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Abstract

Masonry walls are particularly vulnerable against out-of-plane seismic actions. Steel tie-
bars and crowing beams in reinforced masonry can prevent their overturning, but collapse
may take place also by bending, leaf separation or disaggregation. Textile Reinforced Mor-
tar (TRM) composites, comprising high strength fabrics and inorganic matrices, can be
applied to effectively improve the seismic capacity of masonry load-bearing walls and infill
panels. Nevertheless, a deeper knowledge on the dynamic response and ultimate capacity
of retrofitted walls still needs to be gained before TRM systems can be confidently used in
engineering practice. This work describes a shake table test carried out on two full-scale
wall specimens, one made of regular tuff blocks and one of two leaves of rubble stones,
subjected to seismic out-of-plane vertical bending. The walls were tested unreinforced,
repaired and strengthened with TRMs and tested again. A unidirectional textile of ultra
high tensile strength steel was used on the tuff wall, whereas a bidirectional basalt mesh
was applied over the entire surface of the stone wall, with the addition of transversal steel
connectors. The responses of the specimens before and after retrofitting are compared to
show the improvement of acceleration and displacement capacity entailed by TRM ret-
rofitting and the modification of deflection profiles, failure modes, damage development
and dynamic properties. Test outcomes prove the effectiveness of TRM composites for the
protection of existing masonry structures, including architectural heritage, in earthquake
prone areas and provide information on the reliability of analytical predictions for seismic
assessment.
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1 Introduction

Collapses surveyed after recent earthquakes demonstrate that masonry walls are particu-
larly vulnerable against out-of-plane seismic actions (see, amongst others: D’Ayala and
Paganoni 2011; Dizhur et al. 2016; Sorrentino et al. 2018). In old historic structures, which
do not exhibit a box-type behaviour, perimeter walls often collapse by overturning, as
a result of the limited tensile strength of the material and of the weak connection with
orthogonal walls and horizontal structures (Lourenco et al. 2011). Traditional retrofitting
devices, such as steel tie-bars and crowning beams in reinforced masonry, proved effec-
tive in preventing, or at least delaying, the onset of overturning mechanisms. Nevertheless,
collapse may still occur under either vertical or horizontal bending, both in load-bearing
unreinforced masonry walls and in infill panels belonging to reinforced concrete frame
structures. Finally, leaf separation or disaggregation may take place, especially in historic
structures, whose walls exhibit weakly connected leaves (often with an inner core of rubble
stones or pebbles), high percentages of voids, weak mortar and irregular arrangement (Gia-
retton et al. 2017). The type and shape of the failure mechanism and the level of seismic
intensity that activates it depend upon the mechanical properties of masonry, the wall sec-
tion morphology and layout of masonry (size and shape of the units, thickness and regular-
ity of the joints), the interaction with other structural members (return walls, floors, roof)
and the presence of openings (Costa et al. 2012; de Felice et al. 2017).

Given the importance of protecting the health and life of people in earthquake prone
areas and of minimizing the risks associated with earthquake induced damage on the build-
ing stock, a number of studies have been carried out to tackle the challenging issue of the
out-of-plane seismic behaviour of masonry walls (Sorrentino et al. 2017). Nonetheless, a
deep understanding of the seismic response of existing masonry structures and on the most
appropriate retrofitting technologies still needs to be gained. To this end, Textile Rein-
forced Mortar (TRM) composites, comprising high strength textiles externally bonded to
the structural members by inorganic matrices, can be efficiently used for structural retrofit-
ting. In addition to TRM, other names and acronyms are used in the literature, including
Fabric Reinforced Cementitious Matric (FRCM), Fabric Reinforced Mortar (FRM) and,
when comprising steel textiles, Steel Reinforced Grout (SRG). All these systems share the
same technology, which can be seen as an evolution either of Fibre Reinforced Polymers
(FRP) (Hamed and Rabinovitch 2010; Velazquez-Dimas et al. 2000), in which the organic
matrix is replaced by an inorganic one, or of ferrocement (Chen 2010; Gattesco and Boem
2015), in which the steel mesh is substituted by fabrics with higher strength and durability
performances, allowing for thinner overlays (Papanicolaou et al. 2008).

TRM composites offer versatility, easy and fast installation and high mechanical per-
formances with negligible mass increase, thanks to their elevated strength-to-weight ratio.
Furthermore, they can be integrated in the plaster layer during the ordinary maintenance
works of the facades, as a compatible, sustainable and cost-efficient solution (Papanicolaou
et al. 2008). Finally, they are particularly suitable for, even if they are not limited to, the
seismic protection of architectural heritage, because, when a lime-based mortar matrix is
used, they comply with the criteria of conservation, such as physical/chemical compatibil-
ity with historic substrates, vapour permeability and reversibility.

Extensive research has been carried out in the last decade on the tensile and bond behav-
iour of TRM composites (e.g., de Felice et al. 2014; Carozzi et al. 2014; D’Antino et al.
2014; Razavizadeh et al. 2014; De Santis 2017; Dalalbashi et al. 2018), as well as on their
use for strengthening reinforced concrete (Babaeidarabad et al. 2014a, b; Colajanni et al.
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2014; Napoli and Realfonzo 2015; Gonzalez-Libreros et al. 2017) and masonry (Papani-
colaou et al. 2008, 2011; Garmendia et al. 2014; Fossetti and Minafo 2015; Alecci et al.
2016; Marcari et al. 2017; De Santis et al. 2018b, 2019) structures. These studies provided
important information on the mechanical behaviour of TRMs and of retrofitted structural
members and led to the development of testing (De Santis et al. 2017a; de Felice et al.
2018), acceptance (Ascione et al. 2015; De Santis et al. 2018a) and design (ACI 2013;
CNR 2018) recommendation documents. On the other hand, a deeper knowledge needs to
be developed on the seismic response of structures reinforced with TRM systems and on
the gain in seismic capacity that can be achieved.

2 Background and significance

Despite the development of TRM composites is still at a relatively early stage, the prom-
ising perspective of using them for the strengthening of existing masonry structures, has
already fostered a number of experimental studies. Many of them were devoted to the flex-
ural behaviour, which can be significantly enhanced thanks to the tensile strength provided
by the fabric. Medium scale wall panels have been tested under three/four point bending
(see, amongst others, Papanicolaou et al. 2008, 2011; Valluzzi et al. 2014; Kariou et al.
2018) placed horizontally and subjected to vertical loads, monotonically or cyclically
increased to failure. On the one hand, the efforts required by bending tests in terms of
setup preparation and test execution are relatively limited, making it possible to repeat the
tests with varying configurations. On the other hand, the lack of axial compression poses
the problems that no reliable tests on reference unreinforced specimens are available for
comparison and that the loading conditions differ from those experienced in the field. To
overcome these shortcomings, experimental investigations have been performed on full-
scale specimens placed vertically and subjected to out-of-plane concentrated forces (Bell-
ini et al. 2017; Gattesco and Boem 2017), airbag pressure (Babaeidarabad et al. 2014a, b),
or seismic action (De Santis et al. 2016a). Experimental tests have shown the effectiveness
of TRM systems for enhancing the out-of-plane flexural strength of unreinforced masonry
walls and have provided important information for the development design relationships
(ACI 2013; D’Antino et al. 2018; Meriggi et al. 2019). Nonetheless, as said before, a
deeper knowledge still needs to be gained on the seismic behaviour of masonry structures
retrofitted with TRMs before they can be confidently used in engineering practice, espe-
cially for the seismic retrofitting of architectural heritage.

To this aim, the lessons learned in the shake table tests performed to investigate the out-
of-plane bending response of unreinforced masonry structures (e.g., Graziotti et al. 2016;
Giaretton et al. 2017; Vaculik and Griffith 2018) indicate that it is of the utmost impor-
tance that both the boundary conditions and loads accurately represent the actual ones.
As for the former ones (boundary conditions), the top horizontal displacement needs to be
restrained, which clearly is needed to prevent overturning and induce bending. But it has
been observed (Tondelli et al. 2016) that the response is controlled by the vertical restrain
at the top. More specifically, if vertical displacements are restrained, the arching behaviour
increases the flexural strength and reduces deflections, so this is a key issue in the design
of the experimental setup. As for the latter ones (loads), the wall specimens should be sub-
jected to constant axial load and dynamic (earthquake) motion at the base and on top. The
distribution of the inertial forces induced by earthquakes, as well as the effects of their fast
variation/inversion, are impossible to replicate with static procedures (Costa et al. 2012),
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which may be overconservative in terms of estimated strength and damage (Lourenco et al.
2013), because quasi-static cycles tend to be more severe than earthquake base motion
(Vaculik and Griffith 2018). Finally, given the sensitivity of the response of unreinforced
masonry to compressive stresses (Derakhshan et al. 2013), the vertical component of seis-
mic inputs should be applied in addition to the dead load.

Due to the high efforts required by shake table tests, it is impossible to test many sam-
ples and experimental outcomes are therefore insufficient, by themselves, to develop design
relationships. Furthermore, they generally consist of a sequence of tests, in which seismic
inputs are progressively scaled up to follow the development of damage. It is commonly
accepted that the results are affected by the test sequence because damage accumulates
and a method does not exist to identify a single earthquake that corresponds to the entire
input sequence (de Felice et al. 2017). On the other hand, shake table tests offer the unique
advantage that the dynamic nature of the loading conditions experienced by a structure
during an earthquake is well represented, including the combined effect of static and seis-
mic loads and of both horizontal and vertical components of the acceleration (provided
that the shake table system is multi-axial). For this reason, shake table tests on full-scale
specimens can provide fundamental information, unavailable otherwise, for the investiga-
tion of the seismic behaviour of structural members or subassemblages, for the assessment
of the effectiveness of retrofitting solutions and for the validation of numerical models in
dynamic loading regimes.

This work describes a shake table test carried out on two full-scale wall specimens, one
made of regular tuff blocks and the other one of two leaves of rubble stones. The walls
were built on a unique reinforced concrete foundation beam, which made it possible to
test them together on the shake table. On top of each specimen, a reinforced brickwork
top beam was built, whose horizontal displacement was constrained by a steel structure, in
order to induce out-of-plane vertical bending under the earthquake base motion applied by
the shake table. At the same time, its vertical displacement and rotation were left free, to
replicate the constrain condition which are actually experienced by a masonry wall belong-
ing to a building. For the same reason, an additional vertical load was applied by means
of steel plates, to simulate the effect of a roof. Five natural accelerograms were applied
in both horizontal and vertical directions, with increasing scale factor to collapse. The
walls were tested unreinforced, then repaired and strengthened with TRM composites on
both sides, and tested again. Different retrofitting solutions were designed based on the
arrangement of the units (shape of the blocks and number of leaves) and on the damage
pattern observed after the tests on the unreinforced specimens. More specifically, the tuff
wall was retrofitted with Steel Reinforced Grout (SRG) strips, which comprised a unidi-
rectional Ultra High Tensile Strength Steel (UHTSS) textile bonded onto the surface of
the masonry with a lime-based mortar matrix. On the stone wall, instead, a Basalt Tex-
tile Reinforced Mortar (BTRM) system was used, which comprised a bidirectional basalt
mesh applied over the entire surface of the specimen, to prevent disaggregation, with the
same mortar used for SRG. In this case, transversal steel connectors were also installed to
prevent leaf separation. Both the retrofitting solutions tested in the this study are suitable
for real structural applications. The seismic behaviour of the specimens was recorded by
accelerometers and by a high-resolution 3D motion capture system, which makes use of
wireless retro-reflecting spherical markers whose position was detected by near infrared
digital cameras. The responses of the specimens before and after retrofitting are compared
in terms of acceleration and displacement capacity, failure modes, damage development
and dynamic properties, which were determined with different Experimental Modal Analy-
sis approaches.
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The present work aims at contributing to the advancement of the current state-of-
knowledge by providing experimental evidence developed in shake table tests on full-scale
specimens, with specific reference to the following issues (which, at present stage, are still
open):

1. the seismic response of masonry walls under out-of-plane vertical bending induced by
earthquake base acceleration and the role played by the masonry type (material and
arrangement of the units);

2. the improvement of the seismic capacity, in terms of both maximum acceleration and
displacement, that can be achieved by retrofitting the walls using TRM composites,
designed according to the type of the masonry substrate and to the earthquake induced
damage expected or developed in absence of reinforcement;

3. the modification produced by the retrofitting work in terms of dynamic properties (fun-
damental frequency) and deformed shape;

4. the reliability of the ultimate flexural strength estimated by design/assessment methods
developed for engineering practice purposes, with the further goal of fostering the
knowledge transfer from scientific research to engineering practice and the proper use
of TRM composites for the protection of existing masonry structures, including archi-
tectural heritage, in earthquake prone areas.

3 Experimental setup and input signals
3.1 Wall specimens and test rig

Two full-scale wall specimens were tested on the shake table. One wall was in regular tuff
masonry and one was in rubble stone masonry, and both were built using a commercial
ready-mix M5 class (according to EN 998-2:2016) hydraulic lime mortar. Each specimen
had 3.48 m height, 1.53 m width and 0.25 m thickness (Figs. 1, 2). The walls were built on
a single reinforced concrete foundation with 0.35 m x0.35 m cross section, which was used
to move the specimens in the laboratory hall and to anchor them to the shake table, making
it possible to test them together under the same input signal. The first layer of masonry was
partially laid in the foundation to prevent cracking at the masonry-to-concrete interface.

The tuff wall was built with 250 mm X370 mm X 110 mm blocks (in one leaf) and had
12.3 kN/m> weight density (y), 5.9 N/mm? compressive strength (f,) and 1575 N/mm?
Young’s modulus (E.). The stone wall was built with roughly squared lime stone units hav-
ing 300 mm X250 mm X 100 mm approximate average size and arranged in two leaves,
partially connected by transversal stones (10/m?). It had y=24.2 kN/m?, f,=14.3 N/mm?
and E,=4522 N/mm?. With the aim of reproducing the typical characteristics of a stone
masonry wall, the units were intentionally provided with an irregular arrangement, the
joints had variable thickness and, locally, the mortar was missing in the joints.

On top of each wall, a 1530 mmx270 mm X250 mm reinforced brickwork top beam
(y=18 kN/m®) was built with four layers of clay bricks and an M15 class (according to
EN 998-2:2016) lime-based mortar. The top beams were reinforced with a steel textile
(the same used for the SRG reinforcement, see §4.2.1), installed in the bed joints during
construction, which provided tensile and bending strength. Each top beam was connected
to the underlying masonry wall with three 600 mm long steel connectors, 0.5 m spaced,
inserted in drilled holes and then injected with a lime-based grout. In order to avoid
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Fig. 1 Perspectival (a) and lateral (b) views of the experimental setup for shake table tests, with details of
the anchoring system to the shake table (c¢) and of the retaining hinged steel frames (d)

overturning and induce out-of-plane vertical bending under seismic base motion, the hori-
zontal displacement of the top beams were constrained. Their upward displacement and
their rotation, instead, were free, in order to reproduce the constrain conditions experienced
by a perimeter wall at the last storey of a masonry building. It has to be noted that this is
an approximation since the seismic action at the base and at the top are not expected to be
identical due to the dynamic amplification over the height (Tondelli et al. 2016). To apply
such constrain condition, two steel frames were placed on the shake table near the masonry
walls and connected to each other on top by two IPE200 I girders (Fig. 1b). The in-plane
stiffness of the frames and the bending stiffness of the girders were sufficiently high to limit
the relative displacement between the bottom and the top of the wall specimens. Eight rub-
ber hollow cylinders, having 160 mm external diameter and 20 mm thickness, were fixed
to the I girders and put in contrast with the top beams, two on the front side and two on the
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Fig.2 Instrumentation for shake table tests

back side, for each specimen. An additional load of 6 kN was placed on top of each wall
(using steel plates) to simulate the presence of a roof (e.g., a timber roof of 2 kN/m?, span-
ning 4 m). To anchor the specimen, doubled UPN100 steel beams were placed across the
foundation and were connected to the shake table by means of @20 mm threated steel rods;
additionally, four steel heels, two on the front and two on the back sides provided further
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horizontal restraint against sliding (Fig. 1c). Finally, a retaining steel frame was placed
in front of each side of each wall (in total, 4 frames), to protect the shake table and the
instrumentation. The frames were hinged at the base, which made it possible to close them
and block the first specimen that collapsed, allowing the tests to be continued on the other
specimen (Fig. 1d).

3.2 Instrumentation

Tests were carried out on a 4 m X4 m shake table with six degrees of freedom, +3 g accel-
eration capacity and+ 125 mm displacement capacity, controlled by four horizontal and
four vertical hydraulic actuators. Piezoelectric accelerometers with <2% accuracy and
0.01 g resolution were used to record accelerations (Fig. 2). A tri-axial accelerometer (A1)
was placed on the shake table. A bi-axial one (A2) was fixed to the reinforced concrete
foundation (to measure the horizontal acceleration in the out-of-plane direction and the
vertical acceleration). Three uniaxial accelerometers were installed on each wall specimen
(A3, A4 and A5 on the stone wall, A6, A7 and A8 on the tuff wall), to record the horizontal
out-of-plane acceleration at z=1.70 m, z=3.18 m and z=3.45 m, z being the height from
the foundation; the latter one was on the top beam. Test data were acquired at 100 Hz sam-
pling frequency and filtered using a third-order baseline correction and a fourth order But-
terworth band-pass filter in the 0.35-25 Hz range, to remove errors associated with sam-
pling and background noise introduced by the shake table system.

A high-resolution 3D motion capture system, named 3DVision (De Canio et al. 2016),
was used to measure displacements. A total of 53 wireless retro-reflecting spherical mark-
ers were glued on the walls, to record their response in several points, on the top beams,
to measure their deflection and verify the effectiveness of the restrain, on the foundation,
to measure the seismic input actually applied to the base of the walls, and on the shake
table, for reference (Fig. 2). Nine near infrared digital cameras were placed around the
shake table to record the spatial displacements of the markers at 200 Hz sampling fre-
quency. 3DVision data were post-processed with a Savitzky-Golay smoothing filter, reach-
ing an accuracy of less than 0.1 mm (Mongelli et al. 2018). Thanks to the large number
of markers monitored with 3DVision, detailed information were derived on the dynamic
response of the specimens, which were used for the construction of deflection profiles and
for Multi-Input/Multi-Output (MIMO) experimental modal analyses. The system offers the
additional advantage that it is not affected by the range and encumbrance limitations typi-
cal of the traditional displacement sensors and it does not require the building of any stiff
frame as a reference for the measurement of out-of-plane displacements. Finally, thanks to
the use of cheap passive wireless markers, no relevant instrumentation damage is risked
during collapse.

A 3DVision marker was glued over each accelerometer and the results provided by the
two systems were compared (either by double integration of acceleration time histories or
by double derivation of displacement time histories) to validate test results and calibrate
filtering parameters. The instruments were placed in the same positions in the two test ses-
sions (before and after retrofitting) to allow comparisons.

3.3 Inputsignals

Five input signals were selected from the European Strong Motion Database (ESD)
amongst the most severe recent earthquakes in Italy: 1980 Irpinia, 1997 Umbria-Marche,
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2009 L’Aquila, 2012 Emilia, 2016 Amatrice. Table 1 includes, for each of them, the date
and the moment magnitude (My,) of the event, the name and label of the record station
(BGI, MRN, AMT, NCR, AQV), and the peak ground acceleration (PGA), velocity (PGV)
and displacement (PGD) in horizontal and vertical directions. For the horizontal direction,
the orientation (North—South or East—West) selected for the tests is specified. The scale
factor of AMT record was corrected in ESD after the shake table tests were performed and
the new amplitude is twice as that used in this study. The inputs are listed in the chronolog-
ical order used in the tests, which was based on the horizontal PGA to obtain a sequence
with increasing intensity.

The signals were applied in both the out-of-plane horizontal direction and in the verti-
cal direction, with increasing scale factor (SF) up to the attainment of a severe damage,
close to collapse. The entire test sequence performed on the unreinforced specimens was
repeated from the beginning after the walls underwent repair and retrofitting with TRM
composites.

The pseudo-acceleration response spectra of the input accelerograms are shown in
Fig. 3, together with those of the accelerations recorded on the foundation during the tests
performed with SF=1.0 on the retrofitted specimens. The comparison proves the effective
control of the shake table system, the amplitude of the recorded spectra being lower than
the target ones only at high periods (above 1.5 s), which have minor structural interest. A
less precise matching is also seen for the vertical components of MRN and AQV signals
(Fig. 34, j), as the shake table was not able to reach the highest peaks. Finally, tests under
PGA =0.05 g white noise (applied both horizontally and vertically), labelled as WN here-
inafter, were carried out before the beginning of the tests, after each input sequence with
the same SF and at the end, and were used for dynamic identification analyses.

4 Seismic behaviour of the tuff wall
4.1 Response of the unreinforced specimen

In total, 31 seismic tests were carried out on the unreinforced tuff wall, with SF ranging
from 0.25 to 1.25. The specimen exhibited a nearly elastic behaviour for low intensity
inputs. The mortar in the bed joint at z=2.60 m crushed during test T15 (AQV, SF=0.50,
p max =0.31 g) and, from this moment on, the joint behaved as a hinge. Another hinge also
progressively developed in the first bed joint above the foundation, such that the response
of the wall was similar to that of a two-block system, the three hinges being the crack at the
base, the crack in the middle and the top constrain provided by the rollers. The maximum
acceleration of the entire test session was @, ., =0.86 g, recorded at T30 (AQV), the last
test of the session with SF=1.25. In the last test (T31), in which AQV input with SF=1.25
was repeated, a further hinge developed at z=3.09 m, which may be due to the activation
of a second mode in the dynamic response of the wall. In test T31, the maximum displace-
ment 5, =112.8 mm of the test series was attained. It was assumed that the wall was
close to collapse and, with the aim of repairing and retrofitting it, the first session of tests
was concluded. The final survey revealed that, despite the mortar joints of the two hinges
were crushed, the tuff blocks were not badly cracked.

The horizontal base acceleration versus out-of-plane displacement response curves (a,-
0) are plotted in Fig. 4. Since the five records used as inputs have different spectra, duration
and vertical component, the response to each of them is plotted separately. Each test is
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With the aim of deriving information on the inertial forces distributed over the wall,
another response parameter, which was named as distributed acceleration (agg,), was cal-
culated as follows. The horizontal out-of-plane accelerations recorded by accelerometers
2 (foundation), 6, 7 and 8 (top beam) were taken in the time instants of ay, ., and @, .
It was assumed that the acceleration varied linearly between two adjacent accelerometers
(i.e., between A2 and A6, A6 and A7, and A7 and A8), so as to obtain a segmental profile
over the height of the wall. The distributed acceleration was then computed as the integral
of such profile divided by the total height. The resulting maximum and minimum values
(Agistrmax @0 Agiy min) WeTE in most cases higher than a ., and a; ;,, due to dynamic
amplification, but the shape of the ay; -0 response curves is generally similar to that exhib-
ited by the ;-6 ones (Fig. 4).

Table 2 collects test results. More specifically, the following data are listed: the pro-
gressive test number (letter T for seismic tests and WN for tests under white noise), the
signal, the scale factor (SF), the maximum and minimum base accelerations in horizontal
and vertical directions (@ x> @ min> @ymaxs Gvmin)» the maximum and minimum distributed
accelerations (Agigy max» Adisr.min)» the displacements 6., and &, and, finally, the funda-
mental frequency evaluated with a Single-Input/Single-Output approach (fg;go) and with a
Multi-Input/Multi-Output approach (fymo)-

It is worth noting that the tests performed under (nominally) identical inputs provided
different results (see the two test sessions under SF=0.50, from TO06 to T15, and the last
two runs under AQV with SF=1.25, T30 and T31). This is due to the fact that damage pro-
gressively accumulates, so the specimen may change from test to test. Moreover, there is an
unavoidable variability both of the seismic input actually replicated by the shake table and
transferred to the structure through the foundation (given the same target record) as well as
of the dynamic behaviour of masonry.

4.2 Strengthening with Steel Reinforced Grout
4.2.1 Reinforcement materials and layout

After the first test series, the tuff wall was repaired and reinforced with SRG (Fig. 5). Two
150 mm wide strips were bonded onto each side of the wall at 750 mm spacing (600 mm
clear distance), as shown in Fig. 5b. SRG comprised a unidirectional textile of Ultra High
Tensile Strength Steel (UHTSS) cords, thermo-welded on a glass mesh at 6.35 mm spacing
(each 150 mm wide strip comprised 24 cords). Each cord is made of five wires, which are
galvanized (coated with zinc) to provide protection against rusting, and has a cross sec-
tional area of 0.538 mm?. The roughness of the cords and their spacing provide good inter-
locking within the mortar matrix (De Santis 2017). The textile has surface mass density
1;=670 g/m?, design thickness t;=0.084 mm, tensile strength f;=3191 N/mm?, Young’s
modulus E;=186 kN/mm? and ultimate strain €,=2.19% (mean values, De Santis et al.
2017b). It is worth mentioning that, even if some studies have shown that the zinc coating
effectively delays corrosion under accelerated artificial aging (De Santis et al. 2016b), the
long term durability of steel textiles subject to mortar carbonation and prolonged environ-
mental exposure is still an open issue. Shear bond tests on tuff substrate provided an aver-
age bond strength (axial stress in the textile at detachment) of f, = 1676 N/mm>. The textile
was bonded along the entire height of the wall, including the top beam, with a lime-based
mortar having compressive strength f, .= 14.5 N/mm?, Young’s modulus E,, =9.6 kN/mm?
and tensile strength f =4.6 N/mm?. The tests on the unreinforced specimen suggested
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Fig.4 Base and distributed acceleration versus displacement curves of the tuff specimen before and after

SRG retrofitting under BGI (a), MRN (b), AMT (c), NCR (d) and AQV (e) seismic inputs
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Table 2 Results of the tests on the unreinforced tuff wall

Test Signal SF  @pmax Ghmin  Gumax Gumin isemax istemin Omax  Omin fsiso fvmo
- g g g g g g mm mm Hz Hz
WNO1 WN - 81 82
TO1 BGI 025 0.06 -0.05 0.05 -0.04 0.07 —-0.08 0.3 -06 73 72
T02 MRN 0.25 0.07 -0.06 0.08 -0.08 0.12 —0.11 0.5 -09 72 64
T03 AMT 0.25 0.09 -0.12 0.07 -0.09 0.14 -0.15 0.5 -07 76 6.6
T04 NCR 025 0.18 -0.13 0.10 -0.10 0.22 -0.22 0.8 -14 80 63
TO5 AQV 025 0.16 -0.16 0.10 -0.11 0.23 -0.21 0.8 -13 63 63
WNO02 WN - 70 64
TO6 BGI 050 0.08 —0.07 006 —0.06 0.10 —0.10 0.7 -0.8 6.6 6.1
TO7 MRN 0.50 0.13 -0.13 0.12 -0.16 0.19 -0.19 1.0 -13 62 54
TO8 AMT 050 0.18 -022 0.13 -0.16 0.24 -0.25 1.1 -15 60 52
T09 NCR 050 029 -0.26 0.15 -024 048 -0.47 10.3 -9.1 56 41
T10 AQV 050 033 -029 0.13 -0.23 0.51 -0.47 157 —-145 44 44
WNO03 WN - 3.8 39
WNO04 WN - 39 48
T11 BGI 050 0.10 -0.08 0.10 -0.05 0.12 -0.12 1.0 -13 51 44
T12 MRN 0.50 0.15 -0.15 0.13 -0.16 0.20 -0.24 29 —-22 53 43
T13 AMT 0.50 0.18 -0.19 0.14 -0.17 0.26 -0.27 32 -3.1 59 43
T14 NCR 050 026 -0.25 0.18 -020 0.44 -0.42 97 -108 4.0 34
T15% AQV 050 031 -031 0.13 -0.20 0.55 -0.43 171 —-124 44 34
WNO5 WN - 39 41
T16 BGI 075 0.15 -0.10 0.09 -0.11 0.14 -0.14 1.8 -15 41 37
T17 MRN 0.75 0.19 -0.19 0.18 -0.23 0.34 -0.34 5.4 -6.7 50 35
T18 AMT 0.75 027 -030 0.19 -0.24 0.38 -0.37 5.6 -73 41 40
T19 NCR 0.75 045 -040 020 -029 0.55 -0.57 261 =250 28 23
T20 AQV 0.75 053 -049 023 -027 0.76 -0.61 303 -23.1 24 24
WNO06 WN - 46 4.6
T21 BGI 1.00 0.19 -0.12 0.13 -0.11 0.25 -0.19 3.7 -33 27 28
T22 MRN 1.00 0.28 -0.27 024 -028 0.34 -0.37 9.1 —-125 29 36
T23 AMT 1.00 039 -035 026 -0.31 0.53 -0.68 341 =399 24 31
T24 NCR 1.00 0.52 -0.52 031 -040 0.63 —-0.61 340 -265 19 19
T25 AQV 1.00 071 -0.62 028 -041 1.04 -0.88 49.1 -1302 08 20
WNO07 WN - 34 34
T26 BGI 125 023 -0.17 0.15 -0.11 0.22 -0.30 7.1 -73 26 28
T27 MRN 125 035 -0.36 030 -036 0.46 -057 291 =336 20 29
T28 AMT 125 046 -046 037 -036 0.59 -0.85 895 —-834 13 15
T29 NCR 125 076 —-0.68 031 -041 0.74 -0.95 559 -802 1.1 09
T30° AQV 125 086 —0.63 031 -039 1.05 -0.91 753 =979 1.1 10
WNO8 WN - 28 28
T31¢ AQV 125 082 -0.82 048 -090 1.06 -0.64 1128 —-492 05 09

“Development of the first hinge at z=2.60 m
®Development of the second hinge at z=3.09 m
¢Collapse

dHorizontal out-of-plane displacement measured by the marker at z=2.46 m (the closest to the hinge)
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Fig.5 Retrofitting design of the tuff wall with SRG and damage pattern at the end of tests

that the wall, at failure, was not expected to exhibit disaggregation, by virtue of the regular
arrangement of the masonry, made of squared tuff blocks. For this reason, it was consid-
ered unnecessary to apply the reinforcement onto the entire surface of the wall. Moreover,
since the wall was made of only one leaf, leaf separation could not occur and, therefore, no
transversal connectors were installed. On the other hand, SRG connectors were installed
in the reinforced concrete foundation to prevent the end debonding of the composite strips
(see the following section for details on the connectors).

4.2.2 Installation phases

First, the tuff substrate was consolidated with potassium silicate and the crushed bed joints
were repointed with lime-based grout. Then, the first 5 mm thick layer of matrix was laid
down by hand (Fig. 6a) and the steel textile was installed taking care of letting the mortar
passing through the voids between the cords (Fig. 6b). Finally, the second layer of mortar
was laid down. The total thickness of the SRG strip was about 10 mm. Each strip was
connected to the foundation with a 150 mm long steel connector, made by rolling the tex-
tile, inserted in a hole having 30 mm diameter, 250 mm length and about 20° inclination
angle with the vertical (Fig. 6¢). The hole was injected with a lime-based grout, whose
mechanical properties are similar to those of the mortar matrix, but it is more fluid to make
it suitable for injections. Technical information provided by the supplier reports a pull-out
strength of the connector of 1 kN/cm, which, in this case, yields to 25 kN, corresponding to
about 60% of the tensile strength of the 150 mm wide strip, whereas it is 15% higher than
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Fig. 6 Retrofitting of the tuff wall with SRG: laying of the first mortar layer (a), installation of the steel tex-
tile (b) and steel connectors inserted in the reinforced concrete foundation (c)

its bond strength on the tuff masonry substrate. This means that debonding was expected to
precede pull-out. The specimen was kept wet for the first 24 h and then stored in the labo-
ratory for 5 weeks before testing.

4.3 Response of the reinforced specimen and comparisons
4.3.1 Seismic capacity and acceleration versus displacement curves

After repair and retrofitting, the specimen was tested again on the shake table under the
same input signals applied in the first session. A total of 41 seismic tests were carried
out on the strengthened wall, with SF ranging from 0.50 to 2.50 (see Table 3). SRG did
not significantly change the initial behaviour of the wall in terms of displacements and
stiffness, but limited its out-of-plane deflections under medium-high intensity signals, as
shown in Fig. 7, in which the response under the (nominally) same input signal (AQV,
SF=1.25) is represented as sake of example. A combined failure mode was detected at
the end of the tests, characterized by the crushing of the tuff in the same joints where the
hinges had formed in the previous tests (Fig. 8a) and by the local detachment of the SRG
from the crushed units (Fig. 8b). The connectors in the foundation did not show any sign
of pull-out (Fig. 8c). In terms of seismic capacity, the maximum (absolute) value of a; was
2.05 g, which is 238% of that of the unreinforced wall, whereas the distributed acceleration
increased by 120% (2.33 g vs. 1.06 g), as shown by the acceleration versus displacement
curves in Fig. 4.

4.3.2 Deflection profiles

Thanks to the possibility of monitoring a large number of markers, 3DVision provided
information on the displacements at different heights in each time instant. Figure 9
shows the deflection profiles recorded during the last set of tests of the first test session
(unreinforced specimen, Fig. 9a), during the same set of tests (same SF) but in the sec-
ond test session (reinforced specimen, Fig. 9b), and, finally, during the last set of tests of
the second test session (Fig. 9c). In each plot, five profiles are shown, one for each seis-
mic input, for both positive (forwards) and negative (backwards) displacements. Each
profile is built by connecting the out-of-plane horizontal displacements of the markers
glued in the middle of the front side of the wall, along its height. More specifically,
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Table 3 Results of the tests on the reinforced tuff wall
Test Signal SF  Gypax Ghmin Gymax Gymin  Gaisemax Gaisemin Omax  Omin  Ssiso fymvo
- g g g g g g mm mm Hz Hz
WNOlI WN - 84 7.8
TO1 BGI 050 0.10 -0.10 0.06 -0.07 0.12 -0.13 08 -07 82 78
TO2 MRN 0.50 0.13 -0.15 0.16 -0.17 0.22 -0.23 .1 -06 75 67
TO3 AMT 0.50 020 -0.26 0.16 -0.16 0.27 -0.26 1.1 —-11 72 66
TO4 NCR 050 032 -0.29 023 -023 046 -0.48 09 -20 64 64
TOS5 AQV 050 033 -033 0.18 -0.18 043 -0.43 1.3 —-19 64 54
WNO02 WN - 72 7.0
TO06 BGI 075 0.16 -0.11 0.09 -0.09 0.18 -0.14 07 -10 72 170
TO7 MRN 0.75 022 -021 0.19 -0.21 0.26 -0.27 1.0 -12 65 62
TO8 AMT 0.75 028 -035 020 -0.26 040 -0.39 1.8 =22 64 6.0
TO9 NCR 0.75 055 -0.59 026 -0.34 0.68 —-0.61 12 -39 54 58
T10 AQV 0.75 053 -0.53 030 -030 0.64 -0.64 28 —-47 54 55
WNO03 WN - 69 6.3
T11 BGI 1.00 020 -0.13 0.11 -0.11 0.24 -0.29 12 -13 55 56
T12 MRN 1.00 031 -030 026 -0.36 0.39 -0.41 19 -28 56 54
T13 AMT 1.00 032 -0.38 0.27 -0.29 045 -0.46 22 =37 50 52
T14 NCR 1.00 0.89 -0.63 039 -039 0.98 -0.79 81 =54 52 42
T15 AQV 1.00 064 -0.79 027 -026 0.77 -0.81 62 -58 47 4.1
WNO04 WN - 53 5.0
WNO5 WN - 52 5.0
T16 BGI 125 021 -0.16 0.14 -0.13 0.23 -0.36 26 -28 47 46
T17 MRN 125 036 -038 030 -042 048 -047 43 —-50 46 43
T18 AMT 125 0.62 -0.55 031 -0.34 0.68 -0.70 11.6 —157 45 4.1
T19 NCR 125 0.87 -0.72 036 -0.52 1.07 -1.09 11.6 —157 38 4.1
T20 AQV 125 1.13 -097 033 -040 1.19 —1.25 146 -200 35 3.7
WNO06 WN - 4.1 43
T21 BGI 150 029 -0.22 0.18 -0.20 0.23 -0.29 35 =35 42 43
T22 MRN 150 043 -040 035 -046 0.60 -0.62 57 —6.6 40 42
T23 AMT 150 0.64 -0.58 042 -043 0.68 -0.69 13.8 —-16.7 40 3.8
T24 NCR 150 1.13 -089 037 -0.51 140 —-149 273 =299 32 36
T25 AQV 150 129 -098 036 -0.51 1.39 -1.14 219 -189 29 36
WN 07 WN - 39 32
T26 BGI 175 032 -022 021 -0.19 041 -0.31 48 —41 26 43
T27 MRN 175 053 -044 042 -052 0.74 —0.68 16.0 —-16.6 3.0 4.7
T28 AMT 175 0.67 -0.62 046 -046 1.04 -0.99 16.0 —17.0 23 3.8
WNO08 WN - 39 31
T29 NCR 175 125 -1.02 045 -0.60 1.76 -1.71 369 -355 22 35
T30 AQV 175 148 —145 041 -0.54 1.67 —-146 235 =250 22 37
WN09 WN - 3.0 27
T31 BGI 2.00 035 -024 028 -0.18 044 -0.47 76 —-66 24 39
T32 MRN 2.00 049 -049 046 -057 0.64 -0.62 174 -183 2.7 29
T33 AMT 200 071 -0.81 053 -0.78 1.11 -1.05 17.8 —-232 22 3.1
T34 NCR 200 134 -121 046 -0.62 1.83 -1.79 389 -362 23 23
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Table 3 (continued)

Test Signal SF  ypux Gnmin Gymax Gymin distrmax Gaistrmin Shax  Ohin  Jsso fwmmo

- g g g g g g mm  mm Hz Hz
T35 AQV 200 149 -151 053 -0.73 1.71 -191 354 =387 20 21
WN10 WN - 25 22
T36 MRN 225 0.61 -0.64 050 -0.69 0.89 —-0.78 178 -19.8 2.7 22
T37 AMT 225 096 —-083 059 —-0.67 1.08 -1.12 282 -300 24 20
T38 NCR 225 155 -129 056 -0.70 1.72 —-173 427 -432 19 20
T39 AQV 225 1.66 —1.65 135 -—127 1.72 —-2.04 456 -47.1 19 19
WN 11 WN - 23 20
T40 NCR 250 178 -—154 052 -0.74 1.96 -233 638 -582 19 19
T41% AQV 250 205 -181 060 -098 2.15 -191 1101 -635 1.8 1.7
WN 12 WN - 22 1.8
Collapse

"Horizontal out-of-plane displacement measured by the marker at z=2.46 m

50
E o
E
w

-50

—— Unreinforced specimen
Retrofitted specimen
-100 | | | | | | | | |

2 4 6 8 10 12 14 16 18 20

Fig.7 Acceleration recorded on the foundation and out-of-plane horizontal displacement (measured by
3DVision on the marker at z=2.46 m) on the tuff wall (before and after retrofitting) under AQV signal with
SF=1.25

the first marker (at z=0) was on the foundation, six markers were on the masonry wall
(at z=1.01 m, z=1.78 m, z=2.37 m. z=2.46 m, z=2.81 m, z=3.17 m) and the last
one (z=3.49 m) was on the top beam. The deflection profiles are represented in the
time instant of the maximum (§,,,) and minimum (8,,;,) displacements of the marker
at z=2.46 m, which was the closest one to the first hinge (developed after T15 in the
first test session), already used in previous analyses (Figs. 4, 7). Note that, since SRG
reinforcement reduced the maximum displacements of the wall under comparable input
intensity, a different scale was used in Fig. 9b with respect to Fig. 9a, c.
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Fig.8 Damage pattern of the reinforced tuff wall at the end of the shake table test session: cracking of the
mortar matrix (a), crushing of the tuff units (b) and connector in the foundation (c¢)

Unreinforced specimen i i Reinforced specimen
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Fig.9 Deflection profiles of the tuff wall before (a) and after (b, ¢) SRG retrofitting

The deflection profiles show that the response of the unreinforced wall was mainly gov-
erned by the development of a hinge in the middle, in addition to the one at the base and
to the top constrain provided by the rollers, and can therefore be assimilated to that of a
system of two nearly-rigid blocks. The only exception is the profile of the last test (T31,
Fig. 9a) in which the development of the second intermediate hinge is clearly visible in the
negative side (backwards deflection), so the wall behaved as a three-block mechanism. The
profiles of the retrofitted wall, apart from the smaller displacements, show a wider deflec-
tion distribution. In this case, due to the tensile strength provided by SRG, the response
was similar to a nearly-elastic beam, simply supported at the base (where the SRG strips
did not prevented rotation) and on top (due to the presence of the rubber rollers whose
effect was not affected by the retrofitting work).

4.3.3 Dynamic properties and damage accumulation

The fundamental frequency of the wall (f) was calculated through the transfer function
between the acceleration time-histories recorded by the sensors on the wall (output signals)
and on the foundation (input signals). The transfer function, which is calculated as the cross
power spectral density of the input and the output signals divided by the power spectral
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density of the input signal, provides information on the filter effect of the structure on the seis-
mic input received at its base and can be used for dynamic identification under both stationary
(white noise) and non-stationary (seismic) input signals. In this case, for the seismic tests,
data acquisition was prolonged for 30 s after the end of the input and dynamic identification
analyses were based only on the data recorded in these last 30 s of free vibrations. Clearly, the
amplitude of the accelerations tended to reduce during the free vibrations due to damping, but
it was verified that, even after low-intensity inputs, the amplitude of recorded acceleration was
out of the sensitivity range of the instruments.

Two experimental modal analyses methods were used, namely a Single-Input/Single-
Output (SISO) approach and a Multi-Input/Multi-Output (MIMO) approach. In the former,
the horizontal acceleration recorded by the accelerometer on the foundation (A2) was used as
input signal and that of the accelerometer on the wall near the hinge (A7) was used as output
signal. In the latter, the data provided by 3DVision were used. First, the horizontal component
(in the out-of-plane direction) of the displacement time-histories of the markers were derived
two times to obtain acceleration time-histories. Then, the average of the accelerations of the
markers on the foundation and on the shake table was taken as input signal and that of the
markers on the upper half of the wall (excluding the top beam) was taken as output signal. In
principle, thanks to the use of a large number of input and output points, the MIMO approach
should provide smoother and more stable (less noisy) results than the SISO one, which, on
the other hand, requires less efforts in setup implementation and data analysis (Maia and Silva
1998).

Figure 10a shows the values of f provided by the two methods (SISO and MIMO) in the
two shake table test sessions in sequence. In the unreinforced specimen (Table 2), the fre-
quency decreased from 8.1-8.2 Hz (WNO1) to 0.9-1.1 Hz (T29-T31). The repair and retro-
fitting works almost restored the initial frequency (Table 3, WNO1), indicating that both the
(localized) repointing of the cracked joints and the installation of the SRG strips compensated
for the effect of the (more distributed) damage developed in the first test session. The pres-
ence of the SRG reinforcement, also led to a slower damage accumulation with respect to the
unreinforced specimen. In the last test (T41), f was 1.7-1.8 Hz, which is slightly higher than
that recorded at the end of the former test series, but it was reached after a longer session with
much higher intensities.

From a methodological standpoint, SISO and MIMO methods provided similar frequencies
(which validated both the results and the methods) and the frequency calculated in WN tests
(represented by white markers in Fig. 10) was, as a general trend, 10-30% higher than in seis-
mic tests, which might be due to the smaller amplitude of oscillations.

With the aim of representing the accumulation of damage, a damage index (DI) was calcu-
lated starting from the frequencies provided by SISO and MIMO approaches using the expres-
sion in Eq. (1), in which f; is the frequency of the i-th test and f; is that of the first test, taken as
reference for the initial (undamaged) state (Mendes et al. 2014). DI, by definition, is null for
the first test and tends to 1 with the increase of damage (it would be 1 for f;=0), and its varia-
tion reflects that of f; as shown in Fig. 10b.

2
DI, =1- <]J;) ey
1
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—@— Unreinforced specimen, accelerometers (fgs0)
—— Unreinforced specimen, 3DVision (fymo)
—®— Retrofitted specimen, accelerometers (f5s0)
—— Retrofitted specimen, 3DVision (f\yuo)
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Fig. 10 Fundamental frequency (a) and damage index (b) of the tuff wall

5 Seismic behaviour of the stone wall
5.1 Response of the unreinforced specimen

Being built on the same foundation, the stone wall underwent the same sequence of shake
table tests of the tuff wall. In this case, the mortar joint at z=2.54 m crushed at the end of
the series with SF=0.25. The presence of horizontal joints facilitated the development of
such horizontal hinge, whereas the headers prevented leaf separation. From this moment on,
the wall behaved as a two-block mechanism. In test T20, performed under AQV signal with
SF=0.75, both the maximum acceleration (ay, ;,,x=0.53 g) and the maximum displacement
(0=—134.4 mm, the negative sign meaning that it was backwards) of the test session were
recorded (Fig. 11). The displacement was measured on the marker at z=2.31 m, which was
the closest one to the hinge. The wall was considered collapsed (Table 4), and the steel frames
hinged to the foundation were closed to block it and avoid further damage or fall of stone units
on the shake table. This allowed the tests to be continued on the tuff wall.
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Fig. 11 Base and distributed acceleration versus displacement curves of the stone specimen before and after
BTRM retrofitting under BGI (a), MRN (b), AMT (c¢), NCR (d) and AQV (e) seismic inputs
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Table 4 Results of the tests on the unreinforced stone wall

Test Signal SF a0 Ghmin umax Yumin Ydiswmax Qisemin Omax Ommin fsiso fvimo
- g g g g g g mm mm Hz Hz
WN Ol WN - 81 79
TO1 BGI 025 006 -0.05 005 -0.04 0.12 —0.08 0.4 -08 7.6 83
TO2 MRN 0.25 0.07 -0.06 0.08 -0.08 0.12 -0.13 0.5 -1.1 76 170
TO3 AMT 025 009 -0.12 007 -0.09 0.14 -0.14 0.6 -10 76 176
TO4 NCR 025 0.18 -0.13 0.10 -0.10 0.23 -0.28 14 -21 63 63
TO5* AQV 025 0.16 -0.16 0.10 -0.11 0.23 -0.22 1.1 -16 63 638
WNO02 WN - 70 6.8
TO6 BGI 050 0.08 —-0.07 0.06 -—-0.06 0.11 -0.10 1.0 -14 68 68
TO7 MRN 050 0.13 -0.13 0.12 -0.16 0.23 -0.21 1.5 -17 64 6.1
TO8 AMT 050 0.18 -0.15 0.13 -0.16 0.25 -0.26 1.9 -26 6.1 60
T09 NCR 050 025 -0.24 0.15 -024 041 -039 243 -264 39 40
T10 AQV 050 033 -029 0.13 -023 046 —-044 334 —-455 4.0 3.0
WNO03 WN - 38 39
WNO04 WN - 39 40
T11 BGI 050 0.10 -0.08 0.10 -0.05 0.10 —0.13 3.1 -4.1 38 38
T12 MRN 050 0.15 -0.15 0.13 -0.16 0.24 -0.22 7.8 -64 36 3.6
T13 AMT 050 0.18 -0.19 0.14 -0.17 0.24 -025 138 -163 29 3.0
T14 NCR 050 026 -0.25 0.18 -020 041 -040 265 -276 19 23
T15 AQV 050 031 -031 0.13 -020 042 -039 432 -956 20 20
WNO05 WN - 43 43
T16 BGI 075 0.15 -0.10 0.09 -0.11 0.15 -0.18 6.2 -72 36 37
T17 MRN 0.75 0.19 -0.19 0.18 -0.23 0.26 -027 264 —-443 3.0 3.6
T18 AMT 0.75 027 -030 0.19 -024 0.29 —-035 363 —-483 24 1.6
T19 NCR 0.75 045 -040 020 -0.29 042 -047 425 -398 1.7 1.7
T20° AQV 075 053 -049 023 -0.27 0.38 -039 375 -—-1344 10 1.0

“Development of the first hinge at z = 2.54 m
Collapse assumed

“Horizontal out-of-plane displacement measured by the marker at z = 2.31 m (the closest to the hinge)

5.2 Strengthening with Basalt Textile Reinforced Mortar (BTRM)
5.2.1 Reinforcement materials and layout

After the tests, the stone wall was reinforced on both sides with a BTRM compos-
ite, including a bidirectional balanced basalt fabric with 8§ mmXx8 mm grid spac-
ing (Fig. 12). The fibre yarns are pre-impregnated to improve adhesion and durability
(Lignola et al. 2017) and each of them also includes two stainless steel micro-wires. The
basalt mesh has y;=400 g/m? t;=0.064 mm, f;=881 N/mm? E;=51.9 kN/mm? and
e;=1.92%; the BTRM-to-substrate load transfer capacity (axial stress in the textile at
detachment) is f, =580 N/mm? (mean values, determined experimentally through labo-
ratory tests performed before wall retrofitting). The textile was bonded to the entire sur-
face of the wall, including the top beam, with the same lime-based mortar used for SRG.
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Fig. 12 Retrofitting design of the stone wall with BTRM

Since the fabric is supplied in 1 m wide sheets, two 0.85 m wide plies were installed to
cover the entire surface of the wall, with a 0.2 m overlap in the middle.

Given the irregular arrangement of the stones, which had caused some local detach-
ments in the tests on the unreinforced specimen, it was necessary to cover the entire sur-
face of the wall. Both the cross-sectional area of fabric and the TRM-to-substrate surface
were larger than those of the SRG installed on the tuff wall, so the BTRM system provided
sufficient tensile and bond strength, despite its relatively lower mechanical performances.
Moreover, since the wall had two leaves, transversal steel connectors (with density of 2/rn2)
were installed to prevent leaf separation and improve the substrate-to-TRM load transfer
capacity. Finally, in order to prevent end debonding, the composite was connected to the
reinforced concrete foundation.

5.2.2 Installation phases

First, the wall was repaired by repointing the crushed joints with lime-based grout and
replacing the stones that had fallen down (Fig. 13a). The masonry was wet with water and
the first layer of matrix was laid down. Then, the fabric was installed (Fig. 13b) and the
top layer of mortar was laid down. The overall thickness of the TRM overlay was about
10 mm, even if the unevenness of the substrate entailed local variability. The connectors
(Fig. 13c) were made by rolling the UHTSS textile used for SRG and a plastic wedge,
inserted in crossing holes drilled in the masonry before the installation of the basalt mesh
and injected with lime-based grout at the end of the retrofitting works. Grout injections
filled the voids, providing an additional improvement of the mechanical properties of the
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Fig. 13 Retrofitting of the stone wall with BTRM: repointing of the crushed joints (a), installation of the
basalt mesh (b) and grout injection of the transversal steel connectors (c)

masonry (Giaretton et al. 2017). The lower connectors between BTRM overlay and rein-
forced concrete foundation were made with the same textile used for SRG. They were
inserted in holes drilled in the reinforced concrete foundation and then injected with lime-
based grout, as it was done for the SRG reinforcement on the tuff wall. On the other side,
they were bonded over the basalt mesh with an overlap length of 200 mm. Like the tuff
wall, also the stone specimen was kept wet for the first 24 h and then stored in the labora-
tory for 5 weeks before testing.

5.3 Response of the reinforced specimen and comparisons
5.3.1 Seismic capacity and acceleration versus displacement curves

The BTRM reinforcement entailed a gain in seismic capacity of 113%. The maximum
(absolute) acceleration recorded on the foundation was ay,..,=1.13 g during test T24
(NCR, SF=1.50, Fig. 11d). Collapse occurred during test T28 (AMT signal, SF=1.75,
A max =0.67 g). As done for the tuff wall, the distributed acceleration (ag;,,) was calculated
as a further measure of the input transferred to the specimen, which is closer to the inertial
forces than the sole base acceleration (a;,). A maximum value of @y, .= 1.43 g was cal-
culated at test T25 (AQV, SF=1.50, Fig. 11e), which was 304% of that calculated on the
unreinforced specimen (dgig yin =—0.47 g, test T19, NCR, SF=0.75, Fig. 11d). Note that,
due to dynamic amplification, the maximum base acceleration and maximum distributed
acceleration were not in the same test.

The basalt mesh detached locally from the substrate during the set of tests with SF=1.0,
approximately at the same height where the hinge developed in the test session on the unre-
inforced wall (Fig. 14a). Damage progressively developed (Fig. 14b) and, at failure, a large
surface of the reinforcement debonded from the masonry substrate (Figs. 14c, 15a). Such
detachment appeared caused by a combination of shear stresses and buckling of the TRM
overlay. The steel connectors (Fig. 15b), however, remained effective (they did not show
signs of pull-out) and, in addition to preventing leaf separation, contributed to the load
transfer mechanism from the wall to the basalt fabric. Indeed, even if this latter was par-
tially detached from the substrate, the presence of the connectors made it still effective
similarly to an unbonded tendon between connectors. Finally, signs of tensile rupture of the
basalt wires were detected only locally near the edges of the stones (Fig. 15c).
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Fig. 14 Damage pattern of the retrofitted stone wall after test series with SF=1.00 (a), SF=1.50 (b) and
SF=1.75(¢)

Fig. 15 Damage pattern of the reinforced stone wall at the end of the shake table test session: BTRM
detachment (a), detail of the connector (b), local rupture of the basalt wires at the edges of crushed stones

(©

The gain in strength was associated with an increase of displacement, as shown by the
acceleration versus displacement response curves (Fig. 11), which is clearly also due to
the higher input intensity attained in the tests on the retrofitted specimen. The response in
time of the same marker (z=2.61 m) under the same input (AQV, SF=0.75) is plotted in
Fig. 16, showing the reduction of the displacements entailed by the reinforcement.

5.3.2 Deflection profiles

The deflection profiles of the stone wall, before and after retrofitting, are shown in Fig. 17. As
in the case of the tuff wall, there is a marker on the foundation (z=0), one on the top beam
(z=3.75 m), and six on the wall, at z=1.04 m, z=1.84 m, z=2.36 m. z=2.61 m, z=2.98 m
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Fig. 16 Acceleration recorded on the foundation and out-of-plane horizontal displacement (measured by

3DVision on the marker at z=2.61 m) on the stone wall (before and after retrofitting) under AQV signal
with SF=0.75
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Fig. 17 Deflection profiles of the stone wall before (a) and after (b, ¢) BTRM retrofitting

and z=3.30 m. The closest marker to the hinge developed after TOS in the first test session was
at z=2.61 m and the deflection profiles are built for each test in the time instants when this
marker attained §,,,, and 8., respectively. As for the tuff wall, also in this case the response
of the unreinforced wall was mainly governed by the presence of the hinge (Fig. 17a), whereas
the BTRM overlay entails both a reduction (for the same input, Fig. 17b) and a redistribution
(also at collapse, Fig. 17c) of the deflections along the height of the wall.

5.3.3 Dynamic properties and damage accumulation
The fundamental frequency (f) of the unreinforced stone wall (Fig. 18a) was about 8 Hz

before the beginning of the tests and suddenly decreased to 3.8-3.9 Hz after the first runs
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of tests with SF=0.50 (see WNO3 and WNO4 in Table 4). At collapse, both the experi-
mental modal analysis approaches (SISO and MIMO) provided a frequency of 1.0 Hz.
The repair works and the installation of the BTRM reinforcement balanced the effect of
the damage accumulated in the former test series and restored the initial frequency of the
undamaged specimen (f=7.8 Hz, Table 5). As observed in the tuff wall, also in this case
the composite overlay entailed a slower accumulation of damage, since the same reduc-
tion of stiffness (f decreased to 1.3—1.4 Hz) was obtained as the effect of more tests under
higher intensity of seismic input (Fig. 18a). Finally, the increase of the damage index (DI),
plotted in Fig. 18b, clearly shows both the slower accumulation of damage ensured by the
BTRM and the absence of the sudden damage increases visible on the unreinforced wall.

6 Design provisions

Existing design guides (ACI 2013) and recent research studies (D’Antino et al. 2018;
Meriggi et al. 2019) provide analytical relationships to estimate the ultimate flexural
strength of masonry walls reinforced with TRM composites. The suggested approaches
consist in a cross-sectional analysis under compression and bending, under the assump-
tions that plane sections remain plane and that there is strain compatibility between
masonry and TRM. As for masonry, either an elastic—plastic behaviour or a stress-block
diagram is assumed in compression. TRM, instead, is considered linear elastic to failure in

—@—— Unreinforced specimen, accelerometers (fgso)
—&— Unreinforced specimen, 3DVision (fymo)
—®— Retrofitted specimen, accelerometers (fg50)
—— Retrofitted specimen, 3DVision (fymo)

O O White Noise test

JHZ]
M WA OO N ® ©

-

DI

Test

Fig. 18 Fundamental frequency (a) and damage index (b) of the stone wall
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Table 5 Results of the tests on the reinforced stone wall

Test Signal SF  @pmax Ghmin  Gumax Gumin isemax istemin Omax  Omin fsiso fvmo
- g g g g g g mm mm Hz Hz
WNOlI WN - 79 19
TO1 BGI 050 0.10 -0.10 0.05 -0.04 0.13 -0.14 0.6 -13 79 82
T02 MRN 0.50 0.13 -0.15 0.14 -0.18 0.23 -0.21 0.9 -13 75 76
T03 AMT 0.50 020 -0.26 0.16 -0.16 0.32 -0.30 0.5 -22 72 18
T04 NCR 050 032 -0.29 023 -023 054 -0.56 3.0 -40 63 70
TO5 AQV 050 033 -033 0.18 -0.18 0.52 —-0.47 2.4 -30 62 70
WNO02 WN - 7.1 72
TO6 BGI 0.75 0.16 -0.11 0.09 -0.09 0.19 -0.17 1.5 -0.7 6.7 638
TO7 MRN 0.75 022 -0.21 0.19 -021 033 -0.28 22 -19 66 6.6
TO8 AMT 0.75 028 -0.35 020 -0.26 0.49 —-0.49 24 -33 65 64
T09 NCR 0.75 055 -0.59 026 -034 0.83 -0.71 6.7 -72 58 58
T10 AQV 075 048 —-0.53 0.18 -0.30 0.83 -0.93 6.2 -72 55 57
WNO03 WN - 65 63
T11 BGI 1.00 020 -0.13 0.11 -=0.11 0.25 -0.21 2.4 -16 6.1 55
T12 MRN 1.00 031 -0.30 026 -0.36 0.56 -0.59 4.3 -49 59 54
T13 AMT 1.00 032 -0.38 027 -029 0.59 -0.59 3.7 =57 59 53
T14 NCR 1.00 0.89 -0.63 039 -0.39 098 -0.79 155 —156 41 438
T15% AQV 100 064 -0.79 027 -026 1.29 -1.05 131 -19.8 40 46
WNO04 WN - 53 52
WNO5 WN - 53 54
T16 BGI 125 021 -0.16 0.14 -0.13 0.24 -0.33 4.0 -33 52 46
T17 MRN 125 036 -0.38 030 -042 0.55 —0.60 123 —-157 43 46
T18 AMT 125 051 -055 031 -0.34 0.76 -0.87 129 -21.0 44 44
T19 NCR 125 0.87 -0.72 036 -0.52 0.99 -1.00 371 -432 38 32
T20 AQV 125 1.13 -097 033 -040 1.39 —-1.05 533 =380 36 24
WNO06 WN - 46 4.6
T21 BGI 1.50 029 -022 0.18 -0.20 0.27 -0.39 146 -126 3.7 27
T22 MRN 150 043 -040 035 -046 047 -054 356 -—-428 35 22
T23 AMT 150 056 —0.58 042 —-0.43 0.85 -089 622 -550 3.0 19
T24 NCR 150 1.13 -0.89 037 -0.51 1.16 -122 503 =575 17 21
T25° AQV 150 1.06 -098 036 -051 1.43 —1.11 67.0 —-437 18 15
WNO07 WN - 37 37
T26 BGI 1.75 032 -022 021 -0.19 041 -0.31 451 -633 20 1.6
T27 MRN 1.75 053 -044 042 -052 0.52 -054 427 -79.1 17 14
T28° AMT 175 0.67 -0.62 046 -0.46 0.86 -094 1151 -1152 1.7 14
WNO08 WN - 3.7 3.7

*Local detachment of the BTRM reinforcement
®Extended breaking of the mortar matrix
¢Collapse

9Horizontal out-of-plane displacement measured by the marker at z=2.61 m
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tension, whereas its contribution in compression is neglected. TRM ultimate axial strain is
determined through a qualification procedure based either on clevis gripped tensile tests on
coupon specimens (ICC-ES 2016) or on the combination of TRM-to-substrate shear bond
tests and clamping gripped tensile tests on bare textile specimens (De Santis et al. 2018a).
According to this procedure, the failure mode, either crushing of masonry in compression
or failure of the TRM reinforcement by detachment or tensile rupture, is first identified.
Then, the neutral axis depth (c,) is determined by imposing the balance of vertical force
resultants (existing axial load, compression in masonry, tension in the reinforcement).
Once the neutral axis depth, the strain levels in the masonry and in the reinforcement, the
force resultants and their position are known, the ultimate flexural strength is calculated.

As an alternative to such strain compatibility based approach, a limit analysis based
method, which expresses ultimate limit state conditions in terms of maximum stresses can
be used. It neglects strain compatibility and assumes that both masonry and TRM exploit
their full strength at the same time, making the identification of the failure mode unneces-
sary. The ultimate state of the materials is described by maximum force resultants and not
by maximum strains. The yield design assumptions highly simplify equations and require
only the material parameters related to tensile and compressive strength, whereas the
Young’s modules and the strains (which are more difficult to determine experimentally and
may be more scattered than loads and stresses) are not necessary. This limit analysis based
approach appears suitable for design and proved reliable at least for a preliminary assess-
ment (Meriggi et al. 2019).

Both the methods (the strain compatibility based approach and the limit analysis based
one) were validated and calibrated in Meriggi et al. (2019) on the basis of databases of
quasi-static bending tests, including three/four point bending tests on medium scale panels
and four point bending tests or airbag tests on full-scale wall specimens. Shake table tests
were instead excluded.

In this section, the flexural strength of the two specimens tested within the present study
was estimated analytically and compared to experimental results to investigate the reliabil-
ity of the theoretical approaches in case of earthquake base motion. The calculation was
made in the cross section that, based on the deflection profiles, experiences the highest
bending moment, that is at z=1.90 m for the tuff wall (Fig. 9c) and at z=2.20 m for the
stone wall (Fig. 17c). The axial load in this section was calculated considering the self-
weight of the upper portion of the wall, in addition to the top beam and the steel plates, and
resulted 25.2 kN for the tuff wall and 96.6 kN for the stone wall. The effect of the vertical
acceleration was instead neglected. As for the mechanical properties of masonry, a stress-
block diagram was used in compression, with a constant stress value of 0.85f, over a depth
of 0.8c,, f, being the compressive strength (5.9 N/mm? for the tuff masonry and 14.3 N/
mm? for the stone masonry, see §3.1). A ultimate strain of 0.0035 was considered (CEN
2016). As for SRG and BTRM composites, the ultimate strain values were determined as
eq4=1.5f,/E; (De Santis et al. 2018a), where f; is the TRM-to-substrate shear bond strength
and E; is the Young’s modulus of the dry textile, reported in §4.2.1 for SRG and in §5.2.1
for the BTRM. The coefficient of 1.5 was taken considering that failure was expected to
occur by intermediate detachment from the substrate (Meriggi et al. 2019). Clearly, average
mechanical properties were considered and no partial safety factors were applied, and the
resulting ultimate strain was 0.013 for SRG and 0.017 for BTRM. As for the tuff wall, the
ultimate flexural strength estimated through the strain compatibility based approach was
16.9 kNm and the predicted failure mode was TRM detachment, whereas the limit analysis
based approach provided a strength of 17.4 kNm. The wall was considered as a simply sup-
ported beam, the constraints being the lower crack at the base (first mortar bed joint) and
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the rubber hollow cylinders on top (Fig. 2). Either a uniform or a segmental horizontal load
distributions were assumed. The former (uniform) was equal to the maximum base acceler-
ation (maxla,|, see §4.3.1) multiplied by the weight density (y). The latter (segmental) was
determined as the acceleration profile built from the data of the accelerometers (already
used to calculate ag;,,) multiplied by the weight density (y), with the aim of accounting for
the dynamic amplification over the height of the wall, although in a simplified way. The
external bending moment resulted 16.5 kNm under the uniform horizontal load distribution
and 19.7 kNm under the segmental one.

The theoretical ultimate flexural strength of the stone wall was 23.2 kNm with a strain
compatibility based approach (also in this case the predicted failure mode was TRM
detachment) and 23.6 kNm with a limit analysis based approach. The external bending
moment was 17.9 kNm under a uniform horizontal load distribution and 23.6 kNm under a
segmental profile of horizontal load based on the measurements of the accelerometers (see
§5.3.1).

For both the specimens, the theoretical estimate of the ultimate strength resulted in
good agreement with the experimental bending moment at collapse, provided that dynamic
amplification was considered in the calculation of this latter. The predicted failure mode
was also observed in the tests, even if masonry (especially the tuff blocks) also crushed in
combination with the detachment of the composite overlay.

It should be noted that the simplifying assumptions of the analytical model do not con-
sider buckling induced TRM detachments (the composite on the compressed side is disre-
garded), damage accumulation (which may largely affect the response of a specimen dur-
ing a long shake table test session) and the presence of connectors (which significantly
contributed to the response of the retrofitted stone wall). Despite these limitations, based
on the comparisons made with the results of the present shake table tests, the approach
proposed by existing literature appears reliable for the design of seismic retrofitting and for
a preliminary assessment of TRM retrofitted walls under dynamic loading.

7 Conclusions

A shake table test was carried out on two full-scale masonry walls, one built in regular
tuff blocks and one with rubble stones, which were constrained on top to induce out-of-
plane vertical bending under earthquake base motion. The experimental investigation pro-
vided information on their dynamic behaviour and on the enhancement of seismic capacity
attained by externally bonded reinforcements with mortar-based composites.

As for the unreinforced specimens, failure occurred by the development of a hinge at
about 3/4 of the height and the onset of a collapse mechanism with a peak base accel-
eration of 0.86 g for the tuff wall and 0.53 g for the stone wall. The lower capacity of
the stone wall with respect to the tuff one should be attributed to the higher mass density,
which entailed higher inertial forces under the same earthquake base excitation. The seis-
mic capacity exhibited by the unreinforced walls appeared higher than that estimated for
existing masonry structures in post-earthquake activities. This might be due to the effects
of openings, interaction with other structural members including those transferring hori-
zontal thrusts, pre-existing damage/deterioration, which were not reproduced in the tests.
Information collected during surveys also indicates that the stone structures in historic cen-
tres are often weaker than that built within this study, due to the presence of smaller stones,
thicker mortar joints, wider voids, weak inner core, etc.
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After a first test session, the walls were retrofitted using either a Steel Reinforced Grout
(SRG) system comprising a unidirectional steel textile or a Basalt Textile Reinforced Mor-
tar (BTRM) composite, which makes use of a bidirectional basalt mesh. Both fabrics were
bonded with a lime-based mortar.

The SRG, applied to the tuff wall, enhanced the maximum acceleration attained in shake
table tests by 138% (2.05 g) and the deflection capacity by 12% (110 mm vs. 98 mm).
Despite applied in discrete strips, SRG resulted effective thanks to the high tensile strength
of the steel cords and the good adhesion with the substrate.

The BTRM overlay, installed over the entire surface of the stone wall, ensured a simi-
lar increase of the strength (113%, 1.13 g), whereas the maximum recorded displacements
decreased from 134 to 115 mm (— 14%) in this case. The necessity of reinforcing the wall
over its entire surface (in order to prevent disaggregation), required the use of a mesh
instead of the unidirectional textile, but this also allowed the application of a relatively
weaker material (basalt in place of steel). Transversal steel connectors effectively avoided
leaf separation and improved the load transfer capacity from the masonry to the reinforce-
ment. Nevertheless, the bond strength of the BTRM overlay and the substrate appears
improvable, and this could be achieved, for instance, by a wider grid spacing (keeping the
same design thickness). For both the systems, the long term durability still represents and
open issue that deserves further research, in view of their use within structural rehabili-
tation activities. More generally speaking, the possibility of monitoring and controlling
externally bonded reinforcements after some years have passed from retrofitting is expected
to become a need related to safety and sustainability in the next future.

TRM systems reduced the out-of-plane displacements under the same seismic input.
With respect to the unreinforced walls, the displacement profiles of the retrofitted speci-
mens also showed a wider deflection distribution, their response being more similar to a
nearly-elastic beam rather than to a two nearly-rigid block mechanism. Dynamic identifica-
tion analyses revealed that the repair works (repointing of crushed mortar joints, replacing
of broken stone units) and the retrofitting with SRG or BTRM composites compensated for
the stiffness reduction caused by damage developed during the test sessions on the unrein-
forced specimens. The fundamental frequency detected at the beginning of the test series
on the retrofitted walls was comparable to that of the unreinforced and undamaged walls,
indicating that the application of mortar-based composites did not significantly increase
the stiffness of the structural members. Additionally, SRG and BTRM overlays entailed a
lower progressive damage accumulation under increasing intensity of the seismic inputs,
indicating that retrofitted walls are expected to better sustain strong earthquake sequences.

The ultimate flexural strength was estimated using theoretical approaches suggested by
available literature and resulted in good agreement with the experimental bending moment
at collapse, provided that this latter was calculated considering dynamic amplification
effects, that is, taking into account the accelerations recorded along the wall height rather
than just at its base. Despite the simplifying assumptions do not allow to predict buck-
ling induced detachment and progressive damage accumulation, based on the results of the
present shake table tests, the existing theoretical approaches appear reliable for the design
of seismic retrofitting and for a preliminary assessment of TRM retrofitted walls under
dynamic loading.

This study indicates that composite materials with inorganic matrices can be effec-
tively used to protect the building stock in earthquake prone areas. Clearly, their effective-
ness relies on the proper installation, which also includes the preparation of the substrate,
and on the careful control of the curing conditions (temperature, relative humidity) of the
mortars in the construction site. The use of lime-based mortars as matrices, which proved
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effective even under severe seismic inputs, makes them suitable for applications to archi-
tectural heritage. Finally, thanks to their small thickness, they could be installed during the
ordinary maintenance works of the facades. Further tests could provide important infor-
mation on the influence of the interaction between orthogonal walls, of openings and of a
roof. Other masonry types (e.g., brickwork, three-leaves walls) and reinforcement materials
(e.g., glass, carbon) could be investigated to gain a deeper understanding on the dynamic
behaviour and seismic capacity of TRM retrofitted structures.
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