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Abstract: The strengthening of masonries is a crucial step in building restoration works because of its
relevance, mostly with regard to the improvement of building seismic behavior. Current building
technologies are based on the use of steel nets which are incorporated into cement plasters. The use of
steel has a number of contraindications that can be solved by using composite materials such as glass
fiber nets, which have high mechanical characteristics and lightness, elasticity, corrosion resistance,
and compatibility with lime plaster. Building interventions, that take into account the application
of glass fiber nets, are very sustainable from several points of view, e.g., material production, in situ
works, economic cost and durability. In Italy, several experiments have been carried out in situ
with the aim of testing the mechanical characteristics of masonries which have been treated with
fiber-reinforced polymer (FRP) nets. This paper deals with a series of in situ tests carried out during
the restoration works of an important historical building located in Catania (Sicily, Italy). The results
achieved are largely positive.
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1. Introduction

Italian architectural heritage is one of the richest and largest in the world, and it represents
an enormous resource that must be safeguarded and preserved in order to be passed on to future
generations [1,2]. Commonly, historical buildings, which form part of the architectural heritage,
are used for social services that require high quality standards achieved by constant activities of
maintenance. Moreover, since these buildings are highly exposed to the seismic risk related to the
vulnerability of a large part of the European and Italian territory [3], interventions aimed at improving
or adapting these types of buildings to the regulatory standards are required in order to preserve them
from earthquakes.

As largely debated in literature [4–7], traditional building techniques and materials are generally
not suitable for reaching proper anti-seismic safety in historical structures [6] because of several issues
such as the mechanical characteristics of the building materials and their damage mechanisms [8,9].
Consequently, to avoid possible conflicts between building conservation criteria and anti-seismic
requirements, it is often necessary to apply “seismic improvement” instead of “seismic upgrade”; thus,
an anti-seismic protection level, lower than that required for buildings built by using reinforced
concrete or steel structures, is accepted by the regulatory standards. For each limit state, the
improvement effectiveness must be quantified, evaluating the Peak Ground Acceleration (PGA)
levels generating local collapse mechanisms, before and after the interventions [10].
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Therefore, some research studies are directed towards the use of contemporary building materials
and techniques (e.g., base isolation, energy dissipation, shape-memory alloy devices, and FRP
materials) that could be acceptable for reducing the seismic vulnerability of historical buildings
if philologically correct, i.e., if it produces compatible and reversible building interventions. In this
context, the use of fiber-reinforced materials is one of the most promising methods because it makes it
possible to obtain adequate levels of security without employing electro-welded steel meshes which
were widely used after earthquakes in the past, especially in the second half of the 20th century
in Italy [11]. The use of FRP materials started more than a decade ago and research studies are
still in progress, especially with regard to new material families [12]. One of the most appreciated
characteristics of the fiber-reinforced materials is the sustainability of its production and usage [13,14].

The results discussed in this paper derive from a series of tests carried out on lava stone masonries
of the Asilo Sant’Agata (Figure 1), an ancient building for elderly care which was built in Catania
(Sicily, Italy) at the end of the 19th century [15]. Since the tested masonries are quite recurrent in
coeval buildings, especially in the eastern part of Sicily [16], the results are very useful for achieving
improvement of the seismic behavior of historical buildings.
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Figure 1. Location of the “Asilo Sant’Agata” of Catania (Sicily, Italy).

2. The Consolidation Intervention by Using Glass Fiber

Composite materials are obtained from the combination of two or more base materials of different
nature whose adhesion is guaranteed by an interface. They have the advantage of matching the
performance of both its components to obtain a final product with better performance than that
obtained by using each element separately [17]. Generally, a composite material consists of three
components: the matrix, which is weak and continuous, the reinforcement, which is strong and hard,
and the interface, which guarantees the compatibility and adhesion between the other two components.
The reinforcement is a set of fibers, which could be assembled in various ways, according to the
intended use; the matrix, which is spread on these fibers, has the role of protecting the reinforcement
and transferring to it the stresses, uniformly. Generally, the fibers are assembled into fabrics that,
from a geometric point of view, are essentially divided in the following ways: unidirectional fabrics,
made from fibers that are arranged in a parallel manner in the direction of their length; bi-directional
fabrics, made from fibers that are arranged according to two orthogonal directions; multi-axial fabrics,
obtained by placing the fibers in various directions on the plane. Usually, the matrix is constituted
by thermosetting epoxy resins that are obtained by combining a main reagent, which is the epoxy
pre-polymer (a viscous fluid), with a cross-linking agent [17].

Among composite materials, fiber-reinforced polymers (FRP) are widely used in the building
industry; in FRP, the reinforcement is typically made by alkali-resistant glass fibers, stranded to create
a monolithic, flexible and resistant mesh in all directions, while the matrix is made of thermosetting
polymeric resins which impregnate the mesh.
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The FRP are characterized by high mechanical resistance, fire resistance, chemical inertia, water
resistance, a low coefficient of thermal expansion, and high compatibility with other resins. They are
nonmagnetic, do not give rise to harmful emissions and have a low thermal and acoustic transmittance.
Finally, they have a low embodied energy [18–20].

They are used in many building interventions such as in the reinforcement of concrete beds
and floors, in the stiffening of insulating screeds, in concrete elements with small thickness, and in
reinforced masonry. Thanks to the proprieties of the base materials [21], this kind of intervention can
be considered very sustainable from several points of view such as material production, in situ works,
and economic cost and durability.

Among the interesting applications of FPR, the possibility to create a net for the strengthening
of masonries is relevant with regard to the consolidation of historical buildings [22]. In this kind of
intervention, the net is placed on the existing structure, after the removal of the plaster, and steadily
attached by connectors made of the same composite material. The connectors pass through the
masonry and are bent on the opposite side to be locked. Everything is covered by a new finishing layer,
generally obtained with lime mortar plaster. The intervention can be done in all building elements
(e.g., architraves, arches, splays, pillars, and vaults) [23,24].

In the recent past, the consolidation of masonry buildings was done using electro-welded steel
nets, covered with a layer of cement plaster. In comparison to this kind of building intervention, the
use of FRP materials allows the achievement of many advantages:

‚ oxidation resistance of glass fibers;
‚ compatibility of the lime mortars with the historical walls;
‚ reduced thickness of the mesh, which allows the optimal positioning of the net in the

original structures;
‚ non-magnetic property which avoids any interference problems with electro-magnetic fields;
‚ low maintenance requirements.

3. Materials and Methods

3.1. The Historical Building Object of the Research Study

The study was carried out in the “Asilo Sant’Agata”, one of the most appreciated charitable
institutions of Catania, a medium city on the eastern coast of Sicily (Italy), near the Etna Volcano.
According to the documentation obtained from historical archives, the building was designed by
Carmelo Sciuto-Patti [25], its construction started in 1878 and it was inaugurated on 10 June 1883.
The structure was built by the “Congregation of Little Sisters of Poors”, which provided assistance
to needy elderly people, and it still belongs to this congregation today. The congregation, which
was founded in France by Jeanne Jugan (Cancale, 25 October 1792—La Tour Saint-Joseph, St. Pern
29 August 1879), is present in 32 countries all over the world.

The building is composed of a small number of regular volumes which are centered on the elegant
neo-Gothic church, which represents the fulcrum of the whole complex. Two almost symmetric wings
(the east and west one) form the building; they contain the accommodations for the elderly and related
services (Figure 2).

The original structure had a basement and two stories above ground level. The floor of the second
story was 6 m above the ground. Subsequent changes have led to the realization of two mezzanines
which subdivided the story height and transformed the pitched roofs in the terraces. The façades
are done in the neoclassical style, according to the typical architectonic language of those years [26].
The original bearing structure (vertical walls and real vaults) is made of squared stone lava masonry,
while the added slabs are in the steel beams.

From a structural point of view, the building was not done in accordance with the current law
concerning the anti-seismic regulations [27]. Therefore, since 1999, the old asylum and services to the
elderly were suspended.
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In 2008, the “Congregation of Little Sisters of Poors” planned the restructuring of the nursing
home, in order to bring the building back to its original function. At the same time, they would
like to renew and adapt the building to the current standards of care and safety. The project also
included important interventions such as the static improvement of the bearing structures constituted
by lava stone masonry. As recommended in the Italian current technical regulation (NCT 2008),
it was developed in a push-over analysis, by realizing a tridimensional model of the building.
The interventions were designed in full respect to the historical, artistic, cultural and spiritual values
of the architectural building complex. Thanks to an accurate survey of geometry and materials,
the confidence factor was set at 1.2.

The structural intervention has been designed and realized by using FRP nets and lime mortar
plaster. Some preliminary tasks were necessary for the execution of the works, such as the disposal of
existing finishing, the removal of masonry joints by hand tools, and the washing of the wall with low
pressure sprayed water; these phases were followed by the pose of the glass fiber net (66 mm ˆ 66 mm),
anchored with connectors and further secured by the layer of lime plaster, with anti-shrinkage additives
(Figure 3).

Such suggested technology has been tested in the building in situ thanks to accurate tests,
described in the following section.
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3.2. Test Methodology

To evaluate the effectiveness of the described consolidation technique on lava stone masonries,
a diagonal compression test [7,28] was performed in situ. It involved the application of a diagonal
pressure load on an almost square-shaped piece of masonry panel until its breakage. This type
of test required specifications for the determination of the shear resistance for a cracking diagonal:
theoretically, this method of application of the load produces, indeed, a state of stress-strain similar
to the one resulting from the shear resistance, and determines the breakage of the panel along the
compression isostatic lines.

In the laboratory, the test was codified by the ASTM E 519-02 norm; in situ, unlike in the laboratory,
the panel was obtained from a portion of an existing wall that was cut with a diamond-cut saw, leaving
the panel partially stuck to the existing wall. In detail, “the diagonal compression test allows the
under-load panel a free-moving deformation, because its four sides are free from any constraint, with
the exception of a small portion of masonry which remains connected to the remaining part of the
building. This connection is irrelevant, as shown by some numerical processing” [29].

It was necessary to carry out a double test; the first one was carried out on the masonry wall in
its original condition and the second one on the consolidated wall, so that the increase in resistance
was appreciated. The chosen type of masonry consisted of blocks of squared lava stones which were
positioned forming pseudo-isodomic courses; the blocks were placed by using lime mortar and ghiara,
which is a red pozzolanic local inert material [26]. To stabilize the laying beds and to guarantee mutual
contrast, stone flakes and terracotta fragments were used. The masonry was strengthened with the
systematic use of diatones. This equipment could have positive feedback not only for the considered
building, but in most of the structures built between the second half of the 19th century and the first
decades of the following century in the whole Etna area [30]. This kind of masonry is known by the
name of Muratura Rinzeppata [31]. By considering the destructive aspect of the test, as well as the heavy
equipment required, stone masonry samples were located upon two walls intended to be demolished
in order to realize two doors, placed on the ground floor, in opposite wings of the building (Figure 2).

To allow the correct positioning of the testing tools in the opposing corners, the chosen masonries
were detached from the wall. A manual hydraulic jack was used to apply the load, so that it can be
gradually dosed (Figure 4). The applied load was measured with a pressure transducer, while the
relative displacements of the diagonal points of the sample were measured by pairs of potentiometric
transducers, placed in both faces. All equipment was connected to an electronic purchasing interfaced
with a computer.
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Figure 4. Diagram of the test.

During the test the applied load, the lengthening and the shortening of the bases were measured.
As it is known, it is possible to derive the equivalent principal tension of traction by the mean traction
deformation in the direction perpendicular to the compressed diagonal. In detail, the test was carried
out according to the recommendations of the RILEM 1931. Another method used is that indicated by
the ASTM E 519-02.

The loading procedure was characterized by a sequence of loading-unloading-reloading cycles
with an amplitude of about 10–15 kN up to the peak value of the resistance. It proceeded with constant
speed in both phases, equal to approximately 1.2 kN/s. After the peak resistance, the tests were
conducted monotonously and with displacement control. The experiments were completed when the
compressed diagonal contraction reached a value close to 20 mm.

For the mechanical characterization of the mortar used for the jacket, laboratory tests were also
carried out by simple compression and indirect traction (tensile strength test); Young’s modulus and
Poisson’s coefficient were also evaluated (the tests were performed in a laboratory office of evidence
and materials, on cylindrical samples realized in the pipeline, with 28 days of curing).

4. Results and Discussion

The first test carried out concerned the wall panel in the original condition (the test was carried
out in situ on 16 May 2013). The sample was almost square-shaped, with a side of about 120 cm and a
thickness of 60 cm. Before applying the load, the wall appeared in an acceptable condition, without
visible cracks or alterations.

During the test, the load-deformation diagram was plotted (Figure 5a) and at the end it was
possible to evaluate the load diagonal maximum (Pmax = 83.10 kN), the maximum normal stress
(σl,max = 0.056 MPa) and the maximum tangential tension (τ0,max = 0.037 MPa).Sustainability 2016, 8, 394  7 of 10 
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The curves shown in Figure 5 represent the load diagonal P in the function of the average strain
compression in the direction of the load εc, measured on both faces of the panel.

Then there was a second test on samples that was reinforced by the application of FRP (the test
was carried out in situ on 17 May 2013); shape and dimensions were similar to the previous case.
During the test, the load-deformation diagram was plotted (Figure 5b); once again, at the conclusion
of the load cycles, it was possible to evaluate the maximum load diagonal (Pmax = 239.46 kN), the
maximum normal stress (σl,max = 0162 MPa) and the maximum tangential tension (τ0,max = 0.108 MPa)
(Table 1).

Table 1. Mechanical characteristics of unreinforced and reinforced panels.

Condition
Results

Pmax (kN) σl,max (Mpa) τ0 (Mpa)

Lava stone
masonry

Unreinforced 83.10 0.056 0.037
Reinforced with FRP 239.46 0.162 0.108

With regard to the mortar, the laboratory analysis showed good resistance both to compression
(σc = 5.2 N/mm2) and tension strength (fct = 0.64 N/mm2), and normal values for Young’s modulus
(Em = 5332 N/mm2) and Poisson’s coefficient (0.17) (Table 2).

Table 2. Mechanical characteristics of the mortar used for the reinforcement.

Results of Tests
σc (N/mm2) fct (N/mm2) Em (N/mm2) Coeff. Poisson

5.2 0.64 5332 0.17

TYPE Fiber-reinforced, thixotropic, shrinkage compensated, hydraulic lime mortar with
pozzolanic aggregates, conforming to the standards UNI EN 480-5 and UNI EN 459-1

COMPOSITION 20% Silica, alumina (SxAyHz); 10% Calcium silicate (Ca2SiO4)
42% Calcium hydroxide (Ca(OH)2); 28% Calcium carbonate (CaCO3)

The most important aim of the test was to determine the efficiency of an innovative technique
of reinforcement and seismic improvement for this type of wall, through the application of FRP
materials. The experimental results reflect the building’s strength of masonry before and after the
intervention; the values of the maximum normal stress and maximum shear stress characteristic data
are fundamental for the development of the building calculation model [7,32].

The obtained data show values in line with those derived from similar experiments carried out
on other wall types (Table 3), as well as in line with those found in the scientific literature.
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Table 3. Mechanical characteristics of different types of masonry, for different techniques of
consolidation [33].

Building Masonry Type Condition
Results Reinforce

Technology TypePmax (kN) σl,max (Mpa) τ0 (Mpa)

Aquila, Italy.
Location: Porta

Napoli

White compact and just
hewn stones

Unreinforced 44.51 0.039 0.026 -

Reinforced 200.81 0.152 0.102 2

Reinforced 184.47 0.139 0.092 3

Montefalco, Italy.
Location: Turrita

Double layer masonry
of just hewn stones

(pink limestone)

Unreinforced - 0.029 0.019 -

Reinforced - 0.066 0.044 4

Foligno, Italy.
Location: Pale

Double layer masonry
of just hewn stones
(white limestone)

Unreinforced - 0.017 0.011 -

Reinforced - 0.044 0.029 5

Reinforced - 0.027 0.018 6

Trevi, Italy.
Location: Trevi’s

Shop

Double layer masonry
of just hewn stones

(pink limestone)

Unreinforced - 0.035 0.023 -

Reinforced - 0.063 0.042 1

Reinforced - 0.071 0.047 4

Reinforced - 0.039 0.026 6

Foligno, Italy.
Location:

ex-Hospital

Double layer masonry
of just hewn stones

(pink limestone)

Unreinforced - 0.033 0.022 -

Reinforced - 0.089 0.059 5

Notes: 1 Reinforced with FRP grid; 2 Reinforced with FRP grid, masonry wall in good condition; 3 Reinforced
with FRP grid, damaged masonry wall; 4 Reinforced with FRP tapes, 5 Reinforced with the "Reticolatus" method;
6 Reinforced by replacing the joints mortar with a better one.

5. Conclusions

Composite materials have a growing use in the field of construction. Among them, fiber-reinforced
polymers (FPR) offer considerable support in the performance of existing buildings. FPRs’ lightness,
oxidation resistance and compatibility with lime mortars make it possible to achieve the reinforcement
of plasters to be used in stonework consolidation.

The recent renovation works carried out on a prominent building in the historic center of Catania
(Sicily, Italy) provided the opportunity to quantify the increase in resistance of the lava stone masonries,
consolidated with fiber mesh–reinforced plaster. The tests showed a three-fold increase of the diagonal
compression that determines the break in the wall panel that was reinforced compared to the original
one. Therefore, the results of the study lead to the conclusion that the consolidation technique with
FRP materials is particularly valid for the purposes of increasing the resistance peak, in addition to
having a good response to stresses, thanks to the increase of the equivalent principal tension of the
traction. These results represent an advancement of knowledge because FPR nets had not yet been
tested on lava stone masonry, and therefore they add to the literature related to experiments based on
different kind of masonries.
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