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ARTICLE INFO ABSTRACT

Keywords: The results of an experimental study on a full-scale, two-storey rubble stone masonry building, strengthened with
Composites a Composite Reinforced Mortar (CRM) system applied on the external face of the walls, are herein presented. The
Glass fiber

CRM system consisted of a mortar coating reinforced with Glass Fiber Reinforced Polymer (GFRP) mesh and
injected steel transverse connectors, which connect the separated wythes of the masonry. The aim of the research
is to investigate the effectiveness of this strengthening technique. The study concerns two cyclic experimental
tests: the first was carried out on the unreinforced masonry building up to a damage level not far from the ul-
timate limit state. Then, the building was repaired, strengthened with the proposed technique, and tested again.
The second test was carried out up to a near-collapse condition. This allowed to evaluate the effectiveness in
terms of seismic performances provided by the reinforcement.

The cyclic horizontal load, with increasing amplitude, was applied to each of the two longitudinal walls of the
building by means of servo-controlled hydraulic jacks pinned to a vertical steel beam. This beam allowed the
distribution of the total lateral force between the first floor and roof level, in the fundamental mode shape. The
experiments proved the effectiveness of the proposed strengthening method: with respect to the unreinforced
masonry building, the resistance increased by 2.4 times, the displacement capacity by 4 times and the total
dissipated energy by about 7.2 times. These benefits were due to the GFRP mesh reinforced coating’s capability
to prevent the formation of isolated thick cracks, instead promoting a wider dispersion of many closely spaced
thin cracks. Moreover, the importance of transverse connectors in preventing the separation of the masonry
leaves in the strengthened walls was also clearly observed.

Structural rehabilitation
Masonry structures
Earthquake engineering
Full-scale experimental test

introduction of seismic provisions in structural codes, these buildings
typically present a high seismic vulnerability. In fact, the low in-plane

1. Introduction

Masonry is one of the most used construction materials for residen-
tial buildings in different European regions and countries worldwide. In
particular, unreinforced stone masonry represents the common building
material for traditional residential constructions of hilly and mountain
areas. Most of the existing masonry constructions built in the last cen-
turies have a maximum of three storeys, with floors made mainly with
timber joists and perpendicular boards or with wrought iron beams and
shallow masonry vaults. As they were mostly designed before the

* Corresponding author.
E-mail address: emanuele.rizzi@units.it (E. Rizzi).

https://doi.org/10.1016/j.engstruct.2023.116967

stiffness of the floors and the mere support of the beams on the
bearing walls do not allow the building to have a box-like behaviour,
which would grant the structures a significant resistance and ductility
increase when subjected to earthquakes. In addition, the lack of a proper
connection between orthogonal walls could cause out-of-plane col-
lapses. It is also very common to observe the presence of multi-leaf
bearing walls, sometimes with an inner cavity filled with scrap mate-
rial and low-strength mortar. When subjected to horizontal loads, the
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heterogeneity of materials, the low tensile and shear strength, and the
possible separations of leaves arise as significant vulnerability factors.
Further potential threats may also be related to the building configu-
ration, like the presence of extended gable walls, arches/vaults, and
untied inclined roofs, which increase the horizontal loads supported by
the bearing walls.

Current engineering knowledge enables the assessment of the
importance of seismic retrofitting historical structures. The need to find
an efficient and economical way to improve the structural response of
these buildings has led to the development of various strengthening
techniques. Among all, fibre-reinforced coatings, have attracted
increasing attention and have been investigated in several studies [1].
Basically, the effectiveness of these techniques results from the high
tensile strength of the fibers embedded in the coating, which increases
the shear and bending capabilities of the masonry walls in terms of
strength and displacement capacity. The first experiences and in-
vestigations focused on the application on both wall sides, which was
structurally balanced and enabled large improvements in seismic per-
formance. Since then, the research has progressively gained a deep un-
derstanding of the CRM systems and their interaction with the masonry.
Single-sided applications are increasingly attracting the interest of the
market and researchers for several reasons. The construction is faster
and cheaper, the activities inside the building are not interrupted during
construction, and the occupants don’t need to find alternate accom-
modations. Furthermore, valuable artistic decorations can be preserved
on the inside (or outside, when the inside side application is preferred).
On the other hand, even though cheaper, faster and more practical, the
application of the fibre-reinforced coatings just on one side limits the
amount by which bearing walls can be strengthened and, thus, the
attainable seismic performance improvement. Therefore, the choice
between single- or double-sided application should be made according
to the current building performances and the seismic demand. More-
over, the effectiveness of one-side application in multi-leaf masonry
could be limited by premature leaves separation, especially in the case of
frequent load reversals (typical in seismic events) combined with large
axial stresses [2]. The use of properly designed transverse connectors
has proved effectiveness in preventing or significantly delaying such an
occurrence [3,4,5,6].

The broad literature reviews recently carried out by Boem [7,8]
gathered numerous and wide-ranging experimental results related both
to the mechanical and chemical behaviour of the fiber-based mortar
compounds and to the testing of masonry strengthened by using such
techniques. On the latter subject, it emerged that most of the effort was
devoted to testing simple, isolated piers and spandrels subjected to
elementary in-plane or out-of-plane actions. But testing entire structures
is a fundamental step to check the effectiveness of the reinforcement at
the global level, under the actual interactions among the resisting ele-
ments and actual boundary conditions; it also provides useful outputs for
the validation of procedures and tools aimed at the global performance
analysis. Nevertheless, as a consequence of the high costs and great
complexity, full-scale tests on strengthened structures are currently rare.

The seismic load on the structure was simulated by applying hori-
zontal forces to the different floors, gradually increasing the amplitude
of the deformation cycles (quasi-static cyclic tests). Gu et al. [9] tested a
1/3-scale, three-storey, solid brick masonry wall with openings under
in-plane quasi-static cyclic loading. In this study the strength and size of
the bricks and the mortar were not scaled accordingly due to challenges
in determining compatible scale factors among structures and materials.
They compared the behaviour before and after the repair by carbon FRP
grids bonded with epoxy resin on one side and only at the areas of
intensive cracking on the ground floor. Under an area-based reinforce-
ment ratio of 18 %, the walls’ lateral resistance was restored to 82 % of
the undamaged wall, and ductility and energy dissipation capacity were
effectively recovered or enhanced.

Triller et al. [10] performed quasi-static cyclic tests on a full-scale
three-storey hollow-bricks masonry building, comparing the seismic
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response before and after the retrofitting with a double-side application
of mortar coating reinforced with glass fiber grids. Glass fiber anchors
were used to provide inter-storey connection and anchoring into the
foundation. The building resistance increased by approximately 50 %,
and the deformation capacity and ductility tripled. It was also clearly
pointed out the important role of adequate confining (wrapping) and
anchoring the coating to the existing masonry.

The study made by Lucchini et al. [11] investigated, through full-
scale quasi-static cyclic tests on a two-storey hollow-block masonry
building, the effectiveness of the one-side application of a 30 mm thick
mortar coating added with short steel fibers (i.e., Fiber Reinforced
Mortar), combined with conventional steel reinforcing bars located at
the base of the building to provide a connection with the foundation. In
addition, steel connectors (about 6 connectors per square meter) were
also installed to link the coating layer to the masonry walls. The
strengthened configuration highlighted a significant increase of the
lateral initial stiffness and resistance capacity (2.3 and 3.3 times higher,
respectively), and ensured an effective ultimate drift of up to 0.4 %.

Morici et al. [12] performed on-site pushover tests on two almost
identical two-storey brick masonry buildings previously damaged by a
seismic event. One was repaired by repointing the cracks, and the other
was strengthened with a CRM coating reinforced by glass fiber-
reinforced polymer meshes, applied on both sides of the load-bearing
walls of the first level and only on the outer face at the second level.
Horizontal steel tie-rods were also introduced on the intermediate floor
and roof. Both structures were subjected to a monotonic, quasi-static
lateral load. According to the test results, the second structure exhibi-
ted a resistance and top displacement capacity, which were respectively
2.8 and 1.8 times higher than those presented by the first one. It is worth
remarking that the CRM benefits were not fully exploited because of
some uplift at the base of the building, which clearly pointed out the
importance of an effective connection of the coating at the foundations.

More complex than quasi-static loading tests is the shaking table test,
in which the structure is subjected to a series of dynamic actions
(simulating the earthquake ground motions) of increasing intensity.

Maddaloni et al. [13] studied the dynamic behaviour of a 1:2 scaled,
single-storey simple building made of regular tuff masonry and covered
by a flat timber floor with a cementitious deck. The as-built structure
was damaged, repaired by means of cracks injection and stitching, and
then externally retrofitted with a diffuse fiber-reinforced plastering of
the facades combined with the top wrapping by glass fibre grids
embedded in the mortar coating. The intervention prevented the acti-
vation of local failures, restored the original frequency and improved the
building’s resistance to a +40 % input acceleration without any signif-
icant damage. The specimen behaved as a monolithic block with a rigid
rotation at the base because it was not anchored into the foundation.

De Santis and de Felice [14] performed shaking table tests on a full-
scale, tuff masonry room with openings covered by an inclined timber
roof. The sample was tested both unstrengthened and after retrofitting
with CRM applied on the outer surface of the two walls with openings.
As compared to the unstrengthened specimen, the absolute base accel-
eration attained by the retrofitted structure under ultimate conditions
was more than doubled, and the collapse moved from wall separation to
in-plane mechanism. After adding a horizontal top steel tie bar on the
unstrengthened wall, the acceleration resulted four times higher.

Juhasova et al. [15] carried out dynamic investigations on a single-
level stone masonry room. At first, the configuration reinforced by
means of polymer grids embedded in some bed joints was tested. Then,
the structure was retrofitted by means of polymer grids bonded on the
outer surface with a fibre-reinforced plaster. The maximum input ac-
celeration of the repaired model was more than tripled; the damage
pattern revealed an effective inhibition of the out-of-plane mechanism of
the walls, in favour of a box-like behaviour, with most of the damage
accumulated at the base (due to the lack of a plaster connection with the
foundations).

Referring to strengthening methods other than fiber-based, it is
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worth mentioning the research work of Benedetti et al. [16], that tested
on a shaking table a total of 24, half scaled, two-storey masonry build-
ings, made either of solid brick and stone masonry. The study compared
the effectiveness of different traditional retrofitting techniques such as
steel ties, steel beams and reinforced concrete bands, in preventing walls
separation and improving the connection between slabs and walls.
Similarly, Mazzon et al. [17] compared the dynamic tests results of two
identical stone masonry houses, 2:3 scaled, and highlighted the capa-
bility of hydraulic lime grout injections to substantially increase the
resistant capacity (+56 % maximum input acceleration) without
modifying the original frequency and modal deformations.

It is also significant to mention the shaking-table tests of Magenes
et al. [18,19] and Senaldi et al. [20], which was carried out to investi-
gate on the effects of traditional seismic retrofitting techniques aimed at
fostering the box-type global behaviour of the structure. The samples
consisted of three full-scale, two-storey, double-leaf stone masonry
buildings with flexible timber floors and roofs (single layer of planks).
The 1st prototype [18] represented a vulnerable building without anti-
seismic detailing and devices: the introduction, in the damaged config-
uration, of perimeter tie-rods at the floor and roof level and cable
bracings under the roof, and the improvement of the connection of the
ridge beam with the gable walls, let the structure to withstand an 18 %
greater maximum acceleration. In the 2nd prototype building [19], an
additional layer of matchboard planks was applied to provide moderate
in-plane stiffening of the wooden diaphragms, and the wall-to-
diaphragm connections were improved by introducing steel ring
beams on the intermediate floor, and reinforced masonry ring beams, at
the top. Differently, the 3rd prototype building [20] had the roof dia-
phragm stiffened by multilayer plywood panels connected to perimeter
reinforced concrete beams. The intermediate floor was stiffened by a
reinforced concrete slab provided with embedded bars for connection
with the masonry. The buildings 2 and 3 were able to withstand,
respectively, accelerations up to 1.84 and 2.37 times higher than the
reference configuration.

In Vintzileou et al. [21], the shaking table tests of a 1/2 scaled, two-
storey building showed that the stiffening of the wooden floors by means
of an additional plank layer, combined with grout injections on the
masonry infill walls, led to the doubling of the resisting accelerations.
Similarly, Guerrini et al [22], tested a 1/2 scaled, three-storey, stone
masonry aggregate composed of two units on a unidirectional shaking
table, and obtained an 83 % acceleration increase by installing floor tie
rods and improving the wall-to-diaphragm assembly by means of steel
devices connecting the floor joists with the outer wall face.

The experimental tests presented in this paper concerned full-scale
cyclic tests on a two-leaf rubble stone masonry building. The tests
were recently carried out at the Laboratory of the University of Brescia
(Italy) as part of the Interreg Italia-Slovenija Project “CONSTRAIN”
[23]. The project studied innovative strategies for the seismic protection
of existing masonry buildings, by the targeted use of modern fiber-
reinforced composite materials for strengthening top beams, floor ties
and reinforced plasters to be applied outside of the buildings. For such a
purpose, a full-scale masonry building and other masonry samples
(piers, spandrels, C-walls, top beams) were designed, built, and tested in
order to optimize the materials as well as the coating application tech-
nique and to assess the effectiveness of the strengthening intervention.
An overview of the testing campaign is reported in Gattesco et al. [24].
The retrofitting approach investigated in this study is primarily intended
to be used for buildings that require interventions while maintaining
internal activities (external intervention).

The full-scale structure was designed to represent a historical rural
stone masonry house typical of the Italian and Slovenian heritage [25].
In fact, in those countries, simple two/three-story rectangular buildings
provided with wood-joist floors and a pitched timber roof covered by
tiles are very common. The bearing walls are generally made of roughly
sized stones and a modest amount of low strength lime mortar. The test
was subdivided into two stages (test on the unstrengthened and on the
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retrofitted structure) to simulate a repairing intervention on a building
that was pre-damaged by a significant seismic event. The intervention
technique consisted of a CRM system applied on the building facades,
with the addition of transverse injected steel connectors to increase the
collaboration between the masonry wall leaves, steel tie rods at the first
floor and on the roof rafters. The structure was continuously monitored
during the tests by using load cells, displacement transducers and a
digital image correlation (DIC) system. The natural periods of vibration
of the structure were also identified to examine the stiffness degradation
after damage and the variations due to strengthening.

In the following, the main characteristic of the building, the
strengthening intervention, and of the tests’ arrangements are described
in detail. Then, the results of the tests are reported, broadly analyzed,
and discussed, including data and considerations on the effectiveness of
the retrofitting technique, on dissipated energy and on damping factors.

2. Building characteristics

The two-storey building consisted of four unreinforced masonry
bearing walls (i.e., North, West, South, and East wall - Fig. 1), a wooden
intermediate floor (Fig. 2a) and a gabled timber roof (Fig. 2a). The
structure had in-plane dimensions 5750x4350 mm, with a total height at
rooftop of 6733 mm. The main geometric characteristics are schemati-
cally shown in Fig. 3. Each pier was identified by a label indicating the
wall orientation (N, S, W, E), followed by letter “p” for piers, the indi-
cation of the building level (1 or 2) and a sequential latter (a, b, c). The
aspect ratio (height to width) of the longitudinal piers of the base floor
ranged from 1.1 to 2.0.

The 350 mm thick bearing walls were made of sandstone units with
approximate dimensions of 150 x 100 x 210 mm (width x height x
length), laid in a two-leaf masonry configuration (Fig. 4). The stones
forming the two leaves of the wall were laid so to obtain continuous bed
joints. Due to the rough size of the stones, several efforts were made to
select and cut them to ensure discontinuity in vertical joints and equal
thickness of the wall leaves. As it occurs in actual buildings, the two
leaves were not connected by transversal stones (headers) crossing the
whole wall thickness. Both head and bed joints had an average thickness
of 10 mm and were filled with a pre-mixed lime-based mortar. The stone
masonry was built with a mix of two different Credaro stones, respec-
tively named Berrettino and Medolo, which have approximate
compressive strengths of 170 MPa and 150 MPa, respectively. These
stones belong to the sandstone type with a calcareous composition.
Berrettino is a rock made of minute detrital grains, mainly carbonate
(calcarenite), with evident stratification levels, and it is yellow-brown
or pink. In contrast, Medolo is a rock almost entirely made of micro-
crystalline calcium carbonate (crystalline limestone) with a very fine
grain size, and it is hazelnut-grey with light to dark tones. These
particular types of stones were selected for their strong resemblance to
the locally used sandstone in most rubble stone buildings in Northern
Italy and Slovenia.

The masonry mortar was carefully designed with a granulometric
distribution similar to those found in historic masonry buildings [26]
with a hydraulic lime to sand ratio of 1:7 by mass. The grain size dis-
tribution of the aggregate ranged between 0.05 and 3 mm, and about 45
% of sand had a size smaller than 0.5 mm. The mortar was regularly
sampled and tested after at least one month of air curing, to determine
the flexural tensile strength, measured through three-point-bending
tests on prismatic specimens (160 x 40 x 40 mm) according to EN
1015-11 [27], the compressive strength of mortar, measured on prism
halves obtained from bending tests; the indirect tensile strength (split-
ting tests), measured on cylindrical samples (nominal height 200 mm,
diameter 100 mm) according to EN 12390-6 [28]. The main results are
summarized in Table 1.

The average specific weight of dry masonry was about 21.0 kN/m?.
This value was estimated based on the specific weight of mortar and
stones, along with the volume of a small portion of masonry taken
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Fig. 2. Views of the building from inside: intrados of the intermediate floor (a) and of the roof (b).
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Fig. 3. Side views of the building and coating connection details (dimensions in mm).

during the construction of the building. The compressive strength of
masonry was evaluated through uniaxial monotonic compression tests
conducted on three masonry specimens. The specimens had a height of
1100 mm and a cross section of 650x350 mm. The tests resulted in a
mean compressive strength of 1.49 MPa (CoV = 16.8 %).

The walls of the building were connected to the foundation by
120x150x150 mm reinforced concrete blocks (teeth) embedded within
the wall thickness to prevent potential sliding at the masonry-concrete
interface. The small blocks were anchored into the reinforced concrete
(RC) foundation by 16 mm diameter steel bars. This was to simulate
existing buildings, which typically have masonry foundations and

cannot slide at contact with the foundations.

The intermediate wooden floor (Fig. 2a) consisted of solid timber
joists (cross-section of 120 x 160 mm?2, 3950 mm length) spaced at 600
mm, located into masonry pockets providing a support length of 150
mm. To represent planks typically used in historical constructions of
Northern Italy [29], 25 mm thick timber boards were nailed to the floor
joists. Three of the floor joists were connected to the East and West walls
by means of steel anchors, 1800 mm spaced, passing through the ma-
sonry wall, and clamped by a steel wedge (Fig. 1a,b; Fig. 5a). The an-
chors were fastened to the floor joists through a plate using three wood
screws per plate. The wooden pitched roof (Fig. 2b) consisted of 533 mm
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Fig. 4. Typical view of the horizontal cross-section of the stone-masonry walls
during construction;

Table 1

Mechanical properties of the mortar (CoV = coefficient of variation).
Property of masonry mortar n° of samples Mean [MPa] CoV (%)
Flexural tensile strength 5 0.57 8.8
Compressive strength 6 1.54 11.7
Indirect tensile strength 5 0.75 13.3

spaced solid timber joists (cross-section of 100 x 140 mm?), connected
at one end to a solid timber ridge beam (cross section of 200 x 320
mm?). The opposite end was laid on the longitudinal walls. The roof was
covered with 25 mm thick timber board planks, which were then
overlaid with fired clay tiles. A couple of parallel wooden lintels (cross-
section of 170 x 170 mm? 1500 mm length) was laid above each
opening, provided with an end support of 150 mm on each side. All
wooden elements were made of red spruce, with an average specific
weight of 4.5 kN/m?>.

3. Retrofitting technique
The adopted retrofitting approach consists of different interventions

aiming at promoting the “box behaviour” [30] of the building and
improving the seismic resistance of the walls. To achieve the “box
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behaviour”, the out-of-plane mechanisms must be first prevented. To
this end, the test building was first provided with the longitudinal steel
tie rods (Fig. 3), located at the first-floor level, and the steel anchors
(Fig. 5a), frequently already present in existing masonry buildings, thus
they were installed since the beginning of the first test. As discussed in
the following, after testing the unstrengthened building, steel cable “X”
bracings were also connected to the joist of the roof to improve its in-
plane stiffness and further promote the global behaviour of the build-
ing. Finally, a series of techniques were used to improve the in-plane
resistance and mutual interlocking of masonry walls. In more detail,
the walls were repaired by injecting the cracks with low-viscosity
cementitious mortar to a depth of approximately 50 mm. Moreover,
transverse injected steel connectors 16 mm diameter were installed (50
mm total diameter) and a layer of a CRM coating (nominal thickness 30
mm) was applied on the outer surface of the perimeter walls to improve
their lateral capacity.” (Fig. 5b). The blind hole for the injected steel
connector had a depth of 50 mm lower than the masonry thickness, to
avoid interventions inside the building. The GFRP mesh embedded
within the coating had a 66x66 mm? grid dimension and was composed
of twisted fiber wires in the warp direction weaved on parallel fiber
wires in the weft direction (dry fiber cross section 3.8 mmz). Tensile tests
were carried out on the GFRP wires to determine the tensile strength and
axial stiffness, according to EAD-340392 [31] and ISO 10406-1 [32] and
are summarised in Table 2.

The GFRP mesh, produced in 2000 mm wide rolls, was applied to the
four external facades of the building by ensuring an overlapping be-
tween adjacent strips of about 132 mm (i.e. two grid spacings). More-
over, along the four vertical corners of the building, GFRP angular mesh
elements, with a 66x66 mm grid dimension and a width of 330 mm,
were added to guarantee the continuity of the reinforcement at the
walls’ intersections. No angular elements were installed at windows’
corners as the GFRP sheets were cut and placed so that the horizontal
and vertical bars of the mesh resulted placed sufficiently close to each
corner to effectively reduce the risk of diagonal crack formation. This
decision was taken to simplify the procedure and limit its invasiveness.

The coating was anchored to the walls by GFRP L-shaped connectors
(4/m?) and transverse injected steel connectors (2/m2), following the
arrangement reported in Fig. 3.

The L-shaped connectors were inserted into 16 mm diameter holes
drilled in the masonry, for a depth of 300 mm, and injected with a vinyl
ester epoxy resin as in Fig. 6a. The connectors had a cross-section of 7 x
10 mm?, and a nominal dry fiber cross-section equal to 32.4 mm?; they
had a nominal characteristic tensile strength of 17 kN and an ultimate
strain of 1.9 %. In front of each connector, a GFRP mesh sheet (150 x
150 mm) with a 33x33 mm grid dimension was positioned to distribute
stresses within the coating.

Fig. 5. (a) Plan view of the steel anchors layout (dimensions in mm); (b) GFRP mesh and anchors just before the application of the mortar coating. Note the
additional angular elements at the corner, the GFRP connectors, the head washers of the transverse injected steel connectors and the anchor bars with the foundation.
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Table 2
Properties of the GFRP wires.
Property Number of Mean  COV
samples (%)

Twisted mesh wires — 66 x 66 mm? mesh pitch

Nominal dry fiber cross section A, - 3.70 -
(mm?)

Tensile resistance T,, (kN) 6 6.37 4.6

Ultimate strain &, (%) 2.29 3.5

Axial stiffness EAg, (KN) 280.4 3.8

Parallel mesh wires — 66 x 66 mm? mesh pitch

Nominal dry fiber cross section Agp - 3.70 -
(mm?)

Tensile resistance T, (kN) 10 6.42 3.8

Ultimate strain &, (%) 2.21 4.3

Axial stiffness EAg, (kN) 292.8 3.5

The transverse injected steel connectors were made with a 16 mm
diameter threaded stainless steel bar, 365 mm long, centered in a 50 mm
diameter hole and embedded in a high resistance thixotropic cement-
based mortar (Fig. 6b). The holes were drilled by using a water-cooled
core drilling machine. The transverse connectors had the important
role of connecting the wythes of the wall and also anchoring the CRM
system. To connect the mortar coating to the transverse connectors,
perforated stainless steel washers (4 mm thick), with a nut welded at the
center, were screwed on the head of the threaded bar, at a half thickness
of the CRM coating, above the GFRP mesh.

For the mortar coating, a natural hydraulic lime mortar was used,
whose mean mechanical properties are summarized in Table 3. Besides
the evaluation of the flexural and the compressive strength of prisms and
the indirect tensile strength of cylinders (according to procedures
mentioned in §2 for the masonry mortar), the compressive strength and
Young’s modulus were evaluated on cylindrical samples (nominal
height 200 mm, diameter 100 mm), according to EN 12390-3 [33] and
EN 12390-13 [34]. The mortar for coating was regularly sampled and
tested after at least two months of air curing. The average specific
weight of the mortar was about 18.0 kN/m>. Before applying the CRM
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To increase the in-plane flexural resistance of the walls, the CRM
coating was anchored to the foundation by 8 mm diameter stainless steel
threaded bars (characteristic yield strength 200 MPa). The bars were
anchored 250 mm deep into the RC foundation by epoxy resin, and 400
mm into the coating (Fig. 6¢). The bars were distributed along the entire
perimeter of the building, three per meter, at about 10 mm from the
masonry wall surface. The bars were installed beneath the GFRP mesh to
avoid possible splitting failure mechanisms of the mortar coating. Pre-
vious pull-out tests [35], carried out on 6 mm diameter threaded steel
bars showed that an approximate length of 50 times the diameter is
enough to anchor the bars in the reinforced mortar coating.

Walls were connected by four additionally installed high strength
steel rods (Class 8.8, 22 mm diameter threaded bars), placed along the
internal surface of the perimeter walls, below the intermediate floor
joists. They were anchored by 150x150x15 mm ribbed steel plates on the
surface of the coating. At the roof level, eight tightened steel cable
bracings (8 mm diameter) were installed on the timber rafters, in a
“cross” configuration to increase the in-plane roof stiffness.

Note that no interventions were adopted to increase the in-plane
stiffness of the timber floor, which remained flexible during both tests.
However, the results of the cyclic tests together with the dynamic
characterization discussed below, revealed that the adopted retrofitting
intervention was able to promote the box response of the building, even
without the adoption of devices to increase the floor stiffness.

4. Test setup
4.1. Loading layout
The test setup is depicted in Fig. 7. The lateral load (V) is applied by

means of two hydraulic servo-controlled actuators (capacity 1500 kN
each) installed on a reaction RC wall. One actuator is applied on the East

Table 3
Mechanical properties of the mortar of the coating (CoV = coefficient of
variation).

coating, the mortar in masonry joints was removed for a depth of 10 mm Property of the mortar of the coating  n° of samples  Mean [MPa]  CoV (%)
and the masonry surface was washed with a high-pressure water cleaner. Flexural tensile strength 6 3.44 4.2
The washing removed the dirt, paint and moistened the masonry sur- Compressive strength ) 6 15.27 10.9
face, which promoted a better adhesion of the CRM coating. The white Compressive strength on cylinders 3 1311 478
i i . . Indirect tensile strength 3 1.73 12.84
paint was applied on the facade to make the detection of cracks easier Modulus of elasticity 5 10,091 2.66
during the test on the unreinforced building.
GFRP element Transverse injected Connection
connection steel connector with foundations
Vertical section Vertical section Vertical section
1 @16 inj hol [ inj I L]
I @16 1njfcnted ole | @50 injected hole JII_ GFRP mesih
4| —GFRP"L | A1 _—M16 bar L4 66x66 mm
| “ connector | -~ (AISI 316) . i,:
i ~=——GFRP mesh ' = Steel washer ' il _~—M8/33 bar
. sheet 33x33 mm? ! (AISI 316) = : (AISI 316)
! \ |’ ™ = |E!
| 1l GFRP mesh | |~ GFRP mesh i il
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Frontal view Frontal view
T T, GFRP "L" AT __— Steel washer
connector / (AISI 316)
| —— GFRP mesh W
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foundation by

(@)

Fig. 6. Details of the retrofitting intervention: connection to the wall with (a) GFRP elements, (b) transverse injected steel connectors and (c) connection to the

steel bars.
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Fig. 7. Loading apparatus: (a) schematics section and plan view (dimensions in mm); (b) actual view.

wall and the other on the West wall. The load applied by each actuator
was subdivided between the intermediate floor and the roof through a
vertical steel beam hinged to the actuator, so that 51 % of such force was
applied at the top of the first level and 49 % at the top of the second level
of the building. This distribution was proportional to the product of the
floor mass with the corresponding floor level.

The loading apparatus was located on the South side. When loading
from the South to the North (positive loading direction), the actuator
forces pushed against the South wall; when loading in the opposite di-
rection (negative loading direction), the forces pulled on the North wall
corners. The lateral force was transferred from the South to the North by
four pairs of steel rods (27 mm diameter) placed at the sides of the two
longitudinal walls, which were anchored at each end by a steel anchor
plate. A gap was provided between the steel elements and the masonry
to avoid undesired longitudinal constraints for the walls.

The maximum displacement capacity of the testing apparatus was
150 mm in both loading directions.

The self-weights of the intermediate floor and the roof were equal to
0.2 kN/m? and 0.8 kN/m?, respectively, considering a floor area equal to

4000 x 5400 mm? and a roof area of 5400 x 6500 mm?. A total of 162
concrete blocks with dimensions 150 x 150 x 600 mm were placed on
the intermediate floor and 55 x 120 x 250 mm clay bricks on the roof to
simulate the typical combination of vertical loads required by the Italian
structural code for seismic conditions [36]. These additional blocks and
bricks were uniformly spread over the floor/roof area. The total loads
per unit area (i.e., self-weight and added load) applied on the interme-
diate floor and roof were 3.4 kN/m? and 1.4 kN/m?, respectively. Note
that the total area of the roof, which was considered in the calculation of
the applied loads, was higher (i.e., 37.4 m?) than that of the first floor (i.
e., 21.6 m?).

The vertical stress at the base of the building was expected to range
from a minimum of 0.16 MPa (South wall) to a maximum of 0.22 MPa
(East wall) and on the intermediate floor, from 0.08 MPa to 0.11 MPa.

4.2. Instrumentation

The instrumentation used for the tests is shown in Figs. 8 and 9. It
consists of 52 displacement transducers, 2 load cells, 6 accelerometers
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and 2 camera setups for the DIC (digital image correlation) measure-
ments. Two displacement transducers (HW, HE) with a stroke of 950 mm
and two 1000 kN capacity load cells (CW, CE) were installed on the
actuators to detect the pistons’ stroke and the applied forces. Moreover,
horizontal displacement transducers (H1SW, H1SE, H2SW, H2SE) with a
stroke of 75 mm and four 1000 kN capacity load cells (C1SW, C2SW,
C1SE, C2SE) were applied in each of the four loading areas of the South
wall, to survey the lateral displacements of the building and the load
distribution at the intermediate floor and the roof. The horizontal (BSW,
BSE, BNW, BNE) and vertical displacements (V1W, V13W, V19E, V33E)
at the base corners were also monitored. Many other linear potentiom-
eters (100 mm stroke) were installed on masonry piers and spandrels, to
check vertical and diagonal displacements and the activation of cracks
since the very early stages of the tests.

The natural frequencies, mode shapes, and damping factors of the
building were determined through a modal identification method for
output-only systems. This method employed frequency domain decom-
position as outlined in [37,38]. The investigation was carried out for
four distinct configurations: the unreinforced masonry (URM) building
prior to testing, the URM building post-testing, the retrofitted masonry
(RM) building before testing, and the RM building after testing.

For the experimental process, six seismic accelerometers were posi-
tioned across two experimental setups that shared four reference sen-
sors. The instruments effectively captured ambient-induced vibrations
caused by external factors such as traffic and wind to allow for the
estimation of the rigid body motions of the four walls at both the first
floor and roof level, as shown in Fig. 9. Data acquisition was performed
in the horizontal plane, in the transverse direction of the walls. The
temporal data were sampled at a frequency of 300 Hz, with each mea-
surement session having a minimum duration of 40 min.

DIC systems were installed to measure displacements and crack
formation on the entire surface of the East wall facade and a portion of
the West wall. This type of measuring system can be used for several
purposes, as reported in Oats et al. [39], but it is particularly useful for
masonry elements because it allows the detection of cracks in the early
stages when the damage cannot be seen by the naked eye. In Howlader
et al. [40], the same methodology has been adopted for in-plane tests on
masonry walls. The high accuracy that can be reached is discussed, also
analysing the ideal step size to guarantee an accurate data extraction.

Before the test, the surfaces were rendered visually regular with
white paint, made with water and hydraulic lime powder. Then, a
random black speckle pattern was applied to allow the software to detect
the surface. A high-resolution camera (45.7 Megapixels) automatically
shot with constant time intervals, and the maximum displacement (in
positive and negative load directions) was captured manually. The
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outputs were plotted as major strain views of the measured area
(Figs. 11a,b and 14a,b).

4.3. Test protocol

The building was tested under quasi-static displacement load con-
trols, to simulate earthquake load. Such a test guarantees a good cor-
respondence of the damage to what can be expected in an actual seismic
event since, usually, the fundamental vibration mode of the building
involves most of its mass and its deformation increases along the
structure height. Moreover, quasi-static testing gives insight into the
hysteretic response, dissipated energy between cycles and damage
evolution. Also, some previous experimental studies on buildings [41]
and walls [42] have shown that quasi-static cyclic testing usually pro-
vides a more demanding environment than a dynamic excitation simu-
lating a seismic event.

In the tests, the horizontal displacement at the roof of the building
was gradually increased, and each displacement amplitude was repeated
twice in both directions. The experiments were controlled through a
computer software, so that both actuators simultaneously reached the
same top displacement at West and East walls. The net structure
displacement at the top was calculated using the following relation (with
reference to the instruments as indicated in Fig. 8).

(H2SE + H2SW) — (BSE + BSW)

52: )

@

Also the net lateral average displacement of the first floor, §;, was
continuously surveyed during the test:

(H1SE + H1SW) — (BSE + BSW)

51: )

(2

Unlike 62, the displacement §; was not directly controlled, and its
value depends on the structure’s response.

The first test, on the unreinforced masonry (URM) structure, was
stopped close to the ultimate limit state when the damage was signifi-
cant but repairable. Then, the repair and strengthening operations were
carried out. The second test on the retrofitted masonry (RM) structure,
was carried out up to near collapse. The loading cycles are presented in
Fig. 10.

5. Experimental results
The global response of the buildings was evaluated through the ca-

pacity curves representing the total lateral load (V) against the net
lateral roof displacement 52 (Eq. (1)). The building drift (yp) was
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ST
e e N N
— S H2SW (W T
HSW
z 3 z Hesw
Ty 3 Oy =
. § > }= § e
S N S
=Sz =5 = =| = Hosw LJHONE HONW ,|
ST = =1 |

. diagonal displacements in pier/spandrel
@ load cells

Fig. 8. Load and displacement transducer set-up.
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determined by dividing &, by the wall’s height from the foundation, The behaviour of the URM and RM buildings is described in the
equal to 5640 mm (Fig. 7). The drift at the intermediate floor (y;) was following subsections, in terms of capacity curves and damage evolu-
determined by dividing §; (Eq. (2)), by the height from the foundation, tion. Two groups of cracks were generally distinghushed: the horizontal
equal to 3040 mm. cracks at the ends of the piers and vertical cracks at the end of spandrels
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Fig. 11. URM building cracks (maximum strains) on the East wall at the end of the test, detected by the DIC System for negative N-S (a) and positive S-N (b) loading
directions, and crack configuration on the West wall (c).
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were related to the activation of the in-plane bending failure, whereas
diagonal cracks within piers and spandrels related to the in-plane shear
mechanism.

5.1. URM building

The URM building was tested about six months after its construction.
The crack pattern at the end of the test is illustrated in Fig. 11. In more
detail, in Fig. 11a,b are shown the maximum strains of the East wall
detected with the DIC system, whereas Fig. 11c reports a sketch of the
cracks directly surveyed on the West wall. Note that the path of the
cracks followed mainly the mortar joints.

The significant events that occurred during the test of the URM
building are summarized in Table 4 and the experimental
load-displacement curves, V}-52 and Vj-67, are illustrated in Fig. 12a, b.
The curves are almost linear until the first flexural cracks occurred at the
top and bottom of the pier Ep2b (see id. in Fig. 3 for location), for a total
lateral force Vj of about +66 kN. At the attainment of 6, = +1.2 mm, the
stiffness of the building gradually started to reduce, as cracks developed
close to the corners of openings on the first and second level and hori-
zontal cracks occurred at the top of the pier Ep2a. A further reduction of
the lateral stiffness was caused by visible diagonal shear cracks on the
West and East wall spandrels above the windows of the first level (62 =
+2.1 mm). One of these cracks formed above the door and then
extended to the window’s corner of the second level. With increasing
lateral displacements, shear cracks formed on piers Ep2a and Ep2b, and
the building attained the maximum capacity, equal to +267 kN. Then,
the force slightly decreased to +251 kN as the existing cracks further
expanded (Fig. 13a). During the test, no building up-lift phenomena
were observed at the base of the walls. The cracks at the first level were
visibly thinner than those at the second level.

The transversal walls (South and North) exhibited some localized
cracks around the loading points of the second level. Thin cracks also
opened inside of the building, along the walls’ intersections, evidencing
a slight separation between orthogonal walls; moreover, a horizontal
crack appeared at the base of the pier Np1b (Fig. 13b), related to out-of-
plane bending, involving also a portion of the pier Wpla.

However, as mentioned above, the most significant cracks developed
in the longitudinal walls and were due to in-plane mechanisms affecting
mainly the piers of the second level, thus demonstrating a structural
response governed by a story mechanism at the second level.

Table 4

Summary of main test events of the URM building: base shear Vj, intermediate
floor lateral displacement &7, roof lateral displacement &, intermediate floor
drift y4, building drift y,.

Event description Vs 81 82 v1 [%] v [%]
[kN] [mm] [mm]

1. First flexural cracks at the  +66 +0.22 +0.85 +0.007  +0.015
top and bottom toes of the ~ —45 —0.00 —-0.53  —0.000 —0.020
2nd level pier Ep2b.

2. New cracks at the +84 +0.43 +1.21 0.014  +0.021
openings’ corners; —67 —0.04 -0.97 —0.001 —0.017
horizontal cracks at the
top of pier Ep2a;
beginning of a gradual
stiffness reduction.

3. Visible diagonal cracks in +125 +0.88 +2.14  +0.029  +0.038
the East and West -97 —0.28 -1.75 -0.009 -0.031
spandrels above the
windows of the 1st level.

4. Attainment of maximum +267 +6.53 +18.95 +0.215 +0.336
capacity; diagonal cracks —256 -7.71 —16.60 —0.254  —-0.294
in piers Ep2a, Ep2c.

5. Activation of story +251 +6.46 19.58 0.213 0.347
mechanism in the 2nd —239 -7.87 -16.63 —0.259  —0.295

level.
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5.2. RM building

Four months after the URM test, the building was strengthened and
then tested 32 days later. Some negligible, minor microcracks were
detected around the openings, in the coating, likely due to shrinkage.

The crack pattern at the end of the test is illustrated in Fig. 14a,b
(East wall) and Fig. 14c (West wall); the experimental capacity curve Vj-
82 is presented in Fig. 15, in black color. A summary of the significant
events during the test is reported in Table 5.

The curve is almost linear until the first flexural cracks occurred at
top and bottom of the piers of the first level, on the unreinforced wall
side, at a displacement 5, = +0.3 mm. At almost 52 = +0.4 mm, the
stiffness of the building gradually started reducing, as cracks developed
on the coating, close to the corners of the first level openings. With
increasing lateral deflection, similar cracks occurred near the openings
of the second level, while diagonal shear cracks appeared on the coating
of the spandrels above the openings of the first level, causing a further
reduction of the global stiffness. At about 52 = +3.2 mm, the flexural
cracks of the first level piers and the diagonal cracks of the spandrels
began to spread locally and, contemporarily, diagonal shear cracks
appeared in the piers. When exceeding 52 = +9.2 mm, the cracks widely
spread, causing a significant stiffness degradation. The maximum shear
capacity was attained at +645 kN (62 =+31.4 mm) and —590 kN (52 =
—30.5 mm). After the peak load, a graudal resistance decrease was
observed. At §2 = —32.0 mm, the first level piers suffered a significant
opening of their cracks, promoting a sharp reduction of the global lateral
stiffness in the subsequent cycles. Once a decrease in post-peak resis-
tance of about 15 % was achieved, the test was conducted monotonically
in the positive loading direction, up to near collapse. A sharp decrease of
resistance from Vj, = +573 kN to +509 kN occurred, as the GFRP mesh
failed at the base of the piers Eplb and Wpla (Fig. 16a,b). Only two
transverse injected steel connectors, located at half height of the piers
Eplb and Wplb, were crossed by the diagonal cracks, but no wall leaves
separation was detected. The pier Wp2b did not show any damage.

Close to the maximum displacement, a horizontal crack formed at
the bottom of the piers Nplb and Wpla, similarly to the URM test,
causing a horizontal slippage of the North-West corner. In addition,
some vertical splitting cracks occurred, from about §; = +33.0 mm,
along the threaded bars connecting the CRM coating of the South wall to
the building foundation. The vertical uplift at the South wall base
detected by the instrument V1W was about +16.6 mm at the maximum
top lateral displacement in the positive loading direction. Differently, in
the negative one, the same instrument detected —1.21 mm. At the North
wall base, the uplifts detected by the instruments V13W and V33E were
about +5.73 mm and +1.94 mm respectively, at the maximum top
lateral displacement in the positive loading direction. In the negative
one, V13W and V33E measured about —0.85 mm and —0.61 mm,
respectively.

Based on the damage propagation discussed above, it may be
observed that the response of the structure was governed by a story
mechanism involving the first level.

6. Comparison of results and discussion
6.1. Resistance, displacement capacity and stiffness

The maximum values of V3, 81, y1, 52 and y2 obtained in the URM and
RM building tests are summarized in Fig. 17. The effect of strengthening
can also be assessed by comparing the hysteretic response of the two
tests in Fig. 15, which show that lateral resistance increased by about 2.4
times, the displacement capacity became four times higher.

To evaluate the stiffness (K) degradation, the slope of the peak-to-
peak line within the first loop performed at each displacement level of
the Vj-62 curves was calculated (Fig. 18a). In the URM building, the
secant stiffness in the first cycle was 109 kN/mm and ultimately
decreased to 14 kN/mm. The stiffness of the first cycle of the RM
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Fig. 12. URM: lateral load—displacement curves (a) Vj-52 and (b) Vj-6;.
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Fig. 13. Diagonal crack in the bottom right corner of pier Ep2a (a) and horizontal crack at the base of pier Np1lb (remarked in black) (b).
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Fig. 14. RM building: cracks (maximum strains) on the East wall at the end of the test, detected by the DIC System for negative N-S (a) and positive S-N (b) loading

directions, and crack configuration on the West wall (c).

building was 320 kN/mm; the progressive damage caused the reduction
of the lateral stiffness up to a minimum of 11.7 kN/mm. The RM
building’s stiffness, in the first cycle, exceeded that of the URM building
by 2.9 times.

In the URM building, the damage (shear and bending cracks)
occurred mainly in the walls of the second level because of the low axial

11

force and the flexural response of the piers. The coating changed the
response mechanism of the structure since, in the RM building, the
flexural failure mechanism is governed by the amount of vertical mesh
wires for piers and horizontal wires for spandrels, making the resistances
of the elements comparable between the first and second level. Thus, the
failure occurred in the first level, where the lateral forces were higher.
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Fig. 15. RM: lateral load—displacement curves (a) V-52 and (b) Vj-61,

Table 5

Summary of main test events of the RM building: base shear V,, intermediate
floor lateral displacement §;, roof lateral displacement &, intermediate floor
drift y4, building drift y,.

Event description 13 51 82 v1 [%] v2 [%]
[kN] [mm] [mm]

1. First horizontal cracks in +112 +0.21 +0.30 +0.007  +0.005
the piers at 1st level on —68 —0.06 -0.31 —0.002  —0.005
the unreinforced wall
side (East and West
walls).

2. Cracks in piers, at the +129 +0.27 +0.40 +0.009  +0.007
openings’ corners at 1st —-95 —0.00 —0.41 —0.000 —0.007
level; start of a gradual
stiffness decrease.

3. Cracksin piers, atthe2nd ~ +249 +0.75 +1.20  +0.025  +0.021
level openings’ corners; —227 -0.54 -1.22 -0.018 —0.022
diagonal cracks in the 1st
level spandrels above the
windows.

4. Spread of horizontal +399 +2.12 +3.19  +0.070  +0.057
cracks in the coating of —391 -1.79 -3.31 —0.059  —0.059
piers and diagonal cracks
on spandrels. Shear
cracks on 1st level piers.

5. Beginning of the uplift of  +419 +2.60 +4.10 +0.086  +0.073
the coating from the —441 —4.49 —6.90 -0.148  -0.122
foundation in the South
and North walls.

6. Wide spread of cracks in +556 +5.77 +9.14 +0.190  +0.162
the coating of the 1st —507 —6.11 -9.37 -0.201 —-0.166
level piers and spandrels.

7. Attainment of maximum +645 +21.51 +31.41 +0.708 +0.557
shear capacity. —-590 —27.76 —30.50 -0.913 —0.588

8. Significant opening of the =~ —537 —29.68 —31.95 —-0.976  —0.566
piers’ cracks of the 1st
level; abrupt decrease of
the global lateral
stiffness.

9. GFRP mesh failure at the +509 +46.88 +69.28 +1.542  +1.28

base of piers Eplb and
Wpla.
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This change in behaviour can clearly be seen in Fig. 18b, where the
displacements measured at the intermediate floor and at the roof are
reported in different significant steps, for both URM and RM building:
the larger displacements in the unreinforced structure occurred in the
upper level, while in the reinforced structure the displacements of the
lower level were more significant. In the URM building, the test was
interrupted after reaching the maximum load. The first cracks were
reached at the same displacement values for the URM and RM building.
The presence of the transverse steel injected connectors (density 2/
m?) was an effective solution to avoid the separation of wall leaves and
to ensure the collaboration between the CRM coating and the masonry
until the mesh rupture. The test on the reinforced building also showed
the important role of the connections between the coating and the
foundation, aimed at transferring tensile forces into the foundation and
preventing significant vertical uplift and slip phenomena at the base.

6.2. Vibration analysis

The natural frequencies, mode shapes and damping factors of the
building were evaluated for four different configurations: URM building,
before and after testing, and RM building, before and after testing. The
main results are reported in Table 6 and the different mode shapes are
schematized in Fig. 19.

In the undamaged URM building, mode 1 was translational in the
transversal direction (type “a” mode shape in Fig. 19) and mode 2 in the
longitudinal one (“b”); mode 3 was rotational about the vertical axis
(“c”); mode 4 described longitudinal walls oscillating out of plane in
phase opposition (“d”); in mode 5 the longitudinal walls oscillate out of
plane with floors in phase opposition (“€”).

In the damaged URM building, the fundamental vibrating modes
were inversed: modes 1 and 2 were translational in the longitudinal
(“b”) and transversal direction (“a”), respectively. Comparing with the
undamaged configuration, the frequency of the mode shape “a”
decreased by —14.9 % and that of “b” by —24.6 %. This is reasonably
related to a stiffness degradation due to the damaging. The rotational
mode about the vertical axis was not detected. Mode 3 described the out
of plane oscillation of the longitudinal walls in phase opposition (“d”); in
mode 4 the longitudinal walls oscillated out of plane, with floors in
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R

Fig. 16. Mesh failure at the bottom left corner of the pier Eplb (a) and at the bottom right corner of the pier Wpla (b).
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Fig. 18. URM and RM building: comparison in terms of (a) evolution of lateral stiffness and (b) deformed shape at different loading levels.

phase opposition (“e”). Mode 5 identified a local out of plane mechanism
of the West longitudinal wall (“f”).

Even though mode 5 could not be identified in the undamaged RM
building, the mode shapes 1 to 4 were those of the undamaged URM
building, with a frequency increase of at most 12 %. Thus, the retrofit-
ting intervention did not significantly alter the vibration response of the
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original structure.

In the damaged RM building, modes 1 and 2 were translational in the
longitudinal (“b”) and transversal (“a”) direction, respectively; mode 3
was rotational about the vertical axis (“c”); modes 4 and 5 were of type
“d” and “e”, respectively. As for the RM, the damage induced an evident
frequency decrease. The change was —21.0 % with respect to the
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Table 6
Natural frequencies, f, deformed shape id., with reference to Fig. 19, DS, and dampings, &, of the building, for the first five vibration modes.
Mode Undamaged URM Damaged URM Undamaged RM Damaged RM
f [Hz] DS o [%] f [Hz] DS o [%] f [Hz] DS o [%] f [Hz] DS o [%]
1 10.38 a 1.6 8.692 b 1.6 11.63 a 1.1 7.84 b 2.3
2 11.53 b 2.1 8.834 a 2.4 12.89 b 3.6 9.186 a 1.2
3 12.52 c 0.8 13.2 d 0.8 13.38 c 3.3 11.52 c 3.3
4 15.26 d 0.9 14.13 e 0.9 14.77 d 3 13.74 d 0.9
5 16.68 e 1.7 17.95 f 1.7 - - - 15.77 e 1
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Fig. 19. Vibration mode shapes.

undamaged RM building, for the mode shape “a”, and of —39.2 % for
“b”.

The vibration analysis also provided preliminary information on the
damping capacity of the structure. Since the recorded environmental
excitation was very low, the values of & reported in Table 6 referred to
the structure’s initial, inherent viscous damping. In particular, the
values related to the dominant vibration modes (1 and 2) were observed
to fail within the range 1.1-3.6 %. These values align with those pre-
viously obtained in the literature for traditional stone masonry struc-
tures [17,43]. However, it was not possible to recognize a clear influence
of damage or retrofit operations on the damping values.

6.3. Energy dissipation

To investigate on the energy dissipation capacity, the cumulative
input energy was compared against the dissipated hysteretic energy. The
cumulative input energy, E;;,, was calculated as the cumulative work
needed to deform the building from the beginning of the test to a specific
value of displacement. For each loading cycle, it corresponds to the area
under the positive and the negative branches of the hysteretic loop,
which is represented by the brown dashed pattern reported in Fig. 20a

(Ein,). Similarly, the cumulative dissipated hysteretic energy, Epys, was
calculated as the sum of the areas (Epys ;) included in each hysteretic loop
(see the grey continuum pattern in Fig. 20a).

In Fig. 21a, the total and dissipated cumulative energy determined at
each loading cycle are plotted as a function of the lateral roof
displacement, &2, for the URM and the RM building. Table 7 presents the
values of Ej; and Epys at resistance peak (6ymax) and at maximum
displacement (S;,qy). The dissipative capacity of the RM building was
significantly larger than that of the URM one (Egysry Was 8.4 times
higher at maximum displacement). This is because the cracks in the
strengthened building spread widely across the walls, whereas in plain
masonry, the cracks appeared only in a limited number of mortar joints.
The high redistribution of internal stresses in the coating thus resulted in
increased strength and deformation capacities.

The cyclic curves of both tests clearly evidenced that most of the
input energy was dissipated in hysteretic loops through progressive
damage and crack propagation, as evidenced in Fig. 21a, where the
evolution of the Epys/Ey, energy ratios is reported. The hysteretic energy
varied between 41 % and 53 % of the total input energy, for the URM
building, and between 41 % and 64 %, for the strengthened building and
tended to increase after the peak load. In the RM building, only the
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Fig. 20. (a) Schematization of input energy and dissipated hysteretic energy referred to a single base shear vs. displacement loading cycle; (b) comparison between
the URM and RM building in terms of cumulative dissipated Epy and total E;, energies.
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hysteretic damping ratio pys.

Table 7
Values of cumulative input energy Ej, and dissipated hysteresis Epy at resistance
peak (8y,max) and at maximum displacement (8pqy), for URM and RM.

Test Ey, [kJ] Enpys [kJ] Etys/Etor

Gvb,max Omax Svb,max Omax Gvb,max Smax
URM 26.7 32.8 12.6 15.9 0.47 0.48
RM 146.4 288.6 61.6 133.7 0.42 0.46

positive half-cycle was considered for the determination of Epy, in the
peak load cycle (+33.0 mm, * in Fig. 21a,b), due to an accidental
disturbance on the measurement occurred in the negative half-cycle.

This and the cycle after it were not repeated a second time.

6.4. Equivalent damping

An approximate value of the equivalent hysteretic damping of the
structure can be then determined using the equation proposed by Cho-
pra [44] and ATC FEMA 440 [45]:

Ehvs.i
4r Eg;

3

é/ﬂ‘x,i =

in which Epys; is the hysteresis energy dissipated within each cycle and
Egg,; is the strain energy associated with the secant stiffness of the
structure in the i-th cycle, as illustrated in Fig. 20a (blue dashed pattern)
and calculated by using equation (4).
l ok, o5

2 max,i

Eqi= C)]
being k; the secant stiffness of the i-th cycle (Fig. 18a) and ax,; the
average between the positive and negative maximum displacements
reached in the cycle.

The value of the equivalent hysteretic damping is used in many
building codes [45,36] to evaluate the resisting ground acceleration of a
building with the use of the Capacity spectrum method.

The curves of the base shear versus the roof lateral displacement &,
were considered for the determination of the equivalent hysteretic
damping (Figs. 12a and 15a). The trends of the equivalent damping,
calculated for the URM and RM building at the end of the first loading
cycles, are reported Fig. 21b. The difference in iy among the two cycles
was quite evident in the early stages. The gap reduced as &2 increased
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and after the peak load condition, &xys almost coincided in the two cy-
cles. Considering the initial cycles, the URM and RM specimens
exhibited an initial hysteretic damping of about 8 % and 9 %, respec-
tively, and maintained almost constant values till the attainment of the
peak load. Then, &pys tended to increase and, at the end of the test,
reached about 12 % for both buildings. These values are comparable to
those previously adopted by Gattesco and Boem [46], who considered
Enys of about 10 % for the ultimate limit state, both in the case of URM
and RM buildings. Similar values were also obtained by Magenes [47]
and Javed [48] for URM masonry.

7. Conclusions

The present study evaluated the performance of a 30 mm thick CRM
coating applied only on the outer surface of a two-leaf rubble stone
masonry building, to enhance its structural response under lateral loads.
The CRM coating consisted of 66 x 66 mm? GFRP meshes embedded in a
natural hydraulic lime mortar and was connected to the masonry
through GFRP L-shape connectors. Moreover, to prevent the separation
of the wall leaves and improve the anchoring of the coating, strong
transverse injected steel connectors were used. The structure was sub-
jected to quasi-static reverse cyclic loading using a displacement-
controlled test protocol.

Based on the results of the tests, the following main concluding re-
marks can be drawn:

e As compared to the unstrengthened building (URM), the lateral
resistance of the retrofitted structure (RM) was enhanced by
approximately 2.4 times. Moreover, the displacement capacity and
the total dissipated energy increased by approximately 4.0 times and
7.2 times, respectively. The results of this study also highlight that
one-side application of a CRM system can effectively mitigate and
delay the propagation of cracks in masonry under lateral loads of
similar magnitude.

e In the URM building, the damage (shear and bending cracks)
occurred mainly in the second level walls due to the low value of the
axial load in the piers. On the contrary, in the RM building, the
flexural resistance of the reinforced piers is mainly due to the CRM
system, and thus, the collapse occurred at the first level, where the
horizontal forces are higher. Moreover, the CRM coating promoted
the activation of a “box behaviour” of the whole building that led to a
kinematic mechanism involving the global overturning of the
structure.
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e Based on the current study and previous research [6], employing two
transverse injected connectors per square meter was found to be an
effective measure in preventing the separation of masonry leaves, as
evidenced by the absence of wall bulging phenomena in the RM test.
Also, the test on the repaired building evidenced the importance of
the connection between the coating and the foundation. Proper
connection details, such as vertical rebars, must be adopted to pre-
vent vertical uplift phenomena and improve the global flexural ca-
pacity of the building.

The evaluation of the equivalent viscous damping coefficient of the
URM building ranged from 8 % to 12 % and was quite similar for the
RM building. This information can be useful to evaluate the resisting
acceleration with the use of the Capacity spectrum method.

Further experimental investigations are in progress to analyze the
behavior of structural elements (piers and spandrels) to assess their
deformation capacity before and after the strengthening. This informa-
tion will be useful for calibrating numerical simulations in future studies
aimed at defining reliable predictive models.
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