). Also, this reinforcement showed the highest initial stiffness, as expected,

with an increment of about 27%.

Figure 14 Comparison of results in terms of load-displacement curve for: (a) keystone and (b)

loading point (see online version for colours)
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Table 8 Comparison of results for all macro-models studied
Ultimate load capacity Increase of peak load Initial stiffness

Model (kN) (%) (kN/mm)
u_arch 1.41 - 6.03

s arch 1.72 22 11.06

s arch 2 1.95 38 14.06

s arch 3 1.79 27 13.02

s arch 4 1.79 27 12.41

The use of a better masonry quality (s_arch_3) in the diaphragm did not bring important
changes in the load-bearing capacity. An increase of only 4% does not seem worth
further consideration. The last modification (s_arch_4), regarding the improvement of the
properties of the mortar connecting the diaphragm to the vault, led to a small increase of
both stiffness and strength, quite similar to the case of a better masonry.

5 Discussion

5.1 Strengthened models

Two different numerical modelling strategies aimed at understanding the effect of
stiffening diaphragms on the behaviour of masonry vaults and to clarify the influence of
the degree of detail introduced have been developed. The extrados diaphragm clearly
modified the static behaviour of the vault, basically doubling the initial stiffness and
increasing the maximum load by 20%, however the collapse mechanism observed was
connected with the development of four plastic hinges, as in the case of the plain vault.

The macro-model was able to replicate the post-peak behaviour of the strengthened
arch further than the micro-model did. Additionally, it required less computational time
and input data. Conversely, the micro-model required higher computational costs and its
structural response showed to be more brittle, which might be seen as a structural
response closer to experiments, more detailed at the local level.

The results in terms of ultimate load capacity of both reinforced models were very
similar (1.72 and 1.74 kN, for macro- and micro-, respectively). The same was observed
for the initial stiffness, where both models were working in a range around 11,000 N/mm.
The macro-model showed a higher displacement capacity. As the results in terms of
strength and initial stiffness are similar for macro- and micro-model, it can be concluded
that the strengthening technique is efficient and worth considering whilst thinking about
future reinforcement options applied to masonry vaults. However, it should be used in
cases that do not require a high increase in strength or possibly in combination with other
strengthening techniques.

5.2  Parametric study

The modifications applied to the original strengthened vault did not alter significantly the
strength nor its initial stiffness. However, amongst the three proposed changes, the one
worth considering is the use of a thicker stiffening element. It is not clear whether the
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simultaneous application of all proposed changes could significantly increase the carrying
capacity of the original strengthened vault.

6 Conclusion

This paper was devoted to the numerical study of an uncommon strengthening solution
for arches and vaults, based on the use of fully compatible transversal stiffening masonry
diaphragms. From the numerical work carried out, the following main conclusions can be
drawn:

e  For the particular structure analysed, micro- and macro-modelling strategies are
applicable since both techniques were able to reach approximate values and to
replicate the observed experimental behaviour of the unstrengthened specimen.

e The use of extrados stiffening diaphragms seems a suitable method for improvement
of the structural response of masonry arches and vaults, mainly in terms of initial
stiffness. However, if the aim of strengthening is a significant improvement in load
capacity, then the technique should be combined with another one or not considered.

e  The parametric study performed on the macro-model showed a variety of results.
Material changes of the masonry of the stiffening element did not alter the response
of the structure much, however the geometric variation of the diaphragm thickness
revealed an important impact on the capacity of the vault.
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