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Abstract In masonry buildings, ring beams are
crucial structural components for preventing out-of-
plane failure of walls and fostering global seismic
responses. The traditional approach of building
reinforced concrete ring beams in existing structures
is very invasive, which has motivated present research
into new ways of constructing using modern fibre-
based composite materials. Two solutions are tested
by quasi-static, horizontal bending cyclic tests on
full-scale, solid brick and rubble stone masonry. The
first solution consists of horizontal Carbon Fibre—
Reinforced Polymer (CFRP) strips externally bonded
on the outer masonry surface, while the second
comprises embedded Glass Fibre-Reinforced Polymer
(GFRP) meshes in the masonry bed joints. Simplified
analytical models are applied to estimate the strength.
Although CFRP strips are applied eccentrically, they
proved effective for loads in both directions (the fibres
fractured in tension) because of the continuity of the
reinforcement throughout orthogonal walls. The ring
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beams with GFRP-reinforced bed joints responded
very well, as evidenced by tensile fracture of fibres.
In both cases, bending resistance was significantly
improved. However, tests also showed the importance
of certain details to avoid stress concentrations in the
fibres (e.g. rounded masonry corners) and bed joint
slippage (e.g. full embedment of the GFRP meshes
with the mortar).

Keywords Structural refurbishment - Composites -
Masonry - Ring beams - Experimental test - Fibre-
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1 Introduction

The architectural heritage and old building stock in
many countries in Europe and worldwide is largely
composed of traditional masonry buildings made
of stones or solid bricks and assembled using weak
mortar with unidirectional timber floors and roofs
without ties. Studying the seismic behaviour of these
buildings [1, 2] and post-earthquake surveys [3-5]
has clearly shown the dangers and potential damage
of out-of-plane (OOP) failure of masonry walls [6].
Properly designed floor tie rods or RC ring beams at
roof and floor levels can mitigate local OOP response
in favour of global, box-like behaviour of the struc-
ture [2, 7, 8].

As shown by Guadagnuolo and Faella [9], solu-
tions for ring beams that are more compatible
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with the low mechanical characteristics of historic
masonry were recently developed using steel profiles
or reinforced masonry [10]; besides, the use of fiber-
based composites materials is emerging as a promis-
ing prospect.

In the last decades, the use of fiber-based compos-
ites in the building sector has been introduced in vari-
ous fields and formats, including: new constructions
and strengthening of existing ones; applications in
reinforced concrete and masonry buildings; usage in
the form of profiles, bars, tapes, fabrics, and meshes;
combined with organic resins or inorganic matrices
[11]. Focusing on the field of structural renovation
[12], fibre—based composite materials have predomi-
nantly been used in the form of fabrics or meshes
applied on the surface of masonry or reinforced con-
crete elements or, less frequently, of embedded bars
or meshes, incorporated within the concrete element,
in the masonry mortar joints or in specially created
slots [13—17]. The interaction of the fibre—based rein-
forcement with the original components, which is
crucial for the effectiveness of types of strengthening
solutions, was investigated throughout experimental
tests on coupons and small assemblies. With regard to
the application of Fibre—Reinforced Polymers (FRPs)
on masonry surfaces by using organic matrices, it
is worth mentioning the extensive collective work
done by the Rilem Technical Committee 223-MSC
(Masonry Strengthening with Composite Materials).
This four-year research project involved a compre-
hensive testing campaign conducted by twelve Euro-
pean institutions, aimed at investigating FRP bonding
under shear actions [18]. The literature on this topic
is extensive: the influence of several key factors was
considered, such as the type of reinforcement and of
supporting masonry, as well as the testing methods,
as broadly analysed in [19]. The research concerning
the introduction of fiber-based elements within the
masonry is more limited and less systematic [20, 21].

The potential of this type of solutions for the
reinforcement of masonry buildings is significant in
enhancing both the in-plane and out-of-plane behav-
iour of masonry walls and vaults, as beneficial in
cracking control, ductility improvement and energy
dissipation increase. However, focusing on the appli-
cations of fibre-based composites to achieve the tying
(ring) effect in masonry beams, just a few refer-
ences are there in the literature. For example, Borri
et al. [22] and Sisti et al. [23] tested masonry ring

beam samples with Glass Fibre Reinforced Polymer
(GFRP) pre-formed meshes embedded in the mortar
joints in monotonic bending. The compatibility of the
two materials led to composite action and enhanced
load-bearing capacities for loads orthogonal and par-
allel to the bed joints. Additionally, De Santis and de
Felice [24] performed shaking table tests on a small
rubble stone masonry structure strengthened with
GFRP meshes embedded in the plaster of the outer
facade, combined with transversal GFRP connectors
(Composite-Reinforced Mortar technique, CRM); the
externally bonded coating opposed the separation of
orthogonal walls and roof thrusts. Jasieriko et al. [25]
experimentally analysed wrapping with organic and
inorganic matrices in the bases of masonry domes.

In summary, fibre-based composite materials
were used in some successful experimental appli-
cations to provide a tying effect, but anchoring or
wrapping emerged as crucial for achieving optimal
performance.

The embedment of FRP meshes in the horizon-
tal joints of mortar in masonry crowning beams is
suggested by the Italian CNR guidelines CNR-DT
215/2018 [26] as a technique to foster the box-type
behaviour of the masonry structure and prevent the
OOP overturning collapse mechanisms. Similarly,
the use of FRP horizontal strips glued with organic
resins, properly anchored to the orthogonal walls and
optimally embracing the whole structure’s perimeter,
is recognised as an effective strengthening solution
against OOP loads by the Italian CNR guidelines
CNR-DT 200 R1/2013 [27].

The analytical methods for the strength of fibre-
reinforced ring beams are typically based on the
composite beam theory, which appears to be valid
[9, 13-23], although few experimental studies have
confirmed this. Of note, externally bonded rein-
forcements are eccentric systems, and their behav-
iour under load reversals still needs to be adequately
addressed. Moreover, monotonic OOP tests, as pre-
sented in [28] and [29] are not sufficiently repre-
sentative, and even in the case of fibre-reinforced bed
joints, which are symmetric, load reversal may lead to
premature debonding.

The tests reported and analysed in this paper focus
on these issues, providing original, new results and
achievements. Two parallel testing campaigns were
carried out: the first, conducted at the University
of Trieste, investigated masonry ring beams with
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externally bonded carbon FRP strips; the other,
carried out at the University of Ljubljana, analysed
masonry crowning beams with GFRP-strengthened
bed joints. The two research group cooperated
actively in design, performing and analysing all
the tests. The tests were conducted on full-scale
masonry beams; two masonry types (solid brick and
rubble stone, with weak mortar) were considered
in both cases. The samples were constrained at the
ends, and horizontal cyclic bending was applied,
to reproduce seismic effect. The study was a part
of the Project “CONSTRAIN” (Interreg V-A Italy-
Slovenia Programme) [30-32], then prosecuted
with the capitalization Project “PRO-SIS” (Interreg
VI-A Italy-Slovenia Programme) [33], investigating
innovative strategies and design methods for the
seismic protection of existing masonry buildings
using modern fibre-reinforced composite materials.
This paper first describes the main features of the
samples, materials and testing apparatus, followed by
a resistance performance prediction based on simpli-
fied analytical models. The test results are then pre-
sented, broadly discussed and compared in terms of
load—deflection curves and damage evolution.

2 Scope
The experiments were designed to schematically

reproduce the typical loading condition in masonry
walls at the floor/roof level induced by the seismic

“C” tests
Externally bonded CFRP strip

action in structures without horizontal diaphragm
loading, as schematically shown in Fig. la.

Two strengthening techniques for OOP loads,
based on fibre-based composite materials, were
analysed. The first consists of bonding Carbon
Fibre—Reinforced Polymer (CFRP) strips onto the
outer surface of the building. In this case, the system
becomes asymmetric since CFRP is on only one side
and the application of the strips around the corner is
crucial. Thus, test samples were designed as C-shaped
walls to observe this detail (Fig. 1b). Figure 2a shows
the strips bonded to the brick sample. The second
strengthening method involved embedding GFRP
mesh in the bed joints. In this case, the system
is symmetric and simple straight beams samples
are considered, as shown in Fig. lc. The effect of
GFRP anchorage at corners may improve the global
behaviour, but is ignored in the tests. Figure 2b shows
the GFRP mesh in rubble stone masonry during
construction. The seismic action was simulated, in a
simplified way, by applying a concentrated OOP load
in a quasi-static cyclic manner in the middle of the
samples, as shown by blue and red arrows in Fig. 1b,
c.

It is generally observed that intervening on existing
structures often requires a compromise between
efficiency (also including cost-effectiveness) and
actual applicability. The first strengthening strategy
is simpler and more common. However, could not
be always feasible from the architectural point of
view, in buildings with preservation restrictions
made by Cultural Heritage Protection Authorities. In

“T” tests
GFRP meshes embedded in bed joints
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Fig. 1 Schematization (a) of the general issue, in a plan view and of the two experimental patterns for testing (b) externally bonded

CFRP strips and ¢ GFRP meshes embedded in bed joints
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Fig. 2 Strengthening
techniques: a externally
bonded CFRP strips and b
GFRP meshes embedded in
bed joints

fact, they may not allow the use of organic chemical
resins or the alteration of the free-face appearance of
the masonry. Moreover, from the structural point of
view, the application of FRP strips on highly irregular
masonry surfaces results difficult/partially ineffective.
The second strengthening strategy refers to the
application on crowning beams, at the walls’ top (at
the roof level). It is suitable in cases (actually quite
frequent) where the original roof needs to be restored/
reconstructed for extensive degradation phenomena or
under-sizing. In this case, during the roof renovation,
it is reasonable to suggest also the reconstruction
of the masonry crowning beams. The intervention
involves the removal of the upper courses of the
masonry walls (also often subject to degradation) and
its reconstruction by using the recoverable original
stones/bricks and new compatible mortar, with the
meshes embedded in the bed joints.

3 Samples

The C-shaped masonry samples (“C”) had nominal
dimensions of 3650 1035 mm? central spanX side,
measured along the axes) and height of 1000 mm,
as shown in Fig. 3. The first sample (“C-B1”) was
made of 250 mm-thick single-leaf solid clay brick
masonry - Fig. 3a, and the other (“C-R2”) was
350 mm-thick double-leaf rubble stone masonry
- Fig. 3b. The samples were assembled by using
a very weak lime mortar. A 200 mm-wide CFRP
strip was bonded externally to each sample at mid-
height around the outer perimeter, rounding the
corners with a bend radius of 20 mm. In the double-
leaf rubble stone sample, transversal connectors
(artificial diatones) were included to prevent leaf
separation in the masonry. Each connector consisted

of a threaded stainless-steel bar (16 mm diameter,
AISI 304) centred in a 50 mm-diameter hole
injected with grout. The holes were drilled using
a water-cooled core drilling machine according to
the arrangement illustrated in Fig. 3b. The samples
were built on a C-shaped base support composed
of flanked independent modules. A plastic sheet
was placed over the support, and the first layer of
mortar was reinforced with two steel bars at the mid-
thickness of the wall. The goal was to provide slight
resistance against the wall bending vertically because
of its weight, which was activated once suspending
the sample on the sliding system (Sect. 5). The
reinforcement distribution was designed such that the
horizontal bending resistance of the sample was not
affected.

The masonry beam samples with GFRP
meshes embedded in the bed joints (“T”) were
3500 mm long. The first sample was made of
250 mm-thick single-leaf solid clay brick masonry
(“T-B1”) that was 465 mm tall, with six reinforced
bed joints (Fig. 4a). The other sample was made of
350 mm-thick double-leaf rubble stone masonry (“T-
R2”), which was 660 mm tall and had four reinforced
bed joints (Fig. 4b). Each sample was built on a flat
surface covered by two plastic sheets with grease in
between to reduce friction. A gap was between the
two boards at the midspan of the masonry beam. The
test setup is explained in detail in Sect. 4.

4 Materials

The solid clay bricks (120x55%250 mm?,
width X height X length) had a nominal compressive
strength of 18 MPa and a surface roughness
replicating the typical appearance of old masonry



Materials and Structures (2025) 58:97

Page 50f24 97

Fig. 3 Main geometric characteristics of the C-shape masonry samples: a C-B1 and b C-R2

Fig. 4 Main geometric characteristics of the beam masonry samples: a T-B1 and b T-R2

structures. The bricks were assembled in a single-
leaf arrangement and bonded with natural lime
mortar (~10 mm-thick joints) in an “English
bond” pattern with alternating courses of headers
and stretchers. The barely cut stones were a mix of
sandstone types, with approximate compressive
strengths ranging between 150 and 170 MPa, and
had approximate dimensions of 150 x 120x 210 mm?®
(width x height X length), although the size variability
was substantial. To replicate historic masonry, the

stones were laid with a natural lime mortar in a two-
leaf configuration without any stones connecting the
leaves. Following the traditional handicraft building
rules, the stones were shaped on-site by hammer and
chisel before being used for construction, so to create
approximately regular bed joint.

The natural lime mortar used for both masonry
types had a granulometric distribution typical of
those in historic masonry buildings [34], with a
hydraulic lime-to-sand ratio of 1:7 by mass (i.e.,
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200 kg hydraulic lime and 1400 kg of sand per m® of
mortar). The grain size distribution of the aggregate
ranged between 0.05 and 3 mm, and about 45% of the
sand was smaller than 0.5 mm. The mean values of
mortar flexural tensile strength f, - and compressive
strength f;, ., obtained by testing prismatic samples
[35] were 0.21 and 1.90 MPa, respectively (Table 1).
When assembling the samples, the bricks/stones have
been saturated before construction.

Monotonic compressive tests [36] were carried out
on masonry wallets (500 x 1000 mm?, width x height),
to evaluate the average compressive strength f,, . and
Young’s modulus E,,. The test apparatus consisted of
a metallic portal frame, fixed to the laboratory floor.
The samples were positioned on the stiff reinforced
concrete pavement, and thin cement levelling layers
were applied at the bottom and top of the sample,
to compensate irregularities and allow for uniform
stress distribution. A hydraulic jack (1500 kN capac-
ity) was installed below the portal beam, to apply the
vertical axial compressive load. To avoid confine-
ment effects, polyethylene sheet pairs with grease in
between were inserted between the samples and the
apparatus. The tests were carried out by increasing
the force according to a constant rate until failure. A
load cell measured the applied force; four displace-
ment transducers (25 mm stroke), two on each side of
the sample, measured the vertical strain at the mid-
height of the sample (base length of 350 mm). The
compressive strength was calculated by dividing the
maximum force by the nominal cross-sectional area
of the sample. The Young’s modulus was estimated
as the secant stiffness between 10 and 40% of the
compressive strength. Two samples for each masonry
type were tested. The results were f,, .=6.7 MPa
and E, =2341.1 MPa for solid brick masonry, and
Sme=2.48 MPa and E,,=1074.2 MPa for rubble stone
masonry (Table 2).

The wunidirectional CFRP strips for the
externally bonded strengthening system had a
width of 200 mm and a dry fibre cross-section of

Table 1 Mechanical properties of the masonry mortar with
respective coefficients of variation (CoV)

Property of mortar No. of tests  Mean [MPa] CoV
Flexural tensile strength 6 0.21 16%
Compressive strength 6 1.90 18%

Table 2 Mechanical properties of the masonry

Masonry type Compressive strength ~ Young’s
[MPa] modulus
[MPa]
B1 6.70 2341
R2 2.48 1074

66.6 mm? (Table 3). In order to create a smooth,
regular surface suitable for the application of
the composite, the masonry was firstly levelled
by applying a smooth layer of a rapid-setting,
thixotropic grout, for a width exceeding at least
20 mm that of the CFRP strip for each side. Two
different pre-mixed compounds were used for the
two samples: a polymer-modified, cementitious
mortar, fibre-reinforced with synthetic fibres,
for the solid brick sample (Young modulus /
Compressive / Flexural strength provided by
technical sheet: 16000/40/80 MPa), and an eco-
friendly mortar, fibre-reinforced with synthetic
fibres, based on lime and hydraulic binder, for
the rubble stone one (8000/15/4 MPa). The
levelling layer compensated the irregularities of
the masonry surface and started from a minimum
thickness of 5 mm, in C-B1, and of 12 mm for
C-R2. Then, the CFRP strip was applied using
the handmade wet lay-up method: a first thin
layer of epoxy resin was spread manually with a
roller, and strip was applied; on top of the strip,
a new thin layer of epoxy resin was spread. Four

Table 3 Mechanical properties of the CFRP strip and epoxy
resin (values from the producer’s technical sheet)

Property Value

Fibre density [38] 1.80 g/cm?

Fibre mass per unit area [39] 600 g/m2
Strip width [27] 200 mm
Equiv. fibre cross-section [40] 333 mm?*m
Dry fibre cross-section [27] 66.6 mm?>
Fibre tensile strength [41] 4700 MPa
Fibre Young’s modulus [41] 390 GPa
Fibre tensile strain at failure [41] 1.2%

Resin tensile strength [42] 60 MPa
Resin Young’s modulus [42] 3 GPa
Resin tensile strain at failure [42] 2.9%




Materials and Structures (2025) 58:97

Page 7 0f 24 97

Table 4 Tensile strength and Young modulus of the CFRP
composite material, obtained from experimental tests

Test Id Tensile strength [MPa] Young’s
modulus
[GPa]

tl 1160.4 289

@2 1296.1 390

3 1402.1 342

t4 1398.6 389

Mean 1314.3 353

CoV 8.7% 13.6%

Table 5 Properties of the GFRP wires, obtained from
experimental tests

Parallel fibre Twisted fibre
wires wires

Mean CoV Mean CoV

Tensile resistance [kN] 593 3.9% 511 24%
Axial stiffness [kN] 291.5 1.6% 276.7 2.6%
Ultimate tensile strain 2.03% 4.2% 1.85% 1.9%

tensile characterisation tests [37] on small epoxy-
impregnated CFRP coupons (25x250 mm?)
provided mean values of tensile strength and
Young’s modulus of 1314.3 MPa (CoV=28.7%) and
353 GPa (CoV=13.6%), as listed in Table 4. It is
observed that, as expected, the resistance of the
CFRP composite resulted significantly lower than
that of dry fibres, due to the weaker mechanical
properties of matrix and the saturation method. In
fact, due to the application process, the fibres are
likely not fully saturated and the resin does not
transfer stresses uniformly among the fibres.

The GFRP mesh embedded in the bed joints had
a regular 66x66 mm? grid composed of twisted
fibre wires in the warp direction weaved on par-
allel fibre wires in the weft direction (dry fibre
cross-section in the wire 3.8 mm?). Tensile tests
were carried out on the GFRP wires to deter-
mine the tensile strength and axial stiffness [43].
Table 5 summarizes the main results. In the tests
on strengthened ring beams, the mesh covered the
whole masonry thickness, fully embedded in the
mortar of the bed joint. The meshes were placed

with the twisted fibre wires parallel to the beam
length. Four twisted fibre wires were in each bed
joint in the solid brick sample, and five were in the
rubble stone one.

5 Experimental setups

The test setup for the “C” samples is reported in
Fig. 5, and an overview is illustrated in Fig. 6a. The
samples were placed on six trolleys, which could
move on the smooth surface with minimal friction.
To install this sliding system, some of the support
modules at the base of the sample were alternately
removed and replaced with trolleys; then, the
remaining modules were removed. The OOP
horizontal cyclic loading was applied at the midspan
using a hydraulic jack (110 kN capacity in tension
and 200 kN in compression, 300 mm stroke) with
a knuckle joint at both ends (Fig. 5). The actuator,
which was governed by a hand pump, pushed or
pulled a steel frame on the trolley in contact with
the wall. At the contact, a vertical gypsum strip was
applied for better load distribution (i.e. the vertical
white strip in Fig. 6a). The ends of the sample wings
were clamped to the reaction wall (fixed concrete
ballast) via supports that prevented rotation about
vertical axis but allowed lateral movement (see
Fig. 1b for a schematic representation of boundary
conditions). Each support consisted of a pair of
tie rods connected to a horizontal steel beam with
knuckle joints. The CFRP strips were anchored
into the supports (Fig. 6b), thus fixing the axial
movement of the sample (in the direction of the
loading) when the actuator was pushing. In the case
when the actuator was pulling the sample, the wings
pressed against a vertical steel beam.

Figure 5 shows a schematic of the instrumenta-
tion in the plan view, which was composed of two
pressure transducers for the jack force (one for push-
ing and one for pulling) and displacement transduc-
ers measuring the absolute horizontal displacements
in the vicinity (~100 mm) of the midspan (6-;—6.,)
and the relative opening of the midspan crack (w;,
w,). In addition, pairs of displacement transducers
were installed on the outer side of the wall, the left
(O11.4) and right (0g,.4) corners, enabling the survey

of the corner rotations 6:
nilem
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Fig. 5 Experimental setup for “C” samples. The instrumentation is shown in the plan view

0. — (61— 611) (63— 614)
e T
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0 _ (Bry = Op3) M
f.R — T’ s,R — T

where d is the horizontal distance between the two
transducers (equal to 260 mm). Horizontal displace-
ments at the wing extremities were also monitored
(hy, hg), and the movement of the reaction wall was
constantly supervised (s;, Sg).

The test was performed by applying the prescribed
displacement amplitude alternatively in the positive
(pushing) and negative (pulling) directions, according
to the loading protocol reported in Fig. 6¢,d. When
the CFRP strip at the midspan failed during pushing,
the test was stopped, and the reinforcement continuity
was restored just to prevent the separation of the two
wall portions (no other influence on negative loading).
Practically, the damaged portion of the strip was cut
off and a new, undamaged portion, connected at the
ends with resin and dowels to the existing strip, was
used to bridge the crack. Then, the test was restarted

by pulling monotonically to induce the failure of the
CFRP strip at the corners.

The setup for the “T” samples (Figs. 7, 8) was
composed of the horizontal sliding system (supporting
the sample vertically), horizontal restraining system,
and loading system. The horizontal system consisted
of a smooth, flat surface covered with two plastic
sheets with grease in between. The horizontal
restraining system comprised four stiff steel columns
connected to the laboratory basement (two at each
side), which was connected to the sample with hinged
rods that provided support against OOP horizontal
sliding but allowed rotations. The net span between
the supports was 3000 mm.

The actuator was the same as that for the “C” sam-
ples. It was located at the midspan of the “T”” samples
and connected on one side to a concrete ballast and
on the other to a steel frame on a trolley. As in the
case of “C” samples, the load was applied cyclically,
alternatively pulling (negative loading) and pushing
(positive loading). Deformable material strips were
introduced at the contacts with the apparatus to avoid
load concentrations. Additionally, the masonry was
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Fig. 6 “C” samples experimental setup: the loading system in a global view and b detail of the CFRP clamping, and c-d loading
protocols followed during the tests (evolution of the net deflection in time)

painted white to allow better crack detection during
the tests.

The instrumentation, schematised in the plan
view of Fig. 7, consisted of two load cells for force
in the actuator (P—, P+) and six displacement
transducers monitoring the absolute horizontal OOP
displacements. A pair of transducers was installed
in the vicinity (~ 150 mm) of the midspan (dy;;, Sypp)
and at the left (6;,, 6;,) and right (0g;, r,) sup-
ports. For each pair, one transducer was installed
near the top and one near the bottom of the wall.

The sample net deflection J,, was evaluated as

_ U+ i) gy + hyp) + (g + hgy)

n > ; @)

The amplitude of the net deflection was cycli-
cally increased during the tests, according to the
protocols illustrated in Fig. 8c—d; at the first fail-
ure of the GFRP mesh in one loading direction, the
test was continued by monotonically loading in the
opposite direction until failure.
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Fig. 7 Experimental setup for “T” samples

6 Analytical predictions

Simplified analytical correlations are a useful tool for
preliminary design in everyday engineering practice;
a resistance estimation of the experimental samples
was therefore carried out, to know, ex-ante, a proper
dimensioning of the testing apparatus and to assess,
ex-post the reliability on the model.

The static system to be considered for the “C”
samples is different for pulling and pushing. For
the positive loading (pushing), the system has free
rotation at the extremities (vertical rotation is free
in the test setup)—Fig. 9a. This scheme is valid for
predicting both first cracking and ultimate load. In
the opposite direction (pulling), the rotations are
constrained at the extremities (assuming an effective
continuity of the CFRP reinforcement). In this case,
the static system to predict the first cracking, which
occurs at the midspan, is represented in Fig. 9b;
differently, a moment hinge at the midspan (due to

the occurrence of a vertical crack opening from the
inner surface) has to be introduced to estimate the
ultimate load (Fig. 9¢).

According to such static systems, the first cracking
or ultimate load, F, can be evaluated from the bend-
ing moment M of the critical cross section, by Eq. (3):

M
where [ is the span and x =4 for Fig. 9a, ¢ and =8 for
Fig. 9b.
For estimating the bending moment associated to
first cracking, M, Eq. (4) can be used:
“h-t?
M, = fa kot )
6
being f,, the masonry flexural strength for plane of
failure perpendicular to the bed joints [44]. In lack
of specific experimental tests to determine f,,, an
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Fig. 8 “T” samples experimental setup: detail of the loading system in the a front- and b back-side views and ¢—d loading protocols
followed during the tests (evolution of the net deflection in time)

Fig. 9 “C” samples: static systems for a positive and b, ¢ negative directions and d reinforced masonry cross-section
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analytic estimations can be carried out considering
the contribution of the equivalent tensile resistance
due to interlocking in bed joints, f,,eq, and of the
tensile resistance of collar joints, f,:

deff

fo =lieq + o= 7~ o +0.65 - 00) +1,, 5)
where f,, is the initial shear strength of masonry in
absence of axial force (cohesion), o, the mean verti-
cal compressive stress, d.; the effective interlock-
ing length (overlap between bricks/stones) and b,
the height of a masonry row. The constant 0.65 is a
friction coefficient [45]. This approach is similar
to that of FEMA 306 [46] for the calculation of the
moment capacity masonry spandrels. Actually, the
contribution of the levelling grout layer can slightly
increase M_,, in respect to Eq. (4) and could also be
considered.

To calculate the resisting bending moment of the
reinforced cross section, Mp,, (Fig. 9d), Eq. (6) can
be used: for the sake of simplicity, it is assumed that
plane cross-sections remain planar after deflection,
a perfect bond exists between the reinforcement and
masonry, masonry has zero tensile strength, and a
linear-elastic response in compression. Finally, com-
posite reinforcement has a linear-elastic response in
tension until reaching maximum allowable stress, f.

fF ']id

Mor, =
RM a(t—xy)

’ (6)

where a is the ratio of the composite and masonry
Young moduli (modular ratio), ¢ is the masonry thick-
ness, and x;; and I, are the idealised depth of the
neutral axis and the second moment of area of the
cracked, homogenised cross-section, respectively:

Fig. 10 “T” samples: a /
static scheme assumed for l

a'AF 2ht
= —1+4/14+ )
Xy =— ( a_AF> )
b-x, 2
L, = 3 +a-Ap(t —x,)°, (8)

where Ay is the dry fibre cross-sectional area of the
CFRP strip and /& is the masonry cross-sectional
width (corresponding to the height of the beam
sample).

In the case of “T” samples, the simply supported
beam static scheme with a load at the midspan
(Fig. 10a) applies and Eq. (3) with x =4 and Eq. (4)
are still valid. The resisting bending moment Mgy,
can again be estimated according to Eq. (6) and with
the previous assumptions, but the presence of multi-
ple wire rows through the masonry thickness has to
be considered in the evaluation of the neutral axis and
the second moment of area (Fig. 10b):

a-Ap-n
$_1+\/1+

b'x?d l 2
I, = 3 +a-Ap-ng(t—c—xy)

2b-(t—c)—hs- (n.—1)

7 s

F
®

X, =
id
a-Ap-n

—a-Ap-s(t—c—xy) (), —Dng (10)

+a-Ap-s* Qng— D(n}. — 1)n./6,

where Ay is the total area of the GFRP wires at a
given section depth (i.e. the dry fibre cross-section of
a single wire multiplied by the number of reinforced
bed joints), ny is the number of wire levels acting in
tension, s is the grid pitch, c is the distance between
the outer level and the tensile edge, and 4 is the

the evaluation of the peak Ci8S 1 Xid
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Table 6 Main data and results of the analytical estimations

C-B1 C-R2 T-B1 T-R2
Data
Masonry beam net span, [ [mm] 3650 3650 3000 3000
Masonry beam sample height, /& [mm] 1000 1000 465 660
Masonry beam sample thickness, ¢ [mm] 250 350 250 350
Masonry Young’s modulus, E,, [MPa] 2341 1074 2341 1074
Masonry shear strength for bed joints, f,, [MPa] 0.35 0.19 0.35 0.19
Masonry tensile strength for collar joints, f;, [MPa] 0.12 0.17 0.12 0.17
Masonry flexural strength perpend. to bed joints, f, [MPa] 0.48 0.28 0.48 0.28
Effective overlap length of brick/stones, d, [mm] 65 80 65 80
Height of a masonry row, b, [mm] 65 132 65 132
Dry fibre cross-section, A [mm?] 66.6 66.6 3.8%x6 3.8x4
Composite Young’s modulus, E [MPa] 353,000 353,000 72,816 72,816
Fibre tensile stress at failure, f5 [MPa] 1314 1314 1345 1345
Space among reinforcement levels in bed joints, s [mm] - - 66 66
Covering, ¢ [mm)] - - 26 43
Levels acting in tension, ny [-] - - 3 4
Calculated values
Modular ratio (a=E/E,,) [-] 151 329 31 68
Depth of neutral axis, x;, [mm] 61.5 103.8 33.7 45.1
Second moment of area, /;; [mm*] 43 E+8 1.7E+9 45E+7 1.5E+8
First cracking moment, M, [KN-m] 4.96 5.78 2.30 3.82
First cracking load, F, [kN] +5.43/-10.9 +6.34/-12.7 3.07 5.09
Resisting bending moment, My, [kN-m] 20.1 27.6 10.2 11.5
Maximum load, Fp, [kN] 22.0 30.3 13.6 15.4
Effectiveness, Fg,/F,., [-] 4.1/2.0 4.8/24 4.4 3.0

masonry cross-sectional width (corresponding to the
height of the beam sample). Since n is unknown, a
first attempt value corresponding to the total number
of wire levels is set, and equilibrium is calculated.
If the calculated neutral axis is compatible with
this assumption, the result is correct; otherwise, the
procedure continues iteratively by reducing nj until a
good solution is found.

The analytical estimations are reported in Table 6.
To calculate f,2, the values assumed for f,, where
those suggested in [47] (0.35 MPa for single-leaf
solid brick masonry built up according to the rules of
the art, and 0.19 MPa for rubble stones); conversely,
the values for f;, (0.12 MPa and 0.17 MPa, respec-
tively), were deduced from experimental bending
tests on the same masonry types, for plane of failure
parallel to the bed joints [32]. Moreover, for both test
types, the maximum allowable stress of the compos-
ite reinforcement, f, was taken from the strength

obtained in the experimental characterization tensile
tests (Sect. 4).

The predicted maximum loads of “C” samples
were 22.0 and 30.3 kN for C-B1 and C-R2 samples,
respectively; the difference was mainly due to the
masonry thickness rather than the masonry type.
For the “T” samples, the predicted maximum loads
were 13.6 and 15.3 kN for T-B1 and T-R2 samples,
respectively; the small difference between the
samples was because T-B1 was thinner but with more
reinforcement.

The behaviour of the samples with or without rein-
forcement is reasonably the same till the attainment of
first cracking (the stiffness of the fibres is negligible
in respect to that of uncracked masonry). Then, in the
absence of any reinforcement, a simple bending failure
mechanism is likely to occur (friction among bricks/
stones is negligible in the cracked bed joints, in respect
to the fibres contribution, due to very low axial stress).
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Thus, the ratio Fgy,/F., can provide an estimate of the
reinforcement effectiveness, in terms of resistance: it is
2.0 and 2.4, for C-B1 and C-R2; 4.4 and 3.0, for T-B1
and T-R2. It is observed that, in addition to effective-
ness in terms of strength, a significant difference in the
deformation capacities is also expected: brittle behav-
iour for unreinforced masonry beams, ductile behaviour
for strengthened ones.

7 Experimental results

7.1 “C” samples

Figures 11 and 12 show the results of the tests on
“C” samples in terms of graphs and sketches of the

damage locations for C-B1 and C-R2, respectively.
The graphs include global performances in terms

of capacity curves, representing the applied load F,
varying the mean relative deflection §,, (Figs. 11a,
12a). The crack patterns are also schematically
represented in Figs. 11b and 12b, distinguishing the
prominent cracks formed for the two opposite loading
directions (red and blue in agreement with the load
direction). The curves reporting the crack opening
at the midspan (w, and w;), horizontal translation at
the supports (h; and hy), and rotations at the corners
(0, Eq. 1), varying F, are plotted in Fig. 11c—e and in
Fig. 12c—e.

In the solid-brick sample C-Bl, the first crack
appeared in the masonry at a force F=+410.4 kN
(6,,= +1.7 mm). It was on the outer side, almost
vertical and it’s related to the attainment of the
flexural tensile strength of the solid clay masonry
parallel to the bed joint. However, no significant
load decrease occurred with the crack opening (just

Fig. 11 Sample C-B1: a load—deflection capacity curve, b crack pattern and ¢ crack opening at the midspan, d horizontal translation
at the supports and e rotations at the corners. The dotted curves in the graphs refer to the last monotonic, negative loading



Materials and Structures (2025) 58:97 Page 15 0f 24 97

Fig. 12 Sample C-R2: a load—deflection capacity curve, b crack pattern and ¢ crack opening at the midspan, d horizontal translation
at the supports and e rotations at the corners. The dotted curves in the graphs refer to the last monotonic, negative loading

(b) © (d)

Fig. 13 Damage propagation for C-B1: masonry cracking at midspan (a) for positive loading (pushing) and b for negative loading
(pulling); CFRP tensile failure (a) at midspan, when pushing and b at corners, when pulling
nilem
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a slight stiffness degradation in the F-§,, curve)
because of the presence of the CFRP reinforcement.
In contrast, the opening of a midspan vertical crack
on the inner side at F=—14.8 kN (5,,=—4.5 mm)
induced a rapid load decrease to—6.3 kN.
Afterwards, the load was gradually recovered in
subsequent cycles but with a significant stiffness
reduction. As the test continued, the midspan crack
alternatively opened on the outer side when pushing
(Fig. 13a) and on the inner side when pulling
(Fig. 13b), as shown in Fig. 11c.

At F=4169 kN (5,=+12.1), a slight CFRP
debonding was observed around the crack (masonry-
grout interface), and new sub-vertical cracks opened
at about 250-300 mm from the midspan section as
a consequence of the stress distribution effect of
the CFRP strip. Because of this crack, the stiffness
reduced further. Some debonding also occurred
near the right clamp (F=-8.7 kN, ¢,,=-15.6),
but the strip remained effective in carrying the ten-
sile strength. The failure of the CFRP strip (tensile
fracture of the fibres, Fig. 13c) occurred abruptly at
the midspan at F=422.9 kN with significant val-
ues of deflection (J,,= +26.0 mm). The opening
of the outer midspan crack at failure w, was about
5.4 mm (Fig. 11c), the horizontal translation of the
two supports was about 15.3 mm inward (Fig. 11d),
and the rotation was about 0.0164 rad at both the
right (clockwise) and left (anti-clockwise) corners
(Fig. 11e).

When loading monotonically in the opposite
direction (pulling), the masonry began cracking in
the vicinity of the corners starting at F=—21.1 kN

(2)

(b)

(6,,= —40.1 mm), and some diagonal and horizontal
cracks appeared in the central part of the sample. The
collapse occurred at F'=—22.2 kN (5,,=—52.8 mm)
from the tensile failure of the CFRP strip in the left
corner and at the right side, near the corner bend
(Fig. 13d. Some CFRP debonding was also observed
in these sections, just before the failure. The opening
of the inner, midspan crack at failure w; was about
11.5 mm (Fig. 11c¢).

The envelope of the load—deflection capacity curve
(Fig. 11a) is asymmetric, showing an approximate
bi-linear trend with hardening for the positive direc-
tion, whereas, for the negative direction, the trend is
almost linear until cracking at midspan, which is fol-
lowed by a load and stiffness decrease. The trend of
the horizontal displacements in Fig. 11d indicates
quite comparable values of inward and outward lateral
movement associated with a given deflection level.
However, slightly higher translations occurred at the
left side for both loading directions. The rotations at
the corners (Fig. 11e) almost coincided for both sides
until achieving the positive peak value, after which a
slightly asymmetrical behaviour occurred in the final
loading cycle, with higher rotations at the right cor-
ner (0.0269 rad) compared to the left (0.0164 rad).
This was most likely due to the inhomogeneity of
the masonry and imperfect symmetry of the damage.
Consequently, the outward support translation was
higher on the left (30.7 mm) than on the right side
(12.3 mm).

In the rubble stone sample, C-R2, the first nearly
vertical cracks at midspan occurred, when the
flexural tensile strength of the masonry parallel to

Fig. 14 Damage propagation in sample C-R2: masonry cracking at midspan a for positive loading (pushing) and b for negative
loading (pulling); CFRP tensile failure (a) at midspan, when pushing, and b at corners, when pulling
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the bed joint was attained. The cracks formed at the
outer side at F=+9.6 kN (5,,=+ 1.2 mm), as shown
in Fig. 14a, and at the inner side at F'=—14.0 kN
(6,,=—1.2 mm), as shown in Fig. 14b. In the former
case, the load did not drop, owing to the CFRP strip;
conversely, in the latter, it dropped to F=—11.2 kN
(and later increased). The stiffness reduction was
significant in both cases but more pronounced when
pulling. The progressive deflection in the positive
direction led to the onset of CFRP debonding at the
midspan and to the opening of other nearly vertical
cracks on the outer masonry surface, about 500 mm
from the midspan (F=+22.4 kN, §,,=+10.3 mm).
Finally, the tensile fracture failure of the CFRP
strip in the vicinity of the midspan occurred
(F=+29.6 kN, 6,,=+19.5 mm)—Fig. 14c. The
midspan crack opening at failure w, was 4.1 mm
(Fig. 12c), the inward translation was about 9.9 mm
at both supports (Fig. 12d), and the corner rotations
were around 0.0140 rad). Looking the fractured
reinforcement, some local delamination occurred
just around the crack: it involved both the GFRP-
grout and the grout-masonry interfaces.

The test then proceeded monotonically in the
other direction and induced the anticipated frac-
turing of impregnated fibres at the right clamp
(F=-20.3 kN, 6,,=—24.1 mm). This was likely
caused by local stress concentration in the fibres
due to rotation of the clamped supports, which
might have aggravated the local weakening of the
fibres. The fracturing caused a partial load decrease
(F =129 kN). Then, as the load was further
increased, the cracking of the masonry close to the
left corner and the tensile failure of the CFRP strip

Fig. 15 Sample T-B1: a F-§,, capacity curves and b crack pattern

at the fold at the left corner, also accompanied by
diffuse debonding, were attained at F=—17.3 kN
(5,,= —44.4 mm)—Fig. 14d. The ultimate dis-
placement w; at collapse was 18.2 mm. Actually
the extensive debonding phenomena at the corner
was observed concurrently with the failure of the
strip; as visible in the picture, it involved mainly the
masonry-levelling grout interface, while the grout-
CFRP bond remained effective. Also sub-vertical
cracking of the masonry was observed near the
corners.

The load—deflection curve envelope in pushing
was nearly bi-linear (elastic—plastic with hardening),
as shown in Fig. 12a. In contrast, the trend was more
articulated in pulling, with an initial linear branch, a
subsequent sudden load decrease due to the mid-span
masonry cracking, and an almost plastic phase. After-
wards, in the last monotonic loading step, a hardening
trend began, which was soon interrupted by a further
rapid load decrease due to the fibres fracturing at the
right clamp, followed by a final almost plastic stage.
Consistently with the crack pattern, the crack open-
ing was higher for negative loading for positive load-
ing (Fig. 12c). The inward horizontal translations at
supports associated with the positive loading were
slightly higher at the left side in positive load direc-
tion, and the opposite was observed for the negative
load direction (Fig. 12d). Conversely, the corner rota-
tions were almost symmetric (Fig. 12e).

7.2 “T”-samples

The main results of the “T” samples are summarised
in Fig. 15 for T-B1 and Fig. 16 for T-R2. They consist
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Fig. 16 Sample T-R2: a F-§,, capacity curves and b crack pattern

of (a) a capacity curve of the applied load F as a
function of net deflection J,, and (b) the crack pattern
evolution for the two opposite loading directions with
denoted target displacements J,, above cracks.

In sample T-Bl, a first pair of cracks formed
in the vicinity of the midspan at F=+2.6 kN
(6,,=+2.3 mm). The cracks were vertical but
followed the joints at the front side. As the load
direction was inversed, the cracks on the front side
closed, and the cracks on the other side opened
(F=-3.1 kN, 6,,=—2.7 mm). With increasing load,
the new vertical cracks (always following joints)
developed almost throughout the whole sample
height, gradually covering an increasingly wider
portion of the sample, as depicted in Fig. 15b. The
formation of most of the cracks was almost complete
at 0,,= +30 mm. Then, with the deflection increase,

Fig. 17 Sample T-B1:
crack patterns for a,b
pulling and ¢, d pushing at
collapse

the existing cracks only widened. Near the ultimate
state, a continuous horizontal discontinuity at the
upper joint caused a gradual separation of the last
brick row from the lower part of the sample on the
left side (§,,=+65 mm). Thus, the last layer of
reinforcement mesh lost part of its effectiveness. The
sample attained F=-12.4 kN (J,,=—105.1 mm)
when some longitudinal GFRP wires on the rear face
fractured at the mid-span (Fig. 17a,b). At the opposite
loading direction attained load was F=+9.0 kN
(6,,=+101.9 mm), as shown in Fig. 17c,d).

The backbone of the F—¢,, curve (Fig. 15a) has a
roughly tri-linear trend: the first elastic part with an
initial stiffness, a second plastic part with hardening,
and a third part with an almost-zero stiffness. Some
asymmetry in the response was noted: the hardening

(a) (b)

(© )
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section was slightly stiffer in pulling, causing the final

section to reach higher values.

In sample T-R2, the first pair of central cracks
opened on the rear face at F=—2.3 kN (5,,=—

Fig. 18 Sample T-R2: crack patterns for a, b pulling and ¢, d pushing at collapse

Table 7 Summary of the main C-tests” occurrences

1 mm)

and on the front face at F= +5.2 kN (5,,=+ 0.8 mm).

The cracks followed an almost vertical trend

(2)

(©)

along the mortar joints. With increasing load, the
deflection increased, and new vertical cracks formed,

(b)

(d)

C-B1 C-R2

8, [mm] F [kN] 5,, [mm] F [kN] Event

+1.7 +10.4 +1.2 +9.6 Outer side: first sub-vertical cracking at midspan

—-4.5 —14.8 -12 —-14.0 Inner side: first sub-vertical cracking at midspan

+12.1 +16.9 +10.3 +22.4 Outer side: slight debonding at midspan, other cracks close to midspan

—15.6 -8.7 / / Debonding near the right clamp

+26.0 +229 +19.5 +29.6 Outer side: CFRP tensile fracture at midspan

/ / —24.1 -20.3 Anticipated partial fracturing of fibres at right clamp (premature damage)

—40.1 -21.1 —44.4 -17.3 Outer side: sub-vertical cracking at corners

-52.8 -22.2 —44.4 -17.3 Outer side: CFRP tensile fracture at corners, with debonding

Tal.)le 8 Summary of the T-B1 T-R2

main T-tests’ occurrences
0, Imm] F [kN] 0, [Imm] F [kN] Event
+2.3 +2.6 +0.8 +5.2 Front side: first sub-vertical cracking at midspan
-2.7 -3.1 -1.0 -23 Back side: first sub-vertical cracking at midspan
—105.1 —-12.4 —68.8 —18.0 Back side: GFRP wires rupture at midspan
+101.9 +9.0 +69.0 +18.6 Front side: GFRP wires rupture at midspan




97 Page 20 of 24

Materials and Structures (2025) 58:97

as schematically reported in Fig. 16b. The cracks
opened alternately at front and back, according to
the loading direction. Since J,,= +16 mm, no other
cracks appeared, but instead, a gradual and significant
widening of the central cracks emerged. The
collapse occurred at F'=—18.0 kN (6,,=—68.8 mm)
when pulling (Fig. 18a,b) and at F=+18.6 kN
(6,,=+69.0 mm) when pushing (Fig. 18c,d). The
collapse was due to the fracture of the GFRP wires.
The envelope curve of the F-§,, graph (Fig. 16a)
again showed a tri-linear trend (elastic — hardening
—plastic) and symmetry in the two directions.

8 Summary and comparison with analytic
predictions

The results of the four masonry ring beam tests, in
terms of load and deflection at the main key stages,
are summarised in Tables 7 and 8.

The C-B1 sample’s resistance was almost the
same for both loading directions (~22.6 kN). How-
ever, because of different stiffness, the deflection for
pulling, equal to 1/70 of the net span / and approxi-
mately twice that for pushing (1/140 of the net span).
Because of the larger thickness, sample C-R2 exhib-
ited a 31% higher peak resistance of 29.6 kN and a
25% lower deflection of 1/187 of the net span in push-
ing. The peak resistance and respective deflection in

Fig. 19 Experimental-
analytical comparison (first
cracking and peak load)

pulling (20.3 kN, at almost 1/152 of the net span /)
were lower than expected since they were affected by
the premature damage of fibres at the support and at
the corner bend, as aforementioned.

Because of the symmetric geometry scheme of
T-samples, symmetric performances in both load
directions were expected. This was the case for sam-
ple T-R2, as the resistance of almost 18.3 kN at about
1/44 of the net span [ was practically the same for
both directions. Conversely, sample T-B1 performed
asymmetrically, reaching 12.4 kN and 9.0 kN in pull-
ing and pushing, respectively. This result was likely
influenced by the detachment of the upper rows men-
tioned before. However, the deflection was about
the same at about 1/29 the net span [ in both cases.
Although not directly comparable with the tests on
the C-samples (the geometry was quite different), this
reinforcement system appeared more deformable.

Finally, a comparison between experimental
results and analytic estimations (Sect. 6), in terms of
first cracking load and peak resistance, is depicted
in Fig. 19. With reference to the first cracking, good
predictions generally emerged for T-samples, in
exception for T-R2 in the negative direction, but this
is likely related to intrinsic masonry heterogeneity and
brittleness, and scatter in its mechanical properties.
More pronounced and systematic differences emerged
from the “C” samples: this suggests that the first
cracking bending moment was actually somewhat
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influenced also by the reinforcement intervention,
likely to the contribution of the levelling grout
layer. Considering this additional contribution, the
predicted first cracking load in the positive direction
reaches+6.2 kN, in C-B1, and+7.9 kN, in C-R2,
approaching the measured values.

With reference to the peak resistance, for “C”
samples, the errors with respect to the experimen-
tal results were generally very low (within 4%),
indicating the reliability of the simple analytical
method. The exception is C-R2 in the negative direc-
tion (+49%), which was due to premature failure at
the clamping (as evidenced in Sect. 7). With refer-
ence to the “T” samples, the analytic predictions
for T-R2 were underestimated by around 16% likely
because of the “mesh effect”: the transversal, paral-
lel fibre wires opposed the untwisting of the longi-
tudinal, twisted fibre wires, increasing the resistance
obtained by testing isolated wires to some extent
(Table 5). For example, in [48], it emerged that the
presence of the transversal wires improved the longi-
tudinal wires’ resistance by about 12%, and the effect
of mesh embedment within a mortar matrix increased
the benefit further up to 25%. However, prediction is
on the safe side. Conversely, the analytical estima-
tions for T-B1 were overestimated by 10% in pulling
and 51% in pushing. But in this sample, the separa-
tion of the top brick row that occurred experimentally
(as described in Sect. 7) compromised the actual rein-
forcement section effective in tension, especially in
pushing.

9 Conclusions

Masonry ring beams strengthened with externally
bonded CFRM strips and those with GFRP meshes
embedded in the bed joints were tested under
horizontal cyclic loading. Indeed, although these
techniques are presented in current guidelines for
strengthening the seismic behaviour of existing
masonry buildings, the literature referring to
experimental results on full-scale configurations and
load reversal is limited. The aim of the study was thus
to investigate the actual retaining capabilities with
respect to the OOP bending of masonry walls under
cyclic actions and under realistic geometric scale and
constrain conditions. Two common masonry types

were considered: single-leaf solid brick masonry and
two-leaf rubble stone masonry.

C-shaped samples were designed to test the
externally bonded CFRM strip system. Despite
being eccentric, this approach was effective regard-
less of the load direction. When deflecting out-
wards, the fibres’ tensile capacity was active at the
midspan, and conversely, when deflecting inwards,
they were active at the corners. The continuity
of the carbon strips around the corners and at the
orthogonal walls was thus crucial to achieve effec-
tiveness. Just a few, wide, generally vertical cracks
(at the midspan and corners) formed in the masonry.
The effectiveness of the technique clearly emerged
when comparing the peak load with the first crack-
ing (which approximately reflects the strength of
the unreinforced masonry): the tests demonstrated
significant gains not only in terms of strength, but
also in displacement capacity, with a considerable
increase in deflection (one order of magnitude).
However, the tests also highlighted the possibility
of accidental local damage in the fibres (e.g. for an
inadequate bend radius or anchorage of the strip)
that might reduce the effectiveness of the interven-
tion. No particular influences were related to the
type of masonry, only to the thickness.

Simply supported masonry beams were tested to
investigate the effect of GFRP meshes embedded in
the bed joints. Because of symmetry, the GFRP lon-
gitudinal wires at both surfaces helped carry tensile
stresses. The diffuse reinforcement enabled the forma-
tion of several nearly vertical cracks in the masonry,
spread over a wide area of the sample until the failure
at the centre. With increased masonry thickness, the
resistance increased, but the ultimate deflection was
reduced. Also in this case, the effectiveness of the
technique in both strength and displacement capaci-
ties of the beam was significant, when compared with
the first cracking occurrence. But tests also showed
that, especially in masonry with straight bed joints,
such as the solid bricks, discontinuity within the bed
joint could arise and reduce the mesh contribution.
Thus, close attention should be paid to fully embed
the mesh within the mortar and remove any voids.
However, in actual applications, gravitational loads
acting on the beam provide additional stabilising
action.

The proposed analytical approach for the first
cracking and maximum strength prediction, based
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on the simple bending resistance of unreinforced or
reinforced cross-sections, respectively, was shown
to be reliable. In the former case, the full, uncracked
masonry cross section was considered; in the latter,
cracked masonry with zero tensile strength and only
tensile strength of fibres. This simple approach was
effective, although the maximum strength prediction
did not account for premature failures, for example,
due to local damage of fibres (CFRP strips) or to row
separations (GFRP meshes in bed joints). However,
this can be roughly addressed by reducing the maxi-
mum allowable stress of the reinforcement, as well as
the effective fibre amount. In actual practice, careful
application of the reinforcement is needed to fully
exploit the benefits.

The results are very interesting, because are based
on full-scale, realistic configurations and provide new
insights on the actual effectiveness of the proposed
reinforcement systems and on their structural compat-
ibility with historic masonry. Additional value of the
tests stems from the consideration of load reversals,
typical of seismic actions but not usually considered
in experiments. Furthermore, the results will be very
useful for the development and validation of numeri-
cal models for reinforced masonry ring beams and to
realistically simulate their restraint effect on entire
vertical walls subjected to OOP loads.
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