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Abstract This paper focuses on the in-plane beha-
viour of rubble stone masonry with lime mortar
strengthened with different solutions. For that, 12
rubble stone masonry wall specimens, with construc-
tion features typical of ancient historic buildings of
Southern Portugal and Mediterranean countries, were
subjected to in-plane quasi-static cyclic tests. The
applied retrofit solutions are specific for historic
masonry buildings, such as the injection of mortar
and FRCM systems, with glass and carbon meshes.
The main experimental results obtained are presented
through envelope curves, in terms of resistance,
deformation capacity, and deformed shapes. More-
over, dissipated energy is also commented on. Hori-
zontal drift results are compared and analysed together
with the ones obtained in the literature for equivalent
strengthening solutions in masonry walls.
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1 Introduction

Past events have proved how existing masonry
buildings are easily vulnerable to seismic action,
either residential or monumental buildings (e.g.
[1-4]). It is even worse when these buildings, due to
the ageing process and little maintenance care, lack
transversal connections or present poor masonry
quality, in which diagonal shear cracks tend to appear
in mortar joints because of its low tensile strength
[5-8]. In fact, when the mortar is of very poor quality,
it is very common to occur disintegration of the
masonry or multiple-leaf separation phenomena under
seismic events [9-11].

For the retrofitting of historic masonry structures,
there is a combination of requirements to protect the
authenticity of the cultural heritage building suggested
by ICOMOS recommendations [12]. It states that the
retrofit solutions must preserve the authenticity of the
monument, promote minimum intervention, be rever-
sible, where possible, and ensure compatibility and
durability. Indeed, the requirement of reversibility can
be discussed and questioned since there are very few
truly reversible techniques. Therefore, the focus when
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designing the solutions should be instead on choosing
compatible materials that can guarantee the efficiency
and durability of the intervention, as stated by Oliveira
et al. [13]. One of the most commonly used techniques
is the grout injection of masonry walls, which exploits
the existence of voids, significantly increasing the
masonry mechanical properties (e.g. [14, 15]). How-
ever, its effectiveness depends on the injectability of
the wall and the grout used [6, 16, 17]. In the past,
some examples of misuse of this technique have been
reported [18], mainly due to the application of
incompatible materials such as cement-based mixtures
in ancient buildings with a lime mortar substrate.

Another technique that has been recently increas-
ingly investigated for improving the in-plane capacity
of masonry walls is the Fabric Reinforced Cementi-
tious Matrix (FRCM) system. The composites (either
with glass, carbon, PBO, or even basalt meshes)
present high compatibility with the masonry substrate
and durability within the retrofit design, making them
so attractive. Furthermore, for heritage masonry
buildings, the inorganic matrix used should be lime-
based mortars and not cement-based binders. At the
moment, to the best of the authors’ knowledge, these
new materials are encoded for design in the USA [19]
and, more recently, in Italy [20-24]. It is also worth
mentioning the RILEM [24] and ACI [25] guidelines
that exist on the subject. However, none of these codes
or guidelines presents reference values for the increase
of displacement capacity of strengthened walls, essen-
tial for the design of retrofitting solutions. As these
materials are more recent, the existing relevant infor-
mation on FRCM applied to historic masonry buildings
is still scarce and some uncertainties regarding the
design of the retrofit solution are still present. A recent
paper by Boem [26] presents a review of masonry
elements strengthened with this technique, showing
several experimental works already developed. Most
of the existing studies present FRCM systems applied
on both facades of the specimens, but only a few exist
with the strengthening on one side [27-31]. Further-
more, the existing studies on FRCM applied to rubble
stone masonry carry out diagonal compression tests
[30, 32-35], which provide data on improved equiv-
alent tensile strength of masonry. Still, little informa-
tion exists on cyclic behaviour and wall deformation
capacity. The studies found by the authors on rubble
stone walls strengthened with FRCM systems under in-
plane quasi-static tests are [36-38].

As pointed out by Boem [26], studies in the
literature have found that masonry piers strengthened
with  FRCM solutions and with a cantilever
scheme tend to present flexural failure with toe
crushing and without relevant diagonal cracks
[39-41]. As noted from these tests, the effect of the
proper anchoring of the FRCM system to the pier can
often end in failure mechanisms ruled by rocking. On
the other side, for tests with double fixed conditions,
diagonal cracking, associated with a shear failure,
typically rules the piers’ behaviour [42, 43]. For more
results on other boundary conditions, Petry and Beyer
[44] have carried out several tests on unreinforced
masonry walls under in-plane quasi-static loads.

The use of these two strengthening techniques,
mortar injection and application of the FRCM system
with FRP (fibre-reinforced polymers) meshes based on
glass or carbon fibres, is herein investigated for the in-
plane capacity improvement of rubble limestone
masonry panels, typical of ancient constructions in
Central-Southern Portugal.

For this purpose, an experimental program consist-
ing of twelve rubble stone masonry specimens tested
under quasi-static cyclic horizontal loads combined
with constant vertical stress was developed. The
experimental campaign was carried out in the Struc-
tures and Strength of Materials Laboratory (LERM) of
the Instituto Superior Técnico (IST), University of
Lisbon, within a partnership between IST and the
SECIL Lda. Company. The experimental results were
analysed to understand the change of behaviour of
rubble stone walls when strengthened with different
techniques, mainly the increase of displacement
capacity, on which there are still almost no reference
values available in the literature.

2 Experimental program
2.1 Specimens details

Twelve 120 x 120 x 40 cm® specimens of rubble-
stone masonry representative of ancient Portuguese
monuments were built to assess their behaviour under
quasi-static cyclic shear tests. Two unreinforced
masonry (URM) walls were used as control, while
the other specimens were strengthened with different
solutions: mortar injection and FRCM system. Each
combination of strengthening techniques was tested in
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Table 1 Specimens’ designation

Strengthening technique Specimen designation

No Strengthening URM 1, URM 2
Injection 11,12
FRCM system
Glass-FRP mesh G1,G2
Carbon-FRP mesh Cl1,C2
Injection + FRCM system
Glas-FRPs mesh 1IG1,1G2
Carbon-FRP mesh IC1,IC2

two specimens, giving a total of ten strengthened
walls. The FRCM system was applied only on one side
of the specimens, as is the case of many historic
buildings due to architectural or conservation con-
straints, for instance, the presence of mural paintings
or tiles on the walls, or when it is important to reduce
the impact of the technique’s application in the
building’s use. The designation adopted for the
specimens is presented in Table 1.

The specimens were built to reproduce the current
condition of ancient masonry in Portuguese monu-
ments and existing buildings. Thus, to represent the
mortar’s ageing effect, during the specimens’ con-
struction the interior core of the walls was left with
several voids and only after a minimum period of
4 months after their construction they were tested,
guaranteeing the mortar’s curing. Moreover, the
specimens were composed of two leaves of stone
with occasional interlocking through the thickness, as
shown in Fig. 1. The masonry units were irregularly
shaped, with various dimensions, presenting an irreg-
ular texture typical of the ancient masonry buildings
and monuments in the centre-south region of Portugal.

The specimens were built directly on reinforced
concrete footings with dimensions 0.5 x 1.25 x 0.10
m®. A reinforced concrete beam  with
0.5 x 1.25 x 0.10 m® was built on top of each
specimen to distribute the loads applied during the
experimental tests.

When the walls were dry (minimum 28 days), the
strengthening solutions were applied. Surface voids
were sealed in all specimens with the same premixed
mortar used in the construction to prevent injected
mortar from being poured out of the walls in the
specimens strengthened using such a technique.

The injection technique was applied through grav-
ity as recommended for ancient deteriorated walls.
The mortar was injected from a height of approxi-
mately 5 m higher than the specimens to obtain the
necessary pressure (Fig. 2a), using an average of 3.7
bags of 18 kg of premixed mortar per panel. Four to
five injection holes spaced approximately 50 cm apart
with a light downward inclination were made on one
side of each specimen. The injection holes were first
filled with small quantities of water to clean the tubes
and holes of small sediments and dust. Twenty-eight
days after sealing the surface voids, the mortar was
injected into the plastic tubes until it started to come
out either from the same or other tubes, which were
then closed (Fig. 2b). In the case of specimen I 1, as
the tubes became filled with very little mortar injected,
a total of 10 holes in different positions were made
(Fig. 2¢). However, even so, only a small quantity of
mortar was injected, meaning the wall presented one
of the lowest quantities of voids (3%). The percentage
of voids was calculated and ranged between approx-
imately 2% and 8%, with an average value of 5%.

The application of the FRCM systems (see Fig. 3),
including its anchoring system, was applied following
the CNR-DT 215/2018 guidelines [20] and the studies
of Gattesco et al. [36]. Only one layer of mesh was
applied and just on one side of the masonry specimens.
The connectors for the glass mesh system, made of
polypropylene and with an interior nail of glass-fibre
reinforced polyamide, were applied by pressure,
together with a further localised second layer of
denser glass mesh (openings—5 x 5 mm) at the
intersection of each connector with the Glass-FRP
(GFRP) mesh, that helps to distribute the concentrated
stresses generated around the connectors. Whereas the
connectors used with the Carbon-FRP (CFRP) mesh
already present a shape that allows a suitable distribu-
tion for peak stress. Both devices present a 10-15 cm
anchorage length, which means they do not connect
the two leaves of stone. Five connectors per wall were
applied in 10 mm diameter holes drilled in the stones,
with approximately 50 cm distance in between. No
mechanical devices were applied to fix the ends of the
FRP meshes to the concrete footing or top beam. The
lack of continuity of the FRCM system at the ends of
the masonry structural element is not in accordance
with the good practices for the proper installation of
the retrofitting technique that ensure the behaviour of
the strengthening solution is fully exploited.
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Fig. 2 Injection of specimen: a bucket and hose with mortar during injection, placed at 5 m height, b I 2 (pouring mortar from one of

the lower tubes), and ¢ I 1 (with several injection holes)

Fig. 3 Connectors applied to glass (left) and carbon (right) FRCM systems

Unfortunately, in heritage buildings, it is not often
possible to fix the ends of the solution to the
foundation or rooftop. Therefore, the authors decided
to study this limitation.

The average thickness of the FRCM systems
applied is around 20 mm, excluding the levelling of

the substrate. To accommodate the high irregularities
existent on the masonry surface of the specimens, the
levelling layer thickness range is between 10 and
50 mm, and is made of the same matrix material as the
FRCM system. Furthermore, the mesh was directly
embedded in the levelling layer.
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2.2 Mechanical characterization of materials

The specimens were built with roughly cut limestones,
the most common stone used in ancient monuments
and buildings surrounding Lisbon, from a quarry in
“Porto-de-Mds”. Compressive tests were carried out
on stone cubic samples of about 50 mm edge length,
following EN 1926 standard [45], and an average
value of compressive strength of approximately
50 MPa was obtained, typical of a Portuguese soft
limestone [46, 47].

The mortars applied for the construction and
strengthening techniques were all based on premixed
natural hydraulic lime mortars, compatible with
historical buildings. The mortars used for building
the masonry walls, fixing the FRP meshes to the
substrate and the injection technique are here named
A, B, and C, respectively. They were tested first to
bending and then compression according to the EN
1015-11:2019 standard [48] for a minimum of 28 days
of curing, using three specimens per mortar of the
same batch with dimensions of 40 x 40 x 160 mm
each. Furthermore, three other specimens from the
same previous batch of mortar A, used for the
construction of the masonry walls, were also tested
to bending and compression at 4 months old, the same
mortar’s age at which the cyclic tests started to be
performed. Since the retrofitting techniques were later
applied to the walls, the mortars used in the retrofitting
were 30 days old when the quasi-static tests were
carried out, similar to the age at which the mortars
were mechanically characterized. The mortars’ char-
acterization for compression and flexural behaviour is
presented in Table 2.

Regarding the application of the FRCM systems,
the FRP meshes used were bidirectional, with glass or
carbon fibres impregnated in the resin. The GFRP
mesh, made of alkali-resistant glass fibres, due to the
induction of resin with zirconia, presents a 40 x 40
mm? grid spacing, a mass per unit area of 38 g/m” for
the longitudinal direction and 65 g/m*> for the
transversal, and resists, respectively, a tensile strength
of 1720 and 3200 N/mmz, according to the data
provided by the manufacturer. It also presents
Young’s modulus larger than 55 GPa and ultimate
tensile strain of 3.1 and 4.0% for the longitudinal and
transversal directions, respectively. The CFRP mesh,
made of carbon fibres bonded to an amorphous silica
coating, presents a geometry with a grid spacing of

17 x 17 mm? and a mass per unit area of 374 g/m>.
According to the product technical forms, the CFRP
mesh tensile strength is larger than 4300 N/mm?
Young’s modulus is 240 GPa, and presents an ultimate
tensile strain of 1.8% for each direction. Both meshes
were chosen between the available products on the
Portuguese market in terms of dimensions and weight.

Compression tests were also carried out in three
small masonry prisms with dimensions of
04 x 04 x 0.6 m3, as presented in Fig. 4a. The
capacity curves of each prism during compression
tests are presented in Fig. 4b in terms of vertical force
and average vertical displacement (measured in four
points, from the base footing to the top beam).
Moreover, the test was performed under displacement
control.

The average compressive strength obtained with
the compression tests was 2.44 MPa from values
between [1.86, 3.03] MPa. Moreover, due to the
scatter of results of Young’s modulus, different ranges
of points were considered for the calculation of the
secant  stiffness. Considering 0.1*Fmax and
0.33*Fmax, the best fit resulted in an average value
of Young’s modulus of 3.2 GPa from a range of [1.40,
4.80] GPa.

2.3 Test set-up and procedure

Quasi-static cyclic tests were performed on all spec-
imens according to Applied Technology Council [49]
and ASTM E2126-11 [50], and were adapted from the
tests previously carried out by Milosevic et al. [47].
The specimens were tested to their in-plane behaviour
with an imposed pre-vertical stress of 0.3 MPa,
correlated with the actual level of stresses of load-
bearing walls in old Lisbon masonry buildings [47]
and based on the state of stress measured at the bottom
walls of the chapel of the National Palace of Sintra
[51]. Thus, the vertical load was applied first during
the quasi-static cyclic test with a hydraulic jack.

The boundary conditions were designed as a
cantilever system, i.e. the concrete base on which the
specimens were built is fixed to the set-up while the
top concrete beam is free. This test set-up intends to
represent the boundary conditions of masonry piers in
ancient buildings with flexible floors and weak
spandrels, or even in the case of churches, where no
floors exist, and the old wooden rooftops do not
restring the rotations at the top. The horizontal load
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Table 2 Mechanical characteristics of mortar

Designation Mortar’s Average flexural strength  c.o.v.

Average compressive strength c.o.v.

Young’s modulus*

age (MPa) (%) (MPa) (%) (GPa)
A 28 Days 0.7 7.9 1.9 3.1 53-5.8
4 Months 0.7 75 22 37 -
B 28 Days 2.5 1.9 9.7 3.9 8.7
C 28 Days 4.2 72 10.4 43 10.5-11.0

*Provided by the manufacturer

Fig. 4 Compression tests to
masonry prisms: a test set-
up, b capacity curves

was applied on a steel structure fixed to the concrete
beam at the top of the specimen through a mechanical
actuator with a load cell of 300 kN capacity. The steel
system allowed the proper distribution of the horizon-
tal load along the top face of the specimen, preventing
the concentration of stresses on the load application
area. The set-up and instrumentation of the quasi-static
cyclic test are presented in Fig. 5a and b, respectively.

The loading protocol was divided into two parts.
The first one was force-controlled, and the objective
was to obtain the elastic branch of the wall’s
behaviour. This first part of the loading consisted of
four equal increments of load cycles until reaching Y4
of the maximum horizontal force predicted.

The second part of the loading protocol was
horizontal displacement controlled through a control
wire LVDT attached at mid-height at one end of the
top concrete beam and was defined following method
B of the standard ASTM E2126-11 [50]. It consisted of
five first single fully reversed cycles for the displace-
ments corresponding to 1.25,2.5,5, 7.5, and 10% of a
predicted ultimate displacement. After, a set of three
cycles was applied for each horizontal displacement
level, corresponding to 20, 40, 60, 80, 100, and 120%

4
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of the predicted ultimate displacement, with additional
increments of 20% until the specimen failure. The
loading pattern was revised for each test taking into
account updated predicted ultimate displacement
values that resulted from the first tested specimens.
For the first specimen to be tested, an unreinforced
wall, the ultimate displacement predicted to calculate
the load pattern was retrieved from [47], which
presented a similar type of unreinforced masonry
walls but did not account for a deteriorated state of the
masonry. Due to the lack of data on this type of wall
under quasi-static cyclic tests, it was only possible to
find suggestions for drift improvement of stone
masonry walls strengthened with injection [52] and a
study on one rubble stone wall strengthened with
FRCM on one side [36].

The displacement history of horizontal displace-
ment vs. time was obtained with the control horizontal
LVDT. Moreover, different LVDTs were placed on
the lateral side of each specimen at the bottom, mid-
height and top of the masonry panel, with their
supports fixed on the stones, as presented in Fig. 5.
The LVDTs were placed to obtain both horizontal and
vertical displacements, and are identified as TSH if
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Fig. 5 a Set-up and b instrumentation of the quasi-static cyclic tests

measuring horizontal displacements, and TSV for
vertical displacements, followed by a number that
corresponds to a different position on the specimen. To
complete this, an inclinometer was placed on the top
centre of the concrete beam.

3 Experimental results

3.1 Force—displacement hysteresis diagrams
and failure modes

Results of the specimens’ capacity are presented in
terms of force—displacement hysteretic diagrams in
Fig. 6, where the envelope curves and the first visible
crack are also identified. In the vertical axis, V (kN)
represents the horizontal load applied on the top
concrete beam corresponding to a cantilever condi-
tion. While in the horizontal axis, 6 (%) represents the

Laboratory Reaction Floor

horizontal in-plane drift, which was calculated by
dividing the horizontal displacement of the wall
between the base and the measuring point of the
control LVDT at the concrete beam, by the total
height.

Regarding the specimens that presented visible
damage at the end of the tests, besides a rigid body
rotation, the damage distribution in one of the facades
is presented in Fig. 7. For specimen C 1, as the
separation of the two leaves of stone occurred, a view
of the side facade is also shown. Failure was defined as
the point when the specimen achieved a decay of 20%
of the horizontal peak load, or when the panel
presented such a high level of damage that was on
the verge of collapse.

The control specimens (URM 1 and URM 2), both
unreinforced, presented a clear decay of strength after
reaching their maximum capacity. When the collapse
was attained, the specimens were severely damaged
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Fig. 6 Force—displacement
hysteretic and envelope
curves
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with large diagonal cracks due to shear failure on both
sides of the specimens, and a few parts of the
specimens were on the verge of detaching from the
panel.

It is worth noting that the first visible crack to
appear on the strengthened specimens, marked in
Fig. 6 with a red dot, corresponded always to the
detachment of the masonry panel from the concrete
base. Thus, the connection between the masonry panel
and the concrete footing proved to be the weakest part
of the strengthened specimens, associated with their
alteration of behaviour from shear to a rocking mode.
This is one of the aspects that would have benefited
from a detailed installation of the FRCM system with

URM 1 (Shear)

G 1 (Rotation, Shear, Toe Crushing)

C 1 (Rotation, Shear, Toe Crushing, Out-of-Plane)

fixed ends to the foundation and rooftop, or continuity
between storeys, since exploiting the full capacity of
the FRCM system would delay the detachment of the
wall from the base. When analysing the deformed
shapes, it is possible to conclude that the strengthening
techniques altered the failure mode of the panels from
shear collapse to flexure, mainly defined by rotation,
similar to a rigid body behaviour, which sometimes
was lately followed by a combination of other types of
failure mode. As is typical of the rocking behaviour
[53, 54], the strengthened specimens presented hys-
teretic curves without significant strength deteriora-
tion or relevant energy dissipation, showing a typical
flag shape.

IC 1 (Rotation, Light Shear, Out-of-Plane)

Fig.7 Damage distribution and failure modes at the end of the tests for the damaged specimens (pictures and drawings of front and side

facades)
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Results of specimen I 1 for positive direction
presented a higher strength capacity regarding the
other specimens because, during the majority of the
cyclic test on specimen I 1, the vertical displacements
of the arm that applied the horizontal force to the
specimen were restrained, thus imposing a restriction
on the rotation of the specimen for the pushing
movement. The restraints were removed when this
was noticed, significantly lowering the panel strength
capacity for this direction to about 65% of its peak
load. Thus, reaching the same level of strength as it
presents for the negative direction (pull) and as also
the other specimen injected with mortar (I 2), repre-
sented in the hysteretic curves in Fig. 6. Therefore, the
results of specimen I 1 for the positive direction will
not be compared with the results of the other
specimens further on in this paper. Even so, specimen
I 1 presented a rocking behaviour without visible
damage.

From the envelope curves in Fig. 8, it is possible to
immediately identify a significant positive impact of
the retrofitting solutions on the deformation capacity
of masonry walls. On the other side, in terms of shear
strength, the retrofitting did not cause a significant
enhancement since the lateral strength is limited by the
rigid body rocking mechanism. It is worth mentioning
that the strength experimentally obtained also depends
on the contact surface. For these experimental tests, it
was used a concrete footing, although in real buildings
that should not be the case. Nevertheless, for the
specimens in which sliding occurred (I 1,12, C 2, IC
1), a range of the maximum value of the friction
coefficient was obtained between [0.40, 0.57].

Three specimens (C 1, I 2, IC 1) presented an out-
of-plane behaviour due to slight height inclination of
the masonry wall, or deviation of the masonry wall
regarding the axis of application of the horizontal load,
and, in case of the presence of FRCM system, due to
the difference of damage state of both sides of the
specimen. Even though during the positioning of the
specimens in the set-up, attempts were made to rectify
the previous issues, the construction of masonry walls
is a manual process, and it will be always impossible to
eliminate the existing heterogeneities, especially in
rubble stone masonry. For specimen C 1, as is visible
in Fig. 7, there was even a separation of the two leaves
of stone at the base. The poor connection between the
two leaves, in this case, is also evident in the extensive
damage presented in the unstrengthened facade.

There is a clear distinction in the existing damage in
strengthened specimens with mortar injection and
without. The specimens with mortar injection pre-
sented almost no damage besides the detachment of
the panel from the concrete base (Fig. 9), behaving as
a rigid body, while the specimens without injection
tended to present more damage on the masonry panel,
whether it was diagonal cracking, toe crushing, or a
combination of both. The cracking was visible only on
the facade without the FRCM and the sides except for
specimen G 1, the only presenting a crack on the
plastered face. Moreover, this difference in behaviour
due to the mortar injection is represented in lower
energy dissipation of the hysteretic cycles. It is also
worth noting, that specimen C 2, presented a rocking
behaviour without visible damage, as for the speci-
mens with mortar injection technique. This can be
explained by the heterogeneity of the walls, due to the
material and manual construction. Moreover, no
detachment of the FRP mesh from the masonry panel
was noted in any of the specimens.

Table 3 identifies the type of strengthening of each
specimen, its corresponding failure mode and the
criteria for each specimen that defined its ultimate
displacement. For IG 2 and IC 2, it was decided to stop
the tests for a displacement similar to the other
equivalent specimens, since IG 2 and IC 2 did not
present either strength reduction or damage.

3.2 Mechanical parameters obtained from quasi-
static cyclic tests

The values obtained from the envelope curves in terms
of peak load (Vi,.x), ultimate drift (J,), and effective
stiffness, together with the average values for each
type of tested strengthening solution are presented in
Table 4. The maximum horizontal force limit given by
the horizontal force of a rigid body rocking mecha-
nism (Vygiq), which was calculated by the equilibrium
of forces and considering the weight of the specimen at
its centre of mass, is also presented. In Fig. 10, it is
possible to observe the increase in peak load and
ultimate drift capacity of the strengthening solutions
compared to the unstrengthened specimens. The
ultimate drift of each specimen is considered the
minimum value between the positive (push) and
negative (pull) direction of the horizontal load for
which one of the conditions of failure occurred. The
effective stiffness was calculated as indicated in
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URM 1

URM 2

Base Shear - V (kN)
-

Fig. 8 Envelope curves until the ultimate drift

Fig. 9 Rigid body behaviour of a wall strengthened with
injection and G-FRCM system (IG 2), both sides view

Italian Standard [55] for the bilinearization of the
envelope curves, as the secant stiffness at 0.7 x Vi.x.
As was also observed by Garcia-Ramonda et al.
[56], the ultimate drift of the URM walls (1.2% in the
current study) is highly underestimated by the building
codes [55, 57], which consider a value of 0.5% for the
Near Collapse Limit State (failure) of URM walls
failing in shear mode. Nonetheless, it is also worth
noting that the drift limits depend on several param-
eters, such as vertical load, boundary conditions, and
geometry, whereas in the codes, they only depend on
the boundary conditions. As was highlighted by Petry
and Beyer [58], the size effect also influences the drift
capacity of walls: greater test unit size presents a
reduced drift capacity. Thus, the values proposed in
the codes cannot be directly compared with the values
herein obtained. Regarding drift limit values of
strengthened masonry walls with the FRCM system,
neither the building codes [55, 57] nor the codes and

guidelines  for  this  retrofitting
[19, 20, 24, 25] present proposals.

Even though the FRCM solution was only applied
on one side of the specimens, not providing confine-
ment to the masonry, it already presents a significant
improvement of the ultimate drift, related to the
change of failure mode from shear to rocking. It is also
worth noting that, the deformation capacity results
obtained for the mortar injection technique are not
considered representative of this technique and should
be considered as a minor of the real behaviour. The
ultimate displacement of specimen I 2 was condi-
tioned by out-of-plane collapse, not due to extensive
damage or strength decay, and for specimen I 1 the
decay of strength was caused by alterations in the
boundary conditions, as already explained before.

Regarding the effective stiffness, no relation to the
type of strengthening solution was found when
compared with the unstrengthened specimens, since,
due to the rocking mechanism, the parameter is
strongly related to the detachment of the masonry
wall from the concrete foundation. The mortar stiff-
ness and the cracks at the connection to the base that
might have appeared during the positioning of the
specimens in the set-up are thus what influence the
equivalent stiffness. Therefore, for the strengthened
specimens, the effective stiffness does not represent
the effective stiffness of the strengthened masonry
material and is of no practical use. In addition, the
walls G 1, C 2, and IG 2, the ones that present lower
stiffnesses are also the ones in which a crack along the
connection of the wall to the base appears for the first
imposed horizontal loads.

The cumulative dissipated hysteretic energy was
calculated for each cycle and compared with the
corresponding maximum absolute value of drift,
presented in Fig. 11. It is possible to observe the
correlation between the dissipated energy and the type
of failure mode of the specimens. Three parabolic
trends are identified. URM 1, with a shear collapse, is
the specimen that presents the highest dissipated
energy when comparing equal values of drift. The
specimens that presented rotation followed by diago-
nal cracks due to shear and toe crushing (G 1,G2,C 1,
12, IC 1) present a similar trend of dissipated energy,
lower than the URM 1 that was completely damaged
by shear. Finally, specimens like IG 1, IG 2, IC 2, and
C 2, with mostly only rocking behaviour and no visible

technique
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Table 3 Identification of failure modes and the criteria to define the ultimate displacement

Specimen  Strengthening Dominant failure mode Final damage pattern Ultimate
displacement
URM 1 No Shear Diagonal cracking 20% strength
decay
URM 2 No Shear Diagonal cracking 20% strength
decay
I1 Injection Flexure Rotation, sliding 20% strength
decay
12 Injection Flexure Rotation, sliding, out-of-plane Local
mechanism
G 1 GFRCM Hybrid (dominated by flexure)  Rotation, diagonal cracking, toe crushing Local
mechanism
G2 GFRCM Hybrid (dominated by flexure)  Rotation, toe crushing, light diagonal 20% strength
cracking decay
Cl1 CFRCM Hybrid (dominated by flexure)  Rotation, diagonal cracking, toe crushing, Local
out-of-plane mechanism
c2 CFRCM Hybrid (dominated by flexure Rotation, sliding 20% strength
and sliding) decay
IG1 Injection + GFRCM  Flexure Rotation, light toe crushing 20% strength
decay
IG 2 Injection + GFRCM  Flexure Rotation No criterion
IC1 Injection + CFRCM  Hybrid (dominated by flexure Rotation, sliding, light diagonal cracking, Local
and sliding) out-of-plane mechanism
IC2 Injection + CFRCM  Flexure Rotation No criterion

Table 4 Values of peak load, drift at failure, and effective stiffness

Specimen Peak load (kN) Viigia (KN) Drift at failure (%) Effective stiffness (kN/mm)
+ — Mean + - oy Mean + — Mean

URM 1 49.1 48.3 46.4 67 1.0 0.8 0.8 1.2 26.2 53.7 37.6
URM 2 44.5 43.7 70 1.6 1.7 1.6 329 374

11 - 56.4 52.8 73 - 4.1 4.1 34 - 16.9 17.4
12 49.7 524 78 3.0 2.6 2.6 17.4 343

G1 48.3 57.5 53.8 75 24 24 24 33 32.7 10.4 38.9
G2 60.6 48.7 76 4.2 4.6 4.2 83.2 29.1

Cl1 534 52.1 53.1 76 3.6 34 34 4.7 45.4 39.2 23.7
Cc2 51.8 55.0 72 5.9 5.6 5.9 4.8 54

IG 1 45.0 46.9 46.5 74 7.5 4.9 7.5 6.3 43.4 178.3 61.9
1G 2 47.1 47.1 73 5.1 55 5.1 16.3 9.6

IC1 58.0 57.9 53.4 77 4.2 5.6 4.2 4.3 39.2 14.5 50.3
IC2 49.6 48.0 71 44 44 44 88.5 59.0
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Fig. 10 Ratio of properties of strengthened to unstrengthened
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damage, present a trend of low dissipated energy, as it
is common in this type of failure mode.

A collection of data on the improvement of
mechanical properties of masonry strengthened with
mortar injection or FRCM systems is presented in
Table 5. The available cyclic tests on rubble stone
walls strengthened with the herein studied retrofitting
techniques were gathered and presented. Moreover, to
join information on strengthened walls with shear
failure, focusing on retrofitting with the FRCM
system, for which does not exist so much data as for
injection technique, relevant studies of diagonal
compression tests on rubble stone masonry were also
collected. It is worth mentioning that for the applica-
tion of FRCM systems on masonry, even though
studies with cyclic tests are scarce, it is possible to
obtain some data, mostly for brick masonry [26].
However, for masonry walls strengthened simultane-
ously with mortar injection and the FRCM system the
authors could only find the diagonal compression tests
carried out by Ferretti et al. [34]. For values signed
with an *, this means that the value presented is a
minor of the real capacity of the wall since due to some
constrain the test had to be stopped before attaining the
in-plane failure of the wall. As it is possible to observe,
in general, the results herein obtained are in accor-
dance with the ones presented in the literature.

Regarding the values for strengthening with FRCM
systems, the increase in terms of peak load is similar;
however, for drift limits, as the failure modes were not
the same, different values are proposed. As mentioned
by Vanin et al. [52], the strengthening solutions
present more influence on the deformation capacity if
the failure mode changes from shear to flexure.
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Fig. 11 Cumulative dissipated energy (kN mm)

For walls strengthened simultaneously with injec-
tion and FRCM system on one side of the wall, no
other results from cyclic tests were found in the
literature. Therefore, the results herein presented are
the only ones proposed so far.

4 Conclusions

This paper presents a first step towards the study of
strengthening techniques with mortar injection and
FRCM systems applied to rubble limestone with
hydraulic mortar masonry walls, typical of historical
monumental and residential buildings of the southern
European countries, more specifically Lisbon, Portu-
gal. The FRCM systems herein studied were applied
only to one face of the specimens, as it happens so
commonly in reality, in which one side is of difficult
access, or due to the presence of architectural and
decorative elements. Additionally, the FRCM system
was defined with an anchoring system to the masonry
substrate, but no mechanical devices were applied to
fix the ends of the mesh to the foundation or top beam.
This limitation is studied here since it represents the
reality of heritage buildings when it is not often
possible to guarantee the continuity of the solution to
the foundation or the rooftop.

The experimental campaign consists of quasi-static
cyclic tests on both strengthened and unstrengthened
rubble stone specimens. The specimens are studied for
the boundary condition of a cantilever, representative
of buildings with weak spandrels and flexible floors.
Moreover, the masonry specimens are built on a
concrete base with a poor connection mainly based on
the mortar’s resistance. Increased ultimate drift and
strength values due to the application of these

niEm
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strengthening techniques are observed, indicating the
usability of these retrofitting solutions for the design of
practical cases. Both techniques prove to be effective
by altering the shear collapse of a masonry specimen
to one controlled by flexure (mainly rocking). Thus,
the increase in shear strength is not completely
exploited as the lateral response is switched to in-
plane rocking with a significant increase in displace-
ment capacity. Values of ultimate lateral drift of 3.4,
4.0, and 5.3% are observed for walls with the injection
of mortar, FRCM system on one facade, and simul-
taneously injection and FRCM system, respectively.

More comments are made in this paper considering
the behaviour of the different solutions, in terms of
capacity curves, damage patterns, and energy dissipa-
tion. It is worth noting the clear distinction in the
damage presented by walls with and without the
injection of mortar. For the first, almost no damage is
present, and the walls present mainly a rigid body
rocking behaviour. Joining simultaneously the injec-
tion and FRCM system allowed the piers to present a
higher displacement capacity with lower strength
degradation (never reaching ultimate displacement
due to strength decay) and without damage to the
masonry. Even so, the benefits of combining the two
techniques are almost negligible for the rocking
mechanism.

Besides the wide investigations on assessing the
effectiveness of the FRCM system for increasing the
shear capacity of masonry walls, there is still a gap in
the study of their in-plane cyclic capacities, especially
for rubble stones. Further experimental campaigns
with cyclic tests would be required for rubble stone
masonry, considering different aspect ratios, boundary
conditions, and fabric reinforcements, among others.
The results of these additional tests would enable
drawing more general conclusions on the benefit of
FRCM regarding the in-plane horizontal drift capacity
of masonry piers, particularly in the case of shear
failure. Even though more experimental tests should
be performed to increase the representativeness of
results, the values herein obtained represent a refer-
ence start for the design of strengthening solutions in
historical buildings with rubble limestone and hydrau-
lic mortar masonry walls.

In this study, the benefit of the two meshes (glass
and carbon fibres) was similar, changing the failure
mode from shear to rocking, whereas the benefit of the
carbon mesh was not fully exploited due to the static

scheme, boundary conditions, aspect ratio, and verti-
cal load. Therefore, to understand which type of
material would bring more advantages to the FRCM
system on masonry walls, a study with connections to
fix the FRP mesh to the concrete base and different
boundary conditions in which another type of mech-
anism prevails must be carried out. It is expected that
for the same test set-up, connecting the FRCM system
to the masonry pier ends may not prevent the rocking
behaviour; however, it should result in greater effec-
tive stiffness by delaying the debonding of the wall
from the concrete base, higher lateral strength of the
pier, and higher dissipative energy.
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