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A B S T R A C T   

The shear strength of piers and spandrels is a crucial factor in masonry buildings, affecting structural safety. Such 
a strength can be increased in several ways, particularly by using fiber reinforced cementitious matrix (FRCM) 
reinforcements. These reinforcements can be applied symmetrically on both sides of the wall or only on one side. 
As it is well known, the FRCM-to-substrate adhesive properties strongly affect the effectiveness of such re
inforcements. Moreover, a complete covering of the reinforced surface with bidirectional mesh evenly distributes 
the stresses, improving the load-bearing capacity. Appropriate test methods, for example diagonal tests, can be 
effectively used to evaluate the shear capacity of masonry panels, even with externally bonded composite ma
terial reinforcements, and the corresponding failure mechanism. This paper describes the results of an experi
mental campaign involving masonry panels, made with three different types of mortar, also reinforced with a 
PBO-FRCM system, subjected to diagonal tests. Through the experimental results, it was possible to determine 
the shear capacity of the panels, identify the failure mechanisms and evaluate the effectiveness of the FRCM 
reinforcements. The predictive capability of design formulas proposed in the literature for evaluating the shear 
capacity of unreinforced and reinforced masonry panels has been analyzed in the paper.   

1. Introduction 

In masonry buildings, shear strength is an extremely important me
chanical parameter as it can strongly influence the safety of the structure 
[1]. As it is well known, in fact, masonry piers and spandrels can be 
highly vulnerable to in-plane seismic actions [2,3], inducing shear 
stresses that cause the failure of such elements and activate the collapse 
mechanism. Therefore, the measurement and estimation of the actual 
shear capacity of these structural elements is a crucial aspect. This 
parameter depends on various factors, such as the geometry of the 
panels, the brickwork, the failure mode, the compressive stress gener
ated by the vertical loads and, of course, the masonry shear strength. An 
estimate of the shear strength can be obtained by indirect or direct 
methods. Italian Building Code [4], in line with Eurocode 6 [5], allows 
to directly determine the shear strength of the masonry through two test 
methods: test on triplets [6] and diagonal tests [7–12]. The latter allows 
to determine the tensile strength of the masonry; then, the shear strength 
can be determined for example through the Turnesek-Cacovic criterion 
[13]. 

When the masonry shear capacity needs to be increased, the use of 

truly effective strengthening techniques becomes crucial for the pres
ervation of historic masonry buildings belonging to the architectural 
heritage. The bonding of fibre-reinforced cement matrix (FRCM) re
inforcements on masonry surfaces has proven to be a very effective 
technique for this purpose [14–35]. Such reinforcements, consisting of a 
fibre mesh (e.g. glass, PBO, etc.) embedded into an inorganic cementi
tious matrix, can be applied in different configurations. The best result is 
obtained by applying FRCM composites on both sides of the wall to 
achieve symmetrical reinforcement and maximize the overall effec
tiveness of the system; by doing so, an evenly distribution of the shear 
stresses over the structural element is achieved [36]. However, partic
ular situations that could arise in interventions on existing buildings (for 
example the presence of fine finishes, frescoes, mosaics, etc. or the 
impossibility or inappropriateness to evacuate the building or interrupt 
its functions) and the application of today’s historical heritage conser
vation criteria could suggest or oblige to apply the reinforcement only 
on one side of the wall to reduce its impact. In so doing, the effectiveness 
of the reinforcement decreases because of the introduced eccentricities 
in the wall behaviour. In some applications, the use of mechanical 
connections that improve the adhesive capacity of the reinforcement 
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and its effectiveness can also be considered. Note that the effects of any 
asymmetry of the reinforcement (possibly applied on only one face of 
the wall) are not explicitly considered in the design formulas proposed 
in the current technical literature for the evaluation of the shear capacity 
of masonry walls reinforced with FRCM. According to [37,38], in fact, 
the shear capacity of a reinforced panel Vn can be determined as the sum 
of the capacity of the unreinforced masonry panel Vm and of the 
contribution of the reinforcement Vf , the latter depending (among other 
factors as specified in the following of the paper) on the number of FRCM 
layers. 

As it is well known, the effectiveness of this type of interventions is 
mainly related to the adhesion between the FRCM composite and the 
substrate, as well as between the cementitious matrix and the mesh. 
Indeed, adhesion capacity is of paramount importance because it is 
responsible for the transmission of stresses between the different com
ponents of the reinforcement system and is essential to ensure effective 
distribution of shear stress through the system [39–42]. 

Generally, when using FRCM reinforcement consisting of a bidirec
tional mesh, it is a common practice to apply the reinforcement to the 
entire wall surface [21,25] so that interface stresses are distributed on 
the entire reinforced area. In so doing, bonding stresses are effectively 
transmitted between the structure and the reinforcement, and therefore 
the bearing capacity and shear resistance of the wall is increased. 
Covering the entire wall surface with a bidirectional mesh also offers the 
advantage of creating a continuous connection between the reinforce
ment and the substrate. Furthermore, it allows preventing the formation 
of localized cracks and detachments, ensuring better overall structural 
integrity. In addition, the use of a bidirectional mesh allows for an even 
distribution of fibers, which provides an improved strength and ductility 
of the structural element. The arrangement of both longitudinal and 
transversal fibers allows stresses to be distributed more efficiently along 
the entire reinforced surface. In general, FRCM reinforcements exter
nally bonded to structural masonry elements can significantly increase 
their shear strength; in any case, appropriate experimental in
vestigations are necessary to have a correct estimation of the effective
ness of the reinforcement. 

Also for FRCM-reinforced masonry, an estimate of shear strength can 
be obtained through the diagonal test [16,20,29,30]. The typical pro
cedure involves the preparation of masonry panels having a proper ge
ometry, representative of a portion of the masonry structure in real 
buildings. Then, they are reinforced with FRCM composite and sub
jected to diagonal test. 

The manuscript reports and describes the results of an experimental 
investigation concerning masonry panels made with three different 
types of mortar (lime mortar, cement mortar and cement-lime mortar), 
subjected to diagonal tests. The experimental campaign considered both 
unreinforced and reinforced panels (with FRCM bonded to both the 
lateral surfaces). The experimental outcomes made it possible to eval
uate the relationship between the effectiveness of the considered FRCM 
reinforcement and the type of masonry on which this is applied. In 
particular, the influence of the type of mortar (lime, cement-lime or 
cement) used for the masonry on the shear capacity of the panels (both 
reinforced and non-reinforced) and on the collapse mechanisms was 
analysed. Furthermore, the results described in this paper contribute to 
enriching the experimental database available in the literature on this 
topic. Finally, the predictive capability of design formulas proposed in 
the literature for the evaluation of the shear capacity of both unrein
forced and reinforced masonry panels is analysed in the manuscript [29, 
30]. 

The layout of the paper is the following: Section 2 describes the 
procedure used to analyse the diagonal test results; the overall experi
mental investigation is reported in Section 3; the test results are 
analyzed in Section 4 and compared to the shear capacity predicted by 
equations taken from the literature; final remarks conclude the paper. 

2. Diagonal compression tests: determination of stress-strain 
curves 

The shear strength of unreinforced masonry walls can be evaluated 
through diagonal compression tests according to either ASTM 519–2010 
[8] or RILEM LUMB6 [7] standards; this is, in fact, a commonly 
employed experimental procedure for evaluating the tensile strength of 
masonry. 

Assuming a linear elastic behaviour of the masonry and a membrane 
stress state at the centre of the panel, the maximum principal stress can 
be evaluated as σI = 0.5 P

A0
. Supposing that failure occurs when the 

maximum stress reaches the masonry tensile strength ft, the latter can be 
evaluated as [43] ft = 0.5 Pmax

A0
. Then, applying the Turnsek–Cacovic 

criterion the shear strength τ0 of the material can be determined as: 

τmax =
ft

1.5
=

1
1.5

(

0.5
Pmax

A0

)

= 0.33
Pmax

A0
, (1)  

being Pmax the maximum load and A0 the net area of the specimen 
(including the thickness of the reinforcement if present), equal to: 

A0 =

(
w + h

2

)

t, (2)  

where t, w and h are the thickness, width and height of the panel, 
respectively. Eq. (1) can also be used to calculate the shear stress at the 
center of the panel at each load step. 

The shear strain at the center of the panel can be determined at each 
load step using the following relation: 

γ = εT − εC, (3) 

εC and εT being the compressive and tensile normal strains respec
tively, occurring along the diagonal directions of the panel. 

The mechanical properties of the masonry (i.e.: initial elastic shear 
modulus G, equivalent elastic shear strain at maximum stress γy) can be 
determined by substituting the experimental γ − τ curve with an equiv
alent bilinear diagram underlying the same area as schematized in  
Fig. 1, so that imposing an energy equality between the actual and the 
approximated diagrams. To this end, only the initial part of the equi
librium path, up to the maximum shear stress, has been considered [16]. 

In so doing, the masonry shear modulus G is assumed to be equal to 
the slope of the first branch of the bilinear diagram. 

As it is well known, FRCM reinforcements can considerably increase 
the mechanical performance of masonry panels, also modifying the 

Fig. 1. Representative τ − γ diagram and energy equality to determine the 
equivalent masonry properties. 
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collapse mechanisms and increasing the shear strength and generally 
also the ductility. 

Also for masonry panels reinforced with FRCM, the shear behaviour 
can be experimentally investigated by means of diagonal tests. Their 
mechanical properties will be assessed in the following sections using 
Eqs. (1) to (3) and compared to the corresponding parameters estimated 
for unreinforced masonry [16]. 

3. Experimental Investigation 

The experimental program was aimed at assessing the enhancement 
in shear behaviour due to the application of a Fiber-Reinforced 
Cementitious Matrix reinforcement system, externally bonded to 
various types of masonry panels. Clearly, the effectiveness of the rein
forcement is influenced by several factors, such as the mechanical 
characteristics of masonry, the reinforcing system and its arrangement. 
Within the experimental program, a FRCM reinforcement system was 
applied to three different types of masonry specimens, having the same 
brickwork and differing only in the type of mortar employed (lime, 
cement-lime, and cement). In addition, the mechanical characteristics of 
the materials (brick and mortars) composing the masonry were deter
mined through preliminary tests. 

3.1. Mechanical properties of the materials 

The mechanical properties of the materials considered in the 
experimental campaign are described in this section. In particular, the 
properties (experimentally determined) of the materials used to manu
facture the masonry panels are described in Section 3.1.1 while the main 
properties of the materials composing the reinforcement, declared by 
the manufacturer, are described in Section 3.1.2. 

3.1.1. Brick and mortars 
The water/cement/lime/sand ratio used to mix the three types of 

mortars employed in the experimental program is reported in Table 1 
[43]. 

The components of the mortar were mixed using a kneading machine 
while gradually adding water up to the specified amount. According to 
EN 1015–11 [44], three specimens having dimensions 160×40×40 
mm3 were produced for each mortar type. After 28 days of curing at 
room conditions, these were subjected to three-point bending and 
compression tests. 

The compression strength of bricks was determined by carrying out 
uniaxial compression tests on 6 specimens having size 20×20×40 mm3, 
obtained by cutting standard fired-clay bricks. The obtained average 
values of the mechanical properties for both mortars and bricks are 
summarized in Table 2 [43]. 

3.1.2. Fiber Reinforced Cementitious Matrix (FRCM) 
A stabilized inorganic mortar matrix (M20, according to the tech

nical datasheet) and a bi-directional PBO mesh (22 g/m2 in the warp 
direction and 22 g/m2 in the weft direction, see Fig. 2) compose the 
FRCM reinforcing system considered in the experimental program. The 
main mechanical properties provided by the manufacturer of both the 
mesh and the matrix are reported in Table 3. 

3.2. Specimens 

Eighteen single-leaf masonry panels, 410 × 410 × 49 mm3 in size, 
were built and subjected to diagonal compression tests as per [7]. These 
panels were assembled employing bricks of dimensions 100× 49×

21 mm3, obtained by cutting standard fired-clay bricks, and mortar 
joints having thickness of about 3 mm. The brickwork was defined to 
reproduce a typical arrangement of a single leaf masonry (see Fig. 3). 

The panels considered in the experimental program were divided 
into six series of three specimens: three series of three unreinforced 
specimens and three series of three FRCM-reinforced specimens, varying 
in the type of matrix in which the textile was embedded. Specimens 
made with lime, cement-lime and cement mortar are referred to as MCa, 
MB and MCe in the paper. The reinforcement, composed of a single layer 
of mesh having warp and weft directions parallel to the masonry joints, 
was applied to both faces of the specimens, covering the entire area 
(Fig. 4), as suggested in [44]. 

As for the labelling of the specimens, MCa, MB and MCe refer 
respectively to specimens made with lime, cement-lime and cement 
mortar; FRCM was added for reinforced specimens (see Table 4). 

The masonry panels were manufactured on a flat, clean surface. The 
bricks were properly moistened before being used; particular care was 
taken to ensure that the mortar layers had uniform thickness and were 
entirely filled with mortar. 

The masonry walls underwent a 28-day curing process within a 
temperature range of 10 to 30 ◦C and a relative humidity of 90–100 % 
[7]. Subsequently, the reinforcement was applied using a wet-lay-up 
procedure, as outlined in the technical sheet. Specifically, the surface 
of the panel was brushed, cleaned, and adequately moistened. A pre
liminary 3 mm thick layer of matrix was then applied, followed by the 
placement of the mesh. Subsequently, a second 3 mm thick layer of 
mortar was laid (Fig. 4). To prevent differential shrinkage, cracking, or 
premature debonding of the reinforcement, the bonded area was 
covered with wet cloths and a plastic film; moreover, the specimens 
were encased in plastic bags during the curing phase. 

3.3. Test setup 

The specimens were positioned inside the testing machine using two 
steel shoes (Fig. 5), connected through a spherical hinge to the testing 
machine, to ensure that the load was applied parallel to the vertical 
diagonal of the specimen. The metal shoes also guaranteed the force to 
be distributed over a sufficiently large area, avoiding stress 

Table 1 
Composition of the considered mortar types [43].  

Type of mortar Water/ Cement/ Lime/ Sand 
(weight ratio) 

lime (Ca) 2/-/2/8 
cement-lime (MB) 2/1/1/8 
cement (Ce) 2/2/-/8  

Table 2 
Average values of compressive σc and flexural σf strength [43].   

Brick Lime Mortar Cement-lime Mortar Cement mortar 

σc (MPa) 17  0.96  2.75  8.33 
σf (MPa) /  0.17  0.89  2.63  

Fig. 2. PBO mesh; 22 g/m2 in both warp and weft directions.  
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concentration and, consequently, local failure at the corners. To assure 
an optimal contact between the specimen and the steel shoe, a gypsum 
capping was interposed. 

The load, applied by using a screw jack, was measured by a load cell, 
positioned in series between the loading machine and the upper steel 
shoe (Fig. 6). During the tests, two displacement transducers measured 
the vertical displacement of the upper steel shoe. Since the strains 
generated at the center of the panel were particularly important, accu
rate measure was provided by applying four omega transducers (gauge 
length 50 mm) to the center of the specimen along the diagonals of the 
panel (two on the front face and two on the back face). These in
struments, at each loading step, allowed to calculate the compressive εC 
and tensile εT axial strains (as the average of the values measured at both 
faces) and, consequently, the shear strains through Eq. (3). 

The tests were carried out by increasing monotonically the vertical 
displacement of the upper shoe. 

4. Experimental results 

In this section the main experimental results are described, and the 
experimental load-displacement diagrams are shown. Then, the failure 
modes of the specimens are examined and, finally, the shear stress-strain 
curves, referred to the central part of the panel, are analysed in detail. 

This approach allows to analyse the influence of the three types of 
considered mortar on both the shear behaviour of the unreinforced and 
reinforced panels and the effectiveness of the strengthening system. 

4.1. Load-displacement diagrams 

The load-displacement curves obtained from the experimental tests 
are reported in Fig. 7; Fig. 7a, b and c refer to the unreinforced speci
mens, while Fig. 7d, e and f refer to the reinforced ones. The average 
value of displacements measured by the transducers placed at the upper 

shoe is reported in abscissa and the total applied load is reported in 
ordinate. 

For each series of specimens, average values of the maximum load 
(Fmax ), the displacement (dFmax) recorded in correspondence to Fmax 
and the ultimate displacement (dFu), conventionally assumed as that 
corresponding to a post-peak load equal to 80 % of Fmax, were calcu
lated. The average and coefficient of variation (CoV) of load values are 
reported in Table 5, as well as dFu/dFmax ratio; the latter can be consid
ered as a first measure of ductility and is used in this paper for com
parison purpose. 

As shown in Fig. 7a, all the load-displacement diagrams referring to 
MCa specimens are characterized by three branches: an initial rather 
linear branch is recorded; then the second one shows a decreasing slope, 
highlighting the effects of the first damage in the specimen resulting in 
loss of stiffness; the third final stage highlights a softening behaviour, 
with progressive damage, leading to the failure of the specimen. Overall, 
the values of the maximum load (Fmax) exhibited by the MCa specimens 
are quite low (average value 4.17 kN in Table 5), due to the low strength 
of the lime mortar joints. By observing the coefficient of variation of the 
maximum load equal to 5.59 %, it is worth noting that the global 
behaviour of the specimens appears to be quite regular in terms of load- 
bearing capacity. The displacement values dFmax and dFu are very scat
tered (coefficients of variation of about 40 %); this can be attributed to 
the shape of the equilibrium path (see Fig. 7a) which presents a sort of 
plateau near the maximum load for almost all specimens. This could 
lead, for this series, to some oscillation in the determination of the 
displacement values reported in the Table 5. Nevertheless, their ratio 
dFu/dFmax , although very low given the brittle behaviour of the speci
mens, shows a fairly regular trend (coefficient of variation of 8.06 %). 

All the load-displacement diagrams of the MB specimens (Fig. 7b) are 
characterized by two quasi-linear branches: the average slope of the 
second branch is lower than that one of the first branch due to crack 
formation and growth in the specimens. At the end of the second branch, 

Table 3 
Mechanical properties of the reinforcing system components (provided by the manufacturer).   

Equivalent thickness of 
the mesh 

Tensile Young’s modulus Ef 

of the dry mesh 
Ultimate tensile strain 
of the fibre 

Toughness Compressive strength at 
28 days 

Compressive Young’s 
modulus at 28 days 

[mm] [GPa] [%] [GPa] [MPa] [MPa] 

PBO fibre – 270 2.5 5.80 – – 
Bi-directional PBO 

mesh 
0.014 241 – – – – 

Inorganic matrix – – – – ≥ 20 ≥ 7500  

Fig. 3. (a) Geometry of the masonry panels (measures in mm); (b) dimension of the 1:2.5 scaled brick.  
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the load-displacement equilibrium path shows a sharp decrease, corre
sponding to a brittle failure mode which is highlighted by the low value 
of the dFu/dFmax ratio (average 1.14, CoV 13.04 %). Therefore, the me
chanical properties of the cement-lime mortar, which are higher than 
those of lime mortar, resulted in a pronounced increase in maximum 
load of MB specimens (average value 8.47 kN, CoV 2.14 %) with respect 
to that of MCa specimens, even if the failure mode remained brittle. 

Finally, all the load-displacement diagrams of the MCe specimens 
(Fig. 7c) are characterized by a nearly linear behaviour up to a very 
brittle failure mode. Nevertheless, the specimens with cement mortar 
have shown to provide the best response in terms of maximum load (Fmax 
= 31.81kN,CoV = 7.06%). 

Therefore, experimental results clearly highlight that the type of 
mortar used to bond the bricks of the specimens strongly affects the 
behaviour of the panels. 

Furthermore, by comparing the load-displacement diagrams of the 
unreinforced and FRCM-reinforced panels, it is evident that the type of 
mortar highly influences the effectiveness of the reinforcement as well. 

The marked improvement in terms of load-bearing capacity is in fact 
immediately noticeable. 

The MCaFRCM specimens (Fig. 7f) show an initial pseudo-linear 
behaviour, approximately up to the peak load; then a non-uniform 
post-peak behaviour occurs, very different in the three diagrams. The 
reason for this different post-peak behaviour and the consequent high 
CoV values referring to displacements reported in Table 5, can be 
attributed to the low strength of the lime mortar that causes, in the post- 
peak phase, the disaggregation of the masonry, generating irregularities 
on the contact surfaces between masonry and reinforcement, thus 
reducing its adhesive capacity. 

All the specimens exhibited similar values of maximum load 
(average value 47.36 kN, CoV 9.20 %) and the FRCM reinforcement 
provided a significant increase in both the load bearing capacity (about 
+43 kN) and the ductility (about +36 %). 

The three diagrams of the MBFRCM specimens (Fig. 7e) show a quite 
regular behaviour. The reinforcement increased the load bearing ca
pacity of about + 48 kN and the ductility of about + 53 %. From the 
load displacement curves with a long post-peak softening branch, it is 
worth noting that the FRCM reinforcement provides MB specimens with 
a quite ductile behaviour. 

A very similar behaviour is observed in the load-displacement dia
grams of the MCeFRCM specimens (Fig. 7); the first linear phase is fol
lowed by a long softening branch until the occurrence of collapse. 
Therefore, the increase in the dFu/dFmax ratio of about + 82 % shows that 
FRCM reinforcement allows a more ductile failure of the MCe specimens 
by avoiding the typical brittle failure mode observed in the corre
sponding unreinforced specimens. Finally, the increase in the load 
bearing capacity produced by the reinforcement was about + 31 kN. 

Fig. 4. Specimens’ preparation: application of the FRCM reinforcement. (a) Moistening of the surface to be reinforced; (b) application of the first layer of matrix; (c) 
application of the PBO mesh; (d) application of the second layer of matrix. 

Table 4 
Characteristics of the specimens considered in the experimental program.  

Series Type of mortar FRCM reinforcement Number of specimens 

MCa lime No 3 
MCaFRCM lime Yes 3 
MB cement-lime No 3 
MBFRCM cement-lime Yes 3 
MCe cement No 3 
MCeFRCM cement Yes 3  
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Note that all these specimens exhibited low scattering in the load 
bearing capacity, as it is shown by the coefficient of variation which 
ranged from 2.41 % to 14.65 %. 

4.2. Experimental failure modes 

The failure modes exhibited by the unreinforced specimens bonded 
with lime, cement-lime and cement mortars are shown in Fig. 8a,b,c. 
The failure mode of all three MCa specimens, which are characterized by 
a very weak mortar, occurred as follows (Fig. 8a): in correspondence to 
the end of the first quasi-linear branch of the load-displacement diagram 
a single crack originated approximately at the center of the panel; sub
sequently, as the load increased this crack propagated roughly in the 
direction of the vertical diagonal, along the mortar joints (denoted as 
stepped-stair-mode shear sliding failure in the literature). In the post- 
peak (softening) phase, the cracks widened and then the specimens 
failed. 

The three MB specimens exhibited a more widespread crack pattern 
than the MCa specimens but still characterized by cracks following the 
mortar joint pattern (Fig. 8b). Also in this case, the onset of the main 
cracks involved the central part of the panel, for a load value at the end 
of the first linear branch of the load-displacement diagrams; then they 
propagated almost parallel to the vertical diagonal of the panel (stepped- 
stair-mode shear sliding failure). For load values in the post-peak branch 
of the load-displacement diagrams, the cracks widened until the 
occurrence of the specimen failure. 

A rather different behaviour was observed in the MCe specimens 
(Fig. 8c), due to the higher mechanical properties of the (cement) mortar 
used to bond the bricks. In fact, starting from the central part of the 
specimens the cracks followed the vertical diagonal, as in the other 
specimens, but affected both mortar joints and bricks (diagonal tension 
failure mode). However, the crack pattern is characterized by a more 
widened main crack. 

The application of reinforcement produced a similar failure mode for 
specimens of all series, regardless of the mortar used in the masonry 
(diagonal tension failure mode). In fact, as shown in Fig. 9, initially a 
series of vertical cracks formed at the centre of the specimen, predom
inantly arranged according to the compressed diagonal, and subse
quently (at the end of the test) the detachment of the reinforcement from 
the masonry occurred. By comparing the three series of reinforced 
specimens, it is highlighted that the number of cracks is different and 
smaller cracks occurred in the less ductile specimens (MCaFRCM, 
Fig. 9a), while wider cracks occurred in the more ductile ones 
(MCeFRCM, Fig. 9c). 

4.3. Evaluation of τ − γ diagrams 

Eq. (1) was used to estimate the shear stress at the centre of the panel 
at each loading step. To correlate such values to the local values of shear 
strain γ, the latter was estimated using experimental measurements 
referred to a small portion of the central part of the panel. Specifically, 
the shear strain γ was estimated through Eq. (3) using values of 

Fig. 5. Geometry of the steel shoe used to apply the load (dimensions in mm): a) front view; b) lateral view; c) plan view.  
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compressive εC and tensile εT strains obtained through omega trans
ducers positioned at the centre of the panels (Fig. 6), having gauge 
lengths of 50 mm and such as to intercept only one perpend joint and 
two bed joints. 

The shear stress – shear strain diagram in Fig. 10 show that the 
specimens of the different series exhibited quite different behaviour 
from each other. All the diagrams of MCa series show a first nearly linear 
branch until the occurrence of the first cracks. Thus, almost all the di
agrams show a "global" decrease in slope and a softening branch beyond 
the maximum load. The trend in the diagrams of MCe and MB series is 
different, since they show a sharp decrease in the shear stress after the 
maximum load is reached, thus confirming the brittle behaviour. 

The average values of the initial shear modulus (G), of the maximum 
shear strength (τmax) and of the equivalent elastic shear strain at 
maximum stress (γy) are reported in Table 6 as well as the coefficients of 
variation. It is noted that MCa and MB specimens show quite similar 
values of G, whilst MCe specimens exhibited higher values, due to the 
higher mechanical properties of the cement mortar; it is noteworthy 
that, regardless of the type of mortar used to bond the bricks, all the 
FRCM reinforcement showed an increase in the initial shear modulus of 
about 340 MPa; in fact, in the initial part of the tests the composite re
inforcements and the masonry panel behave as parallel springs. 

Note that γy values are very scattered for some specimen’s series. 
These also produce high scattering of the G values given the procedure 
used to determine this parameter (see Section 2). The high values of CoV 
could be due to the length of the displacement transducers used in the 
test setup (see Fig. 9). In fact, during the tests, omega transducers having 
a gauge length of 50 mm were used in order to have very accurate 
displacement measurements at the centre of the panel. This choice, 
however, leads to displacement measurements that are sensitive to the 
specific crack pattern occurring during the tests; therefore, also the 
γy values, obtained according to Eq. (3), are susceptible to high 
dispersion. 

The trend of the τmax values (refer to Fig. 11 and Table 6) of the 
unreinforced specimens is in agreement with the mechanical charac
teristics of the mortars used in the different masonry panels: the MCa 
specimens showed the lowest values (average value of τmax=

0.069 MPa), the MB specimens showed intermediate values 
(0.141 MPa) while the MCe specimens showed the highest strength 
values (0.833 MPa). The reinforced specimens also showed similar 
trends but, differently from the initial stiffness, reinforcement produced 
similar strength increases for the MCa and MB specimens (Δτmax of about 
0.6 MPa) while smaller increases were observed for the MCe specimens 
(Δτmax = 0.3MPa). It is worth noting that the values of τmax show a very 
low scattering (similarly to Fmax). 

4.4. Shear capacity: comparisons with design formulas 

As commonly proposed in the literature, the shear capacity of rein
forced panels Vn can be determined by adding the capacity of the un
reinforced masonry Vm and the contribution of the reinforcement Vf 

[37]. With this approach, the effectiveness of reinforcement is taken into 
account only after the occurrence of cracks within the masonry wall. 

The contribution of masonry Vm depends on the failure mechanism of 
the unstrengthened masonry wall which is experimentally observed and 
well known in the literature [23,30,46]. In particular, four failure 
mechanisms are expected for a wall subjected to diagonal compression 
and four corresponding in-plane capacities can be computed accord
ingly; in the following, Vss refers to shear sliding capacity, Vsf to shear 
friction capacity, Vdt to diagonal tension capacity and Vc to toe crushing 
capacity. As a consequence, the shear capacity of the masonry wall is 
taken as the minimum value, according to Eq. (4) [29,37,46,47]: 

Vm = min
(
Vss, Vsf , Vdt , Vc

)
. (4) 

Capacity in terms of shear sliding, caused by adhesion failure along 
the bed joints, is computed through the following formula, according to 
Mohr-Coulomb criterion: 

Vss =
τ0

1 − μ0tanθ
An, (5)  

where τ0 is the adhesion strength of the mortar and is assumed to be 
equal to 3 % of the masonry compressive strength fʹm [48], μ0 is the shear 
friction parameter and is assumed to be equal to 0.3 in [46], tanθ 

Fig. 6. (a) Scheme of the test setup; (b) front view.  
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represents the ratio between the height h and the base w of the panel and 
An is the area of the horizontal cross section of the masonry wall. 

Based on the Mohr-Coulomb criterion, the shear capacity related to a 
stepped-stair failure mode can be calculated, assuming a linear distri
bution of the normal stress with zero value at the brick center and 
maximum value at the brick edges, through the following equation [49]: 

Vsf =
τ0,m

1 − μmtanθ
An, (6)  

where: 

τ0,m =
τ0

1 + 1.5μ0
h
w

(7)  

and 

μm =
μ0

1 + 1.5μ0
h
w

(8)  

h and w being the height and length of the bricks composing the wall, 
respectively. 

Capacity in terms of diagonal tension, a failure which occurs when 

Fig. 7. Experimental load-displacement diagrams of the specimens: (a) MCa and (d) MCaFRCM refer respectively to unreinforced and reinforced specimens made 
with lime mortar joints; (b) MB and (e) MBFRCM refer to specimens made with cement-lime mortar joints; (c) MCe and (f) MCeFRCM refer to specimens made with 
cement mortar joints. 

Table 5 
Average values and coefficient of variation (CoV) of maximum load Fmax, displacement at maximum load dFmax and displacement at ultimate load dFu (conventionally, Fu 

= 0.80Fmax).  

Series Fmax dFmax dFu dFu /dFmax 

Mean 
[kN] 

CoV 
[%] 

Mean 
[mm] 

CoV 
[%] 

Mean 
[mm] 

CoV 
[%] 

Mean 
[–] 

CoV 
[%] 

MCa  4.17  5.59  0.57  44.41  0.67  38.77  1.18  8.06 
MCaFRCM  47.36  9.20  1.64  70.97  2.39  56.31  1.61  45.74 
MB  8.47  2.41  0.56  1.89  0.64  11.13  1.14  13.04 
MBFRCM  56.34  4.98  1.68  11.76  2.92  11.03  1.74  3.67 
MCe  31.81  7.06  0.72  16.99  0.77  10.01  1.08  6.52 
MCeFRCM  62.47  14.65  0.97  10.76  1.91  16.95  1.97  13.70  
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the principal tension stress caused by compression forces combined with 
shearing forces exceeds the tensile strength of the wall, is computed 
according to the following equation: 

Vdt =
tanθ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
21.16 + tanθ2

√

10.58
fʹtAn, (9)  

where fʹt = 0.67
̅̅̅̅̅

fʹm
√

is the tensile strength of masonry. 
Capacity in terms of toe crushing, caused by the concentration of 

stress at the loading end that exceeds the compressive strength of ma
sonry [46,47,50], is computed through the following equation: 

Vc =
2wfʹm

3h + 2wtanθ
Am, (10)  

where Am is the loading area, i.e. the surface between the wall and the 
steel shoe. 

To improve the shear-bearing capacity of masonry walls, FRCMs can 
be used. The current Italian guideline [38], developed by the Italian 
National Research Council (CNR), provides a symmetric application of 
FRCM strengthening on both sides of the wall and extended to the entire 
surfaces. According to this guideline, the contribution of FRCM rein
forcement Vf is provided by the following equation: 

Vf =
1

γRd
nf tVf lf αf εfdEf , (11)  

where γRd is a partial safety factor and it is assumed to be equal to 2 to 

perform the safety analyses at the ultimate limit state, nf is the number 
of FRCM layers, tVf is the equivalent thickness of one layer with fibers 
aligned along the shearing load direction, lf is the length of the rein
forcement in the direction orthogonal to the shearing load (which 
cannot exceed the maximum dimension, between length and height, of 
the wall), αf is a factor which incorporates the lowering of fiber exten
sional strength subject to shearing loads and it is given the value 0.80 if 
experimental results are lacking, Ef is the modulus of axial elasticity of 
the dry fabric, εfd = η εfk

γm 
is the design strain of the FRCM reinforcement 

and is computed as the ratio between the characteristic value of the 
FRCM axial strain εfk and the partial safety factor γm assumed equal to 
1.5 for Ultimate Limit States, reduced by means of the environmental 
conversion factor η which depends on indoor (η = 0.90) or outdoor (η =

0.80) FRCM applications or applications in aggressive environmental 
conditions (η = 0.70). It is worth noting that the product nf tVf lf in Eq. 
(11) describes the equivalent area of the effective shear reinforcement, 
aligned along the shearing load direction, intersecting a shear crack 
inclined at 45◦. 

Eqs. (4) to (11) were used to predict the shear capacity of both the 
unstrengthened and the FRCM-strengthened wall specimens tested in 
the laboratory by the authors. Experimental and numerical results are 
presented in Table 6. 

Experimental values reported in the first row of the table are 
computed as the shearing component of the maximum vertical load 
applied along the main diagonal of the specimens. Regardless of the 
failure mode experienced in the experimental tests, all four shear ca

Fig. 8. Failure modes of unreinforced panels; (a) MCa; (b) MB; (c) MCe.  

Fig. 9. Failure modes of reinforced panels; (a) MCaFRCM; (b) MBFRCM; (c) MCeFRCM.  
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pacities of the unstrengthened masonry wall specimens were calculated 
and it is worth noting that the predictions that best match the experi
mental results are obtained by using the equation of the shear friction 
capacity Vsf (Eq. (6)) for MCa and MB specimens which, indeed, expe
rienced a shear friction failure mode, and the equation of the diagonal 
tension capacity Vdt (Eq. (9)) for MCe specimens, which experienced a 
diagonal tension failure mode in the diagonal compression test. 

In the last three columns of Table 6, numerical predictions of the 
FRCM-reinforced masonry wall specimens are listed. The contribution of 
the FRCM reinforcement was assessed by using Eq. (11), where γRd was 
assumed equal to 1 for direct comparison with the experimental results. 
Also in this case, the predictions that best match the experimental results 
are obtained by using the equation of the diagonal tension capacity Vdt 
(Eq. 9) for all FRCM-reinforced wall specimens, which experienced a 

Fig. 10. Shear stress-shear strain diagrams obtained from the experimental data: MCa and MCaFRCM refer respectively to unreinforced and reinforced specimens 
made with lime mortar joints; MB and MBFRCM refer to specimens made with cement-lime mortar joints; MCe and MCeFRCM refer to specimens made with cement 
mortar joints. 

Table 6 
Average values and coefficient of variation (CoV) of the shear strength τmax, 
equivalent elastic shear strain γy at maximum stress, initial elastic shear modulus 
G.  

Series τmax γy G 

Mean 
[MPa] 

CoV 
[%] 

Mean 
[μ] 

CoV 
[%] 

Mean 
[MPa] 

CoV 
[%] 

MCa  0.069  5.59  137.57 –  504.01 – 
MCaFRCM  0.631  9.20  714.09 7.79  844.36 0.56 
MB  0.141  2.41  253.57 –  561.54 – 
MBFRCM  0.751  4.98  905.80 34.81  897.28 31.12 
MCe  0.528  7.06  286.69 29.65  1842.10 27.04 
MCeFRCM  0.833  14.65  539.13 68.57  2176.61 83.22  

Table 7 
Experimental vs. numerical predictions of unstrengthened and FRCM-strengthened wall specimens.  

Shearing capacity Unstrengthened masonry walls FRCM-strengthened masonry walls 

MCa MB MCe MCaFRCM MBFRCM MCeFRCM 

[kN] [kN] [kN] [kN] [kN] [kN] 

Experimental  2.95  5.99  22.49  33.49  39.84  44.17 
Vss  3.87  7.15  9.47  21.62  24.89  27.21 
Vsf  3.41  6.30  8.34  21.16  24.04  26.09 
Vdt  15.40  20.92  24.08  33.15  38.66  41.83 
Vc  18.97  34.99  46.37  36.71  52.73  64.11  
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diagonal tension failure mode during the test. 
Finally, it is noted that the predictions of the shear capacity of FRCM- 

strengthened walls are conservative values and, therefore, the equation 
provided by the Italian CNR can be used to safely design the strength
ening system. 

5. Conclusions 

This paper presents the results of an experimental campaign aimed at 
estimating the shear capacity of masonry panels, both unreinforced and 
reinforced with externally bonded FRCM, and evaluating the effective
ness of this type of reinforcement applied to three different types of 
masonry, differing for the type of mortar employed. For this purpose, 
diagonal compression tests were considered in the experimental 
campaign. 

In line with current trends in the literature, the shear strength of the 
masonry has been determined according to the Turnsek–Cacovic crite
rion; this approach was extended to evaluate the equivalent shear 
strength of the reinforced panels. The diagonal tests also allowed to 
determine the shear modulus of the masonry and the failure modes of 
the specimens. Finally, the experimental shear capacity of the panels 
was compared with the predictions of design formulas proposed in the 
literature. 

Experimental results showed that FRCM reinforcement substantially 
modified the failure mechanism of the panels by producing, for all three 
types of masonry considered, thinner and more distributed cracks than 
for the unreinforced specimens for which, on the contrary, sharper and 
more localized cracks were developed. Moreover, the reinforcement 
increased the maximum diagonal load of about 43 kN and 48 kN for 
specimens with lime and lime-cement mortar joints, respectively. Lower 
absolute increments (about 31 kN) were recorded for specimens with 
cement mortar. Quite scattered values of both shear modulus and 
ductility were obtained from the tests. 

Finally, the experimental outcomes have been used to validate the 
predictive capability of selected literature design formulas. It is worth 
noting that the formulas proposed to assess the shear capacity of unre
inforced masonry panels available in the literature that best fit the 
experimental outcomes are those corresponding to the failure mode that 
occurred during the tests. Therefore, if the contribution of the rein
forcement is evaluated using the formula corresponding to the actual 

failure mode, the CNR formula provides quite accurate predictions of the 
shear capacity of FRCM-reinforced masonry panels. 
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