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Abstract: Most of the Italian historical centers are composed of unreinforced masonry (URM) build-
ings arranged in aggregate configurations. Past and recent seismic events have underlined the high
vulnerability of these buildings especially towards out-of-plane mechanisms. In order to reduce their
vulnerability, the use of strengthening interventions based on fiber reinforced composite materials has
become widespread in the last years. More recently, strengthening systems using natural fibers have
been the object of experimental tests since they represent an innovative environmentally sustainable
solution. The aim of this paper is to numerically analyze the feasibility of strengthening systems
made of natural fibers embedded into cementitious matrices to prevent the out-of-plane mechanisms
of perimeter façades belonging to masonry buildings in aggregate configurations. For this purpose,
numerical analyses based on a macro-modeling approach for out-of-plane mechanisms are performed
by considering the influence of adjacent structural units and the presence of strengthening systems
made of natural fibers. Both aspects have been analyzed in detail and taken into account by introduc-
ing in the equation governing the problem both the friction acting between adjacent walls of building
units, when in aggregate, and the contribution of the strengthening system. A building case study
forming part of an aggregate of an Italian historical center has been considered for the development
of the numerical analyses.

Keywords: seismic vulnerability; kinematic analysis; unreinforced masonry buildings; masonry building
aggregate; out-of-plane mechanisms; strengthening; sustainable composite materials; NFRCM

1. Introduction

Recent and past seismic events have highlighted a marked vulnerability of unrein-
forced masonry (URM) buildings of historical centers arranged in aggregate with particular
regard to the occurrence of out-of-plane mechanisms of the perimeter façades [1,2]. The use
of externally-bonded composite systems certainly represents a valuable solution to prevent
these types of mechanisms thanks to ease of installation, reversibility, high strength-to-
weight ratio, suitable mechanical properties, negligible increase of mass, etc.

In the context of the structural reinforcement of existing buildings, in current practice,
fiber-reinforced polymer (FRP) composites are widely used as a strengthening system. Nev-
ertheless, FRP composites present poor compatibility with the masonry substrates [3,4] and
their organic resins lose most of their mechanical properties when exposed to high temper-
atures, close to their glass transition temperature. To overcome these drawbacks [5], the use
of composite materials made of fabric fibers embedded in inorganic matrices, named fiber
reinforced cementitious matrix (FRCM) materials [6], has recently been proposed especially
for masonry structures because of their high physical and chemical compatibility with
masonry substrates, permeability, and major reversibility with respect to the FRP materials.

A typical FRCM system presents a matrix based on Portland cement and natural
hydraulic lime, or geopolymer, and reinforcing grids/fabrics made of synthetic fibers such
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as carbon, basalt, glass, poly-para-phenylene benzobisoxazole (PBO), and aramid [7,8].
In recent years, in order to further reduce the environmental impact of strengthening
interventions, the use of recoverable or biodegradable materials, such as natural fibers,
are used in place of synthetic fibers. The new composite materials, named natural fiber
reinforced cementitious matrix (NFRCM) materials, are still at a developing phase of study
although they represent a promising solution for masonry strengthening as evidenced in
some interesting applications reported in [9–13].

Generally, the mechanical behavior and the effectiveness of FRCM systems depend on
different aspects such as the mechanical properties of the support and the reinforcement
materials, the adherence between the mortar and the support (it is particularly influenced by
the modalities of execution), and the interaction between the mortar and the reinforcement
at the interface level.

In particular, experimental evidence [14–18] showed that failure in systems with syn-
thetic fibers can occur with different mechanisms such as cohesive failure of the substrate,
debonding at the matrix/substrate interface or at the textile/matrix interface, sliding or
tensile failure of the textile within the mortar thickness, and tensile failure of the textile in
the unbonded portion.

Differently from FRCM, NFRCM systems present failure modes occurring mainly
inside the matrix because of lower resistances of natural fibers with respect to the synthetic
ones, as evidenced in the experimental tests reported in [10,19]. Indeed, the results pre-
sented in [10], obtained from single-lap shear tests on sisal-NFRCM, have evidenced a ten-
sile failure of the textile within the matrix; the double-lap shear bond tests on flax-NFRCM
described in [19], have evidenced a progressive failure of the flax fibers characterized by an
initial break in the matrix, followed by the breaking/stretching of the single yarns, with a
shear stress–displacement curve characterized by a final softening.

In this paper a numerical study devoted to examining both the out-of-plane behavior
of masonry façades of buildings in aggregate and the feasibility of strengthening systems
made of natural fibers embedded in cementitious matrices for the prevention of out-of-plane
mechanisms is presented. To this purpose, the kinematic analysis approach is employed by
introducing the constitutive local bond behavior of reinforcement into equations, i.e., the
debonding phenomenon, experimentally deduced from literature studies.

Section 2 is initially devoted to analyzing the out-of-plane behavior of perimeter
façades of a URM building aggregate by considering the interaction with the contiguous
structural units. Subsequently, a finalized numerical study is presented to investigate the
contribution provided by FRCM systems made of natural fibers on the ‘global’ out-of-plane
response of masonry façades. Subsequently, Section 3 describes the application of the
proposed approach to a real case study of an aggregate building in Borgo San Rocco in
Sora, a typical medium town located in Central Italy.

2. Out-of-Plane Behavior of Masonry Walls in URM Aggregate Buildings: The Effect
of Strengthening
2.1. Out-of-Plane Behavior of Masonry Walls in URM Aggregate Buildings

One of the peculiarities of URM aggregated buildings is the mutual interaction between
adjacent structural units (S.U.) [20–24]. This effect, named the aggregate effect by the authors
in [25], could play a relevant role for both in-plane and out-of-plane seismic behaviors.

The seismic safety assessment of masonry buildings towards out-of-plane mechanisms
is commonly performed by using the kinematic analysis approach, as also suggested by the
current Italian codes and the related guidelines [18,26–28] and international guidelines [29],
and employed in several recent scientific literature works [2,30–34]. The approach consists
of identifying the possible out-of-plane mechanism [30] and, then, evaluating the horizontal
loads multiplier activating the mechanism (linear kinematic analysis) and, in the case of
nonlinear kinematic analysis, the capacity curve [26].
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Considering the case of a façade wall subjected to a simple global overturning mecha-
nism (Figure 1a), the equation governing the equilibrium in a generic deformed configura-
tion (Figure 1b) can be obtained by applying the principle of virtual work:

Le = Li (1)

where the work done by the external forces, Le, is given by the contribution of vertical
loads and horizontal forces as follows:

Le = α(θ)·W·δx
w ′ −W·δy

w ′ (2)

where:
θ is the virtual rotation of the wall;
W is the weight of the wall;
α(θ) is the horizontal load multiplier;
δx

w ′ and δy
w ′ are, respectively, the horizontal and vertical virtual displacements of the

point of application of the weight (see Figure 1b).
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Figure 1. (a) Façade wall subjected to a global simple overturning; (b) overturning façade in the de-
formed configuration with acting forces and virtual displacement without considering any interaction
among the units (no aggregate effect).

On the other hand, in the case of absence of friction between the overturning façade
and the adjacent walls (meaning absence of any aggregate effect), the work done by the
internal forces, Li, is zero and, consequently, the horizontal load multiplier as a function of
the angle of rotation is provided by the following equation:

α(θ) = [W·3(−yW3sin θ + xW3cos θ)]/[W3(xW3sin θ + yW3cos θ)]. (3)

However, in the case of aggregate buildings the mutual interaction among adjacent
structural units can play an important role, as suggested in recent studies [25] and in the
instructions of the Italian code [26]. The effect of interaction can be introduced in terms
of frictional forces acting at the interconnection semi-blocks [34–37] when the overturning
façade and the transverse walls of the adjacent units are connected as shown in Figure 2a,b.
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Figure 2. (a) Plan view of the structural unit where the interconnection semi-blocks between the
overturning façade and the transverse walls shared with the adjacent units are evidenced; (b) profile
of the interconnection semi-blocks.

The resultant of the friction forces, according to Coulomb’s law, depends on the weight
acting on the interconnection semi-blocks. Specifically, with reference to an S.U. included
between two S.U.s of greater height (Figure 1a), the friction force can be evaluated through
the following expression [25]:

F = µ·(Wuw1 + Wuw2 + Ws1+ Ws2 + 2·∑fi) (4)

In Equation (4):

• µ is the friction coefficient [26],
• Wuw1 and Wuw2 are the weights of the transversal walls placed above the interconnec-

tion semi-blocks, respectively, on the right and on the left side of the façade (Figure 3a),
• Ws1 and Ws2 are the loads transmitted to the interconnection semi-blocks by the slabs,

in the case of slabs parallel to the façade (Figure 3b).
• fi is the weight of the i-th interconnected semi-blocks given by the expression [35,36]:

fi = γm·t·hb·l·i·(i + 1)/2, (5)

where:

• i is the i-th row of blocks crossed by the vertical crack line (Figure 3a,b),
• γm is the specific weight of the masonry,
• t is the thickness of the transversal wall (Figure 2b),
• hb is the height of the block (Figure 2b),
• l is the length of the contact surface between two overlapped blocks (Figure 2b).
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In the presence of friction forces, the work done by the internal forces, Li, is no longer
zero but equal to:

Li = F·δx
F’ (6)

where:

• F is the resultant of the friction forces evaluated through Equation (4);
• δx

F’ is the horizontal virtual displacement of the point of application of force F
(Figure 4c).
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Then, considering the external work Le, given by Equation (2), and the internal work
Li, given by Equation (6), the horizontal load multiplier as a function of the angle of rotation
in the case of considering the interaction, in terms of friction forces, becomes:

α(θ) = [W·(−yW sin θ + xW cos θ) + F·(xF sin θ + yF cos θ)]/[W·(xW sin θ + yW cos θ)] (7)

However, the contribution of the friction is not constant during the evolution of
the mechanism: it is maximum at the activation of the mechanism and it progressively
decreases during the overturning as the overlapping of the interconnection blocks is lost.

2.2. Strengthening Interventions toward Out-of-Plane Overturning Mechanisms

Although the contribution of the interaction between contiguous S.U. increases the
capacity of the façade toward out-of-plane mechanisms, the level of seismic safety of
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aggregate buildings can often be low. This implies the need to provide suitable interventions
aimed at preventing out-of-plane mechanisms.

The use of externally applied fiber reinforced composite materials to masonry build-
ings represents an efficient and, nowadays, increasingly used solution as already discussed
in the introduction of the paper. Generally, in the case of overturning mechanisms of an S.U.
façade belonging to an aggregate building, the FRCM material is applied as strips along the
wall prone to the mechanisms and fixed to the adjacent orthogonal walls as schematically
shown in Figure 4a.

Similarly to friction, the contribution of the strengthening system, activated at the
beginning of the out-of-plane mechanism, evolves during the progress of the kinematics of
the façade subjected to overturning. Indeed, similarly to what happens during a single-lap
shear bond test [17], the reinforcement contribution depends on the displacement at its
loaded end which, as shown in Figure 4b, corresponds to the lateral displacement of the
façade in its out-of-plane overturning direction. Consequently, the contribution of the
reinforcement can be provided by the nonlinear force-displacement law directly deduced
from a shear lap test related to the reinforcement/support specimen.

Then, in the presence of the reinforcement, in addition to the friction forces due to the
aggregate effect, the work done by the internal forces, Li, becomes:

Li = F·δx
F ’ + 2·S·δx

S’ (8)

where:

• S is the contribution provided by the strengthening (Figure 4b,c);
• δx

S′ is the horizontal virtual displacement of the point of application of the force S
(Figure 4c).

Then, considering the external work Le, given by Equation (2), and the internal work
Li, given by Equation (8), Equation (1) becomes:

α(θ) = [W·(−yW sin θ + xW cos θ)+ F·(xF sin θ + yF cos θ)+ 2·S·(xS sin θ + yS cos θ)]/[W·(xW sin θ + yW cos θ)] (9)

Equation (9) provides the horizontal load multiplier as a function of the angle of
rotation in the case of considering the interaction, in terms of friction forces, between the
wall subjected to global simple overturning and the adjacent walls, and the contribution of
the strengthening system.

3. Case Study

The building examined in this study belongs to one of the building aggregates of
Borgo San Rocco (Figure 5a), a case study located in the historic center of Sora (Italy) and
analyzed in [30,31]. The building is made of soft stone masonry rubble with slabs and
coverage made of wood and parallel to the façade. In particular, the examined building
is a two-story unit included between two adjacent four-story units (Figure 5b); on the
basis of the previous study presented in [30], the façade of the examined S.U. presents the
partial overturning of the second level as the most likely out-of-plane collapse mechanism.
With reference to this type of mechanism, the seismic response of the façade wall has been
analyzed, as reported in the following subsections.
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Figure 5. (a) Borgo San Rocco’s plan (the analyzed façade is reported in red); (b) prospectus of the
analyzed S.U. (the portion of the overturning façade is reported in red).

The geometric data of the overturning portion of the façade and of the interconnected
blocks are reported in Table 1.

Table 1. Geometric data of the overturning façade and of the interconnection blocks.

Dimension of the Overturning Wall Dimension of the Interconnection Blocks
h (m) L (m) t (m) hb (m) l (m)

3.9 8 0.70 0.15 0.20

The kinematic analysis of the overturning portion of the façade has been carried out
following the procedure illustrated previously in Section 2.1.

In particular, the contribution of the aggregate effect has been evaluated with the
actions acting on the wall as shown in Figure 6. The capacity curves obtained by the
analysis are reported in Figure 7 where the black curve refers to the case neglecting the
aggregate effect and the grey curve to the case of including the aggregate effect. From the
figure, the increase of capacity of the façade considering the aggregate effect and, at the
same time, the progressive reduction of the contribution due to this effect is evident.
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Strengthening Solutions: Natural Fibers vs. Synthetic Fibers

Two different strengthening solutions have been considered, both assumed in the form
of strips of width equal to 200 mm at the top of the wall, as shown in Figure 8.
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The first type of reinforcement is made of sisal-FRCM, investigated in [10] through
single-lap shear tests in accordance with the RILEM protocol. The second type of strength-
ening solution is made of FRCM with synthetic fibers in PBO, experimentally investigated
through single-lap shear tests in [38].

The main mechanical properties of the accounted strengthening systems are summa-
rized in Table 2.

Table 2. Mechanical characteristics of the FRCM system used in the analysis.

FRCM
Yarns Mortar

Et eq (MPa) εu (%) ft (MPa) Et eq (MPa) fc (MPa)

Sisal [10] 7853 3.04 239.7 700 13
PBO [39] 206,000 1.45 3014 >7000 28.4

The force of the strengthening, S, during the progress of the out-of-plane kinematics
to introduce Equation (9), has been directly evaluated, for the two types of strengthening,
from the experimental data of shear-lap tests provided in terms of the normal stress s vs.
the slip d at the loaded end of the strip, that is:

S = σ(d) Af (10)

where Af is the cross-section of the reinforcement accounted for in the case study. This
datum has been obtained by means of a geometric proportion in terms of the width between
the strip used for the accounted shear lap tests in [10,38] and the ones applied to the façade.

The force-displacement curves S–d (where the slip d at the end of the loaded end of the
strip during the shear lap tests corresponds to the displacement of the façade at the section
where the reinforcement is applied as shown in Figure 4b) obtained for the two types of
accounted strengthening systems are reported in Figure 9. From the figure the different
local behaviors in terms of stiffness, strength, and post-peak phase (the latter underlines
a fragile behavior of natural fibers due to the tensile rupture of fibers during the tests)
are evident.
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The kinematic analysis of the overturning portion of the façade with the contribution
of the strengthening has been carried out following the procedure illustrated previously in
Section 2.2. The obtained capacity curves of the façade are reported in Figures 10 and 11,
respectively, for natural fibers and PBO, where the black curve refers to the case without
the aggregate effect and the grey curve to the case with the aggregate effect.
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In Figure 12 the capacity curves of the façades for the two types of accounted strength-
ening systems are compared. As expected, the local bond behavior influences the global
response of the façade. Indeed, PBO provides a greater increase of the horizontal load
multiplier with respect to natural fibers. Nevertheless, in both cases, the post-peak behav-
ior underlines a fragile response of the façade after the attainment of the bond strength
of reinforcement.
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4. Discussion and Final Remarks

The study presented here has been finalized to numerically investigate the influence
of the aggregate effect and the contribution of reinforcement systems made of natural
fiber-reinforced composite materials on the out-of-plane behavior of perimeter façades of
masonry buildings.

Both aggregate effect and reinforcement contribution have been considering by per-
forming nonlinear kinematic analysis. Then, the results deduced in terms of capacity curves
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have been compared among them in order to appreciate the influence of both aggregate
effect and reinforcement contribution on the out-of-plane behavior.

The results deduced from numerical analyses underlined both the influence of the
aggregate configuration and the influence of strengthening systems made of natural fibers
toward out-of-plane mechanisms induced by seismic actions.

Regarding the aggregate effect, it has been observed that it leads to a significant
increase of the horizontal load multiplier, i.e., the capacity of the overturning wall. However,
starting from the detachment of the façade from the transversal walls, this beneficial
contribution decreases during the evolution of the mechanism.

Regarding the contribution of the strengthening system, it has been observed that,
differently from the aggregate effect, its activation requires the activation of the out-of-plane
mechanism. Nevertheless, due to the high stiffness of strengthening system (both natural
and synthetic) the peak contribution corresponds to a small variation of the wall configu-
ration. Additionally, it was noticed that the behavior of the façade with strengthening is
influenced by the fragile local behavior of reinforcing materials, particularly in the case
of natural fibers where the tensile rupture of fibers occurs. This leads to the decreased
contribution of the strengthening system for values of the out-of-plane displacements being
significantly lower than the ones corresponding to the remedial of the aggregate effect.

The above findings have emerged thanks to the approach proposed here by the authors
where the contribution of the strengthening system has been correlated to the progress of
the kinematics of the façade by directly accounting for the experimental local bond behavior.
Indeed, the majority of approaches reported in literature simply consider an approximated
rigid-fragile local behavior of the reinforcement: the out-of-plane mechanism of the façade
activates when the bond strength of the reinforcement is attained; the subsequent kinematics
do not account for the presence of the reinforcement. This type of approach does not allow
considering of the influence of neither the pre- nor the post-peak local behavior of the
reinforcement on the kinematics of the façade.

The goal of the present paper has consisted of presenting the proposed methodology
aimed at accounting for both the friction and reinforcement contributions on the evolution
of the kinematics of the façade. To this end, it has been supposed that the local bond
behavior of FRCM systems deduced from shear lap tests carried out on a different type of
masonry support, is the same for the masonry material composing the accounted façade. As
underlined in the paper, since the tests deduced from literature underlined failure modes
occurring inside the matrix, it seems reasonable to assume that the accounted law for the
development of numerical analyses of the façade is not particularly influenced by the type
of masonry support.

Nevertheless, it is also important to underline that, before applying the selected
reinforcement system on the specific type of masonry composing the façade, it is necessary
to perform specific tests finalized to assess the effective bond behavior of the selected type
of reinforcement system. Indeed, in the particular case of historical masonry supports,
incompatibilities between the material composing the matrix and those composing the
masonry could lead to inefficient solutions characterized by mechanisms occurring at
the interface between the masonry and the matrix instead of inside the matrix, with a
consequently different local bond behavior.

Finally, it is also important to underline that the application of the proposed approach
is closely related to the knowledge of the experimental constitutive bond behavior of
the reinforcement. Nevertheless, future development of formulas for deriving simplified
constitutive laws for this type of strengthening (nowadays available for FRP only) will
allow for the use of the proposed approach as a practical design tool.



Sustainability 2022, 14, 9967 14 of 15

Author Contributions: Conceptualization, V.C., C.B., E.G. and M.I.; methodology, V.C., C.B., E.G.
and M.I.; software, V.C. and C.B.; validation, V.C. and C.B.; formal analysis, V.C., C.B., E.G. and M.I.;
investigation, V.C., C.B., E.G. and M.I.; writing—original draft preparation, V.C. and C.B.; writing—
review and editing, V.C., C.B., E.G. and M.I.; visualization, V.C., C.B., E.G. and M.I.; supervision, E.G.
and M.I.; project administration, M.I.; funding acquisition, M.I. All authors have read and agreed to
the published version of the manuscript.

Funding: The APC was funded by the Erasmus+ project KA2—Higher education strategic partner-
ships no. 2018-1-RO01-KA203-049214, “Rehabilitation of the Built Environment in the Context of
Smart City and Sustainable Development Concepts for Knowledge Transfer and Lifelong Learning”—
RE-BUILT.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sorrentino, L.; D’Ayala, D.; de Felice, G.; Griffith, M.C.; Lagomarsino, S.; Magenes, G. Review of Out-of-Plane Seismic Assessment

Techniques Applied To Existing Masonry Buildings. Int. J. Archit. Herit. 2017, 11, 2–21. [CrossRef]
2. Cima, V.; Tomei, V.; Grande, E.; Imbimbo, M. Fragility Curves at Regional Basis for Unreinforced Masonry Buildings Prone to

Out-of-Plane Mechanisms: The Case of Central Italy. Structures 2021, 34, 4774–4787. [CrossRef]
3. Valluzzi, M.R.; Modena, C.; de Felice, G. Current Practice and Open Issues in Strengthening Historical Buildings with Composites.

Mater. Struct. Constr. 2014, 47, 1971–1985. [CrossRef]
4. Ferreira, T.M.; Mendes, N.; Silva, R. Multiscale Seismic Vulnerability Assessment and Retrofit of Existing Masonry Buildings.

Buildings 2019, 9, 91. [CrossRef]
5. De Felice, G.; De Santis, S.; Garmendia, L.; Ghiassi, B.; Larrinaga, P.; Lourenço, P.B.; Oliveira, D.V.; Paolacci, F.; Papanicolaou, C.G.

Mortar-Based Systems for Externally Bonded Strengthening of Masonry. Mater. Struct. Constr. 2014, 47, 2021–2037. [CrossRef]
6. Meriggi, P.; De Felice, G.; De Santis, S. Design of the Out-of-Plane Strengthening of Masonry Walls with Fabric Reinforced

Cementitious Matrix Composites. Constr. Build. Mater. 2020, 240, 117946. [CrossRef]
7. Bellini, A.; Aiello, M.A.; Bencardino, F.; De Carvalho Bello, C.B.; Castori, G.; Cecchi, A.; Ceroni, F.; Corradi, M.; D’Antino, T.; De

Santis, S.; et al. Influence of Different Set-up Parameters on the Bond Behavior of FRCM Composites. Constr. Build. Mater. 2021,
308, 124964. [CrossRef]

8. Oddo, M.C.; Minafò, G.; Mendola, L. La Constitutive Models for the Tensile Behaviour of TRM Materials: Literature Review and
Experimental Verification. Materials 2021, 14, 700. [CrossRef]

9. Thyavihalli Girijappa, Y.G.; Mavinkere Rangappa, S.; Parameswaranpillai, J.; Siengchin, S. Natural Fibers as Sustainable and
Renewable Resource for Development of Eco-Friendly Composites: A Comprehensive Review. Front. Mater. 2019, 6, 226.
[CrossRef]

10. De Carvalho Bello, C.B.; Boem, I.; Cecchi, A.; Gattesco, N.; Oliveira, D.V. Experimental Tests for the Characterization of Sisal Fiber
Reinforced Cementitious Matrix for Strengthening Masonry Structures. Constr. Build. Mater. 2019, 219, 44–55. [CrossRef]

11. Domke, P.V.; Mude, V.D. Natural Fiber Reinforced Building Materials. IOSR J. Mech. Civ. Eng. 2015, 12, 104–107.
12. Olivito, R.S.; Cevallos, O.A.; Carrozzini, A. Development of Durable Cementitious Composites Using Sisal and Flax Fabrics for

Reinforcement of Masonry Structures. Mater. Des. 2014, 57, 258–268. [CrossRef]
13. Rousakis, T. Natural Fibre Rebar Cementitious Composites. In Advanced High Strength Natural Fibre Composites in Construction;

Woodhead Publishing: Sawston, UK, 2016; pp. 215–234. ISBN 9780081004302.
14. Carozzi, F.G.; Poggi, C. Mechanical Properties and Debonding Strength of Fabric Reinforced Cementitious Matrix (FRCM)

Systems for Masonry Strengthening. Compos. Part B Eng. 2015, 70, 215–230. [CrossRef]
15. Ascione, L.; De Felice, G.; De Santis, S. A Qualification Method for Externally Bonded Fibre Reinforced Cementitious Matrix

(FRCM) Strengthening Systems. Compos. Part B Eng. 2015, 78, 497–506. [CrossRef]
16. Leone, M.; Aiello, M.A.; Balsamo, A.; Carozzi, F.G.; Ceroni, F.; Corradi, M.; Gams, M.; Garbin, E.; Gattesco, N.; Krajewski, P.; et al.

Glass Fabric Reinforced Cementitious Matrix: Tensile Properties and Bond Performance on Masonry Substrate. Compos. Part B
Eng. 2017, 127, 196–214. [CrossRef]

17. De Felice, G.; Aiello, M.A.; Caggegi, C.; Ceroni, F.; De Santis, S.; Garbin, E.; Gattesco, N.; Hojdys, Ł.; Krajewski, P.; Kwiecień, A.;
et al. Recommendation of RILEM Technical Committee 250-CSM: Test Method for Textile Reinforced Mortar to Substrate Bond
Characterization. Mater. Struct. Constr. 2018, 51, 95. [CrossRef]

18. CNR DT 215/2018; Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Existing Structures
(ACI 440.2R-02). American Concrete Institute: Michigan, MI, USA, 2018.

19. Olivito, R.S.; Codispoti, R.; Cevallos, O.A. Bond Behavior of Flax-FRCM and PBO-FRCM Composites Applied on Clay Bricks:
Experimental and Theoretical Study. Compos. Struct. 2016, 146, 221–231. [CrossRef]

http://doi.org/10.1080/15583058.2016.1237586
http://doi.org/10.1016/j.istruc.2021.09.111
http://doi.org/10.1617/s11527-014-0359-7
http://doi.org/10.3390/buildings9040091
http://doi.org/10.1617/s11527-014-0360-1
http://doi.org/10.1016/j.conbuildmat.2019.117946
http://doi.org/10.1016/j.conbuildmat.2021.124964
http://doi.org/10.3390/ma14030700
http://doi.org/10.3389/fmats.2019.00226
http://doi.org/10.1016/j.conbuildmat.2019.05.168
http://doi.org/10.1016/j.matdes.2013.11.023
http://doi.org/10.1016/j.compositesb.2014.10.056
http://doi.org/10.1016/j.compositesb.2015.03.079
http://doi.org/10.1016/j.compositesb.2017.06.028
http://doi.org/10.1617/s11527-018-1216-x
http://doi.org/10.1016/j.compstruct.2016.03.004


Sustainability 2022, 14, 9967 15 of 15

20. Chieffo, N.; Formisano, A. The Influence of Geo-Hazard Effects on the Physical Vulnerability Assessment of the Built Heritage:
An Application in a District of Naples. Buildings 2019, 9, 26. [CrossRef]

21. Chieffo, N.; Formisano, A.; Mochi, G.; Mosoarca, M. Seismic Vulnerability Assessment and Simplified Empirical Formulation for
Predicting the Vibration Periods of Structural Units in Aggregate Configuration. Geosciences 2021, 11, 287. [CrossRef]

22. Chieffo, N.; Formisano, A.; Landolfo, R.; Milani, G. A Vulnerability Index Based-Approach for the Historical Centre of the City of
Latronico (Potenza, Southern Italy). Eng. Fail. Anal. 2022, 136, 106207. [CrossRef]

23. Formisano, A.; Massimilla, A. A Novel Procedure for Simplified Nonlinear Numerical Modeling of Structural Units in Masonry
Aggregates. Int. J. Archit. Herit. 2018, 12, 1162–1170. [CrossRef]

24. Bernardini, C.; Maio, R.; Boschi, S.; Ferreira, T.M.; Vicente, R.; Vignoli, A. The Seismic Performance-Based Assessment of a
Masonry Building Enclosed in Aggregate in Faro (Portugal) by Means of a New Target Structural Unit Approach. Eng. Struct.
2019, 191, 386–400. [CrossRef]

25. Cima, V.; Bartolomeo, C.; Grande, E.; Imimbo, M. Influence of the Aggregate Effect on the Seismic Vulnerability of Italian
Historical Centers. In Proceedings of the International Conference on Knowledge Transfer on Sustainable Rehabilitation and Risk
Management in the Built Environment, Vienna, Vienna, 15–16 December 2021.

26. Circolare 21 Gennaio 2019 n. 7 C.S.LL.PP. Istruzioni per L’Applicazione dell’«Aggiornamento delle “Norme Tecniche per le
Costruzioni”». di cui al DM 17 Gennaio 2018. 2019. Available online: https://sttan.it/norme/NTC2018/NTC2018_Circ_21_01_
2019_n7-CS_LL_PP.pdf (accessed on 11 February 2019). (In Italian).

27. CNR-DT 200 R1/2013; Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Existing
Structures. American Concrete Institute: Michigan, MI, USA, 2008.

28. D.M. 17 Gennaio 2018 Aggiornamento delle “Norme Tecniche per le Costruzioni”. 2018. Available online: https://www.
gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf (accessed on 20 February 2018). (In Italian).

29. EN 1998-1; European Commitee for Standardization Eurocode 8: Design of Structures for Earthquake Resistance—Part 1: General
Rules, Seismic Actions and Rules for Buildings. European Commitee for Standardization: Brussels, Belgium, 2004.

30. Saccucci, M.; Cima, V.; Grande, E.; Imimbo, M.; Pelliccio, A. The Knowledge Process in the Seismic Assessment of Masonry
Building Aggregates—An Italian Case Study. In International Conference on Critical Thinking in Sustainable Rehabilitation and Risk
Management of the Built Environment; Rotaru, A., Ed.; Springer: Berlin, Germany, 2021; pp. 330–347. ISBN 978-3-030-61118-7.

31. Cima, V.; Tomei, V.; Grande, E.; Imbimbo, M. Seismic Vulnerability of Italian Historical Towns: The Case of Borgo San Rocco. Adv.
Sci. Technol. 2021, 109, 1–7.

32. Fava, M.; Munari, M.; da Porto, F.; Modena, C. Seismic Vulnerability Assessment of Existing Masonry Buildings by Nonlinear
Static Analyses and Fragility Curves. In Proceedings of the Brick and Block Masonry: Trends, Innovations and Challenges—
Proceedings of the 16th International Brick and Block Masonry Conference (IBMAC 2016), Padova, Italy, 26–30 June 2016.

33. Giresini, L.; Casapulla, C.; Croce, P. Environmental and Economic Impact of Retrofitting Techniques to Prevent Out-of-plane
Failure Modes of Unreinforced Masonry Buildings. Sustainability 2021, 13, 11383. [CrossRef]

34. Casapulla, C.; Maione, A.; Argiento, L.U. Performance-Based Seismic Analysis of Rocking Masonry Façades Using Non-Linear
Kinematics with Frictional Resistances: A Case Study. Int. J. Archit. Herit. 2021, 15, 1349–1363. [CrossRef]

35. Casapulla, C.; Argiento, L.U. The Comparative Role of Friction in Local Out-of-Plane Mechanisms of Masonry Buildings.
Pushover Analysis and Experimental Investigation. Eng. Struct. 2016, 126, 158–173. [CrossRef]

36. Casapulla, C.; Giresini, L.; Lourenço, P.B. Rocking and Kinematic Approaches for Rigid Block Analysis of Masonry Walls: State of
the Art and Recent Developments. Buildings 2017, 7, 69. [CrossRef]

37. Casapulla, C.; Argiento, L.U.; Maione, A.; Speranza, E. Upgraded Formulations for the Onset of Local Mechanisms in Multi-Storey
Masonry Buildings Using Limit Analysis. Structures 2021, 31, 380–394. [CrossRef]

38. D’Antino, T.; Carloni, C.; Sneed, L.H.; Pellegrino, C. Matrix-Fiber Bond Behavior in PBO FRCM Composites: A Fracture Mechanics
Approach. Eng. Fract. Mech. 2014, 117, 94–111. [CrossRef]

39. Sneed, L.H.; D’Antino, T.; Carloni, C.; Pellegrino, C. A Comparison of the Bond Behavior of PBO-FRCM Composites Determined
by Double-Lap and Single-Lap Shear Tests. Cem. Concr. Compos. 2015, 64, 37–48. [CrossRef]

http://doi.org/10.3390/buildings9010026
http://doi.org/10.3390/geosciences11070287
http://doi.org/10.1016/j.engfailanal.2022.106207
http://doi.org/10.1080/15583058.2018.1503365
http://doi.org/10.1016/j.engstruct.2019.04.040
https://sttan.it/norme/NTC2018/NTC2018_Circ_21_01_2019_n7-CS_LL_PP.pdf
https://sttan.it/norme/NTC2018/NTC2018_Circ_21_01_2019_n7-CS_LL_PP.pdf
https://www.gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf
https://www.gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf
http://doi.org/10.3390/su132011383
http://doi.org/10.1080/15583058.2019.1674944
http://doi.org/10.1016/j.engstruct.2016.07.036
http://doi.org/10.3390/buildings7030069
http://doi.org/10.1016/j.istruc.2020.11.083
http://doi.org/10.1016/j.engfracmech.2014.01.011
http://doi.org/10.1016/j.cemconcomp.2015.07.007

	Introduction 
	Out-of-Plane Behavior of Masonry Walls in URM Aggregate Buildings: The Effect of Strengthening 
	Out-of-Plane Behavior of Masonry Walls in URM Aggregate Buildings 
	Strengthening Interventions toward Out-of-Plane Overturning Mechanisms 

	Case Study 
	Discussion and Final Remarks 
	References

