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Figure 1: Damage of historic masonry walls under shear loading
during earthquake October 2016 (Visso, Marche region, Italy).
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A large portion of the European cultural heritage is made of
masonry buildings that have a growing economic and social value
in many countries. Therefore, their preservation is considered an
importantissue in modern societies both for their historical interest
and for the economic contribution in contexts where tourism has
become a major industry. During past and recent earthquakes these
historic buildings have demonstrated to be particularly prone to
damage, showing partial or total collapse. In many cases, this
was due to restorations non-respectful of the original structural
layout. In particular, after last earthquakes of 2016 and 2017 that
invested a large area of Appennini mountains in the centre of Italy
where many historic towns are located, a duty that regards mostly
structural engineers is the preservation of cultural architectural
heritage. In recent years there has been increasing interest in load-
bearing walls, in particular, the knowledge how historic masonry
walls behaves under seismic action is fundamental for preserving
the building patrimony. In an actual masonry structure, during
seismic action, the presence of shear stress both in the brick and
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mortar will give rise to diagonal tension and compression in the
masonry as a whole. Loss of strength of masonry cross walls after
cracking diagonal damages (Figure 1) due to shear loads often leads
to the ruin of walls and consequently to entire building. Knowledge
regarding the behaviour of masonry walls under seismic action is,
without doubt, the basis for preserving both monumental historic
masonry buildings and/or minor masonry buildings. Because of
their nature and history, structures of historic buildings present
a number of typical, practical aspects that limit the application of
modern codes and building standards (Figure 1).

Firstly, the material of brick and/or stone as even mortar
are in general characterized by mechanical parameters different
from material of modern masonry walls; secondary, the shear
strength of unreinforced masonry is mostly conditioned by the
weak mortar of joints. Although many experimental works
over the last decades, even adopting different scale models, and
theoretical modelling analysis have been carried out, still requires
investigation. Following the topic of the preservation of the existing
structures, in recent years, the rehabilitation and strengthening
of unreinforced masonry has seen remarkable development on
the basis of new techniques and materials. During the last decade,
the use of composites - fibre reinforced polymers (FRPs) - for the
strengthening of the historic unreinforced masonry has increased
rapidly. Among the new reinforcement strategy, the use of FRP
system, more specifically, present a number of advantages over
traditional materials due to their high tensile strength, low specific
weight and excellent resistance against aggressive environmental
actions. It is emphasized that the choice of strengthening the FRP
material should avoid any incompatibility, physical or chemical,
with the existing masonry. Usually, externally bonded (EB) FRP
strips/ sheets are adopted as a technique for the strengthening of
shear masonry walls by increasing tensile capacity for supporting
combined compression and shear actions under earthquakes,
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giving a tensile capacity to historic masonry that it is normally
weak to tensile stress. In Italy a Code of Practice for practitioners
was edited to serve as a guideline for FRPs use in the strengthening
of masonry structures that supplies formulas and suggestions.
Experimental analysis of masonry walls, strengthened using FRPs,
has highlighted that such strengthening confers a greater capacity
to undergo ample horizontal movements, dissipating energy
through the progression of ample and widespread cracking.

In general, the experimental evidences available in the technical
literature have shown that in a system composed by masonry and
external bounded strengthening the following failure mechanisms
can occur in combination: cracking of masonry in tension, crushing
of masonry in compression, shear-sliding of masonry, failure of
fibre-reinforced composites and, finally, delamination of FRP
from masonry. Experimental tests indicate that the dangerous
mechanism of brittle failure is due to delamination, especially if the
FRP strips are glued to historic clay bricks with a weak clay surface.
In particular, when delamination from the support occurs, the
effectiveness of the reinforcement vanishes, and the entire system
reaches brittle failure due to delamination mechanism before the
strength capacity of composite materials or of the compressive
strength of walls. Therefore, one of the most important aspects in
the application of composite materials for strengthening structural
elements is the adhesion between the reinforcing and reinforced
materials. It has been considered that in the historic masonry walls
invested by seismic actions the bond of FRP strips may be decrease
both by damage due to cracking of masonry that compromise the
tensile strength or by phenomenon of local delamination buckling
of FRP strips subjected to alternate tensile-compression stresses.
The strengthening of masonry walls with externally bounded FRPs
reis opening new venues for theoretical and experimental research
centering on the possible performance of masonry subjected to
cyclic loading considering the behaviour under loading with or
without cracking damage.

Another importanttask for the current structural engineer is the
evaluation ofthe structural safety state of existing masonry buildings
under actual or new loading condition. From this point of view,
reliable numerical models are necessary to assess existing masonry
structures. In fact, in the last decades, the scientific community has
demonstrated great interest in the development of sophisticated
numerical tools as an opposition to the tradition of rules- of-thumb
or empirical formulae adopted to evaluate the safety of masonry
buildings. In particular, nonlinear models implemented in suitable
finite elements formulations currently represent the most common
advanced strategy to simulate the structural behaviour of masonry
structures (Figure 2). The problem of performing reliable analyses
becomes even more important when a decision is required about
the opportunity of repairing the construction and to design the
strengthening. The main problem in the development of accurate
stress analysis for masonry structures is the definition and the use
of suitable material constitutive laws. The particular characteristics
of the masonry material make difficult to adopting existing

numerical tools from more advanced research field, like mechanics
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of concrete, rock and composite materials. From this point of view,
it must be considered that the masonry is characterized by a typical
softening behaviour, essentially due to the formation and growth of
the cracks in the bricks and mortar joints. Indeed, masonry shows
a softening behaviour not only in tension, but also in compression
and in the case of shear stresses. In the nonlinear FE method,
many computational problems, as localization and spurious mesh
sensitivity, can arise from the presence of the strain softening. A
further modelling trouble is associated to the simulation of FRP-
reinforcement behaviour, especially if it is glued on the masonry
external surfaces. Indeed, the FRP strips behave as a linear-elastic
material until a perfectly brittle failure occurs; some modelling
difficulties can arise when the possible decohesion between the
FRP and the masonry is considered. Furthermore, the modelling
of the adhesion between FRPs and masonry with the dangerous
mechanism of debonding or delamination is another aspect that
requires investigation. Different approaches can be developed in
order to reproduce the presence of the FRP strengthening and its
possible decohesion. One of these requires the adoption of “special”
elements (interface elements) which connect the nodes of the mesh
of panel to the nodes of the FRP elements. Another strategy involves
in a simplified manner, the use of “special” constitutive laws for
FRP-strengthening elements with the assumption of perfect bond
between FRP and masonry support (Figure 2).
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Figure 2: FE macromodelling of historic masonry (a) with and (b)

without strengthening.
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