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Abstract

The in-plane shear behavior of masonry panels strengthened with Fiber Reinforced Cementitious
Matrices (FRCM) or Steel Reinforced Grouts (SRG) is investigated in this research in order to
propose an improved analytical approach able to predict the maximum capacity. With this purpose, a
dedicated experimental campaign is developed through the execution of diagonal compression tests.
Experimental outcomes highlight the crucial role of the mortar matrix in enhancing the shear capacity
of the masonry panels. The careful analysis of the different contributions during the tests allows the
development of predictive formulas taking into account the role of the matrix and of the cracked

masonry.

Keywords: brick masonry, diagonal compression tests, in-plane shear behavior, FRCM/SRG

strengthening systems, analytical formulation.

1 Introduction

The great damages experienced by existing masonry buildings during past earthquakes [1-3]
highlighted the seismic vulnerability of these construction typologies [4-6] and the need of designing
efficient strengthening interventions to improve their structural behavior in presence of horizontal
actions. Nowadays, fiber reinforced composite materials are increasingly used for this purpose.
Compared to traditional retrofitting techniques, e.g. welded steel meshes embedded in thick (more
than 30 mm) cementitious mortar layers, these strengthening solutions aim at the enhancement of the

structural capacity, both in-plane and out-of-plane, without determining significant changes in the
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mass and stiffness distributions of the buildings [7,8]. Therefore, high-performance materials, such
as unidirectional or bidirectional high-strength long fibers, are applied to the structural elements
embedded inside inorganic or organic matrix layers, characterized by a reduced thickness.

The first composite strengthening solution introduced consisted in the application of Fiber
Reinforced Polymers (FRP) over the surfaces of masonry walls [9—12]. This technique involves the
use of fibers, made of different materials, embedded into an organic matrix, i.e epoxy resin.
Experimental campaigns performed for the mechanical characterization of FRP systems,
demonstrated a good tensile and bond behavior of these materials when applied to masonry elements
[13—19]. However, some critical issues can be associated with the use of FRPs, mainly related to the
use of organic matrices: the poor compatibility with the masonry substrate, the lack of vapor
permeability and the weak behavior at high temperatures. More recently, to partially overcome these
drawbacks, Fiber Reinforced Cementitious Matrices (FRCM) and Steel Reinforced Grouts (SRG)
were introduced, based on the replacement of the epoxy resin with an inorganic matrix, either cement-
based or lime-based mortar. Strengthening interventions with FRCM and SRG systems resulted to be
more compatible with the masonry substrate and more reversible with respect to the ones involving
the use of FRPs [20-22].

The mechanical behavior of FRCM and SRG composite systems, denoted in the following as
“composite systems” or “strengthening systems” for simplicity, is significantly different if compared
to FRPs, due to the diverse nature and performances of the matrix. Therefore, several studies on the
tensile and bond properties of such systems were conducted, identifying a wider range of possible
failure modes [23—-28]. More in detail, different strengthening solutions were analyzed given that
many types of reinforcing fibers can be adopted, depending on the material (e.g. carbon, glass, basalt,
steel, PBO, aramid, etc.), the arrangement (e.g. unidirectional or bidirectional, continuous or
discontinuous) and the compatibility with the matrix [29-32]. In parallel, experimental campaigns
were also performed to study the structural behavior of full-scale masonry samples strengthened by

composite systems [33-36]. With reference to the in-plane shear behavior, which is the focus of the
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present paper, researches were carried out to study the efficiency of these systems when applied on
different masonry typologies, such as brick [37—40], tuff [41—44] and stone [45—47] masonry. Results
showed the great effectiveness of the composite systems in enhancing the shear behavior of masonry
elements, both in terms of capacity and ductility. The durability of these strengthening materials is
currently under investigation, given that they can be susceptible to the degradation of their mechanical
properties when subject to particular environmental conditions [48—50].

The large amount of research carried out on these strengthening techniques allowed the
formulation of specific Standards or Guidelines, whose main purpose was to give indications about
the features of these systems, the field of application, the determination of design material properties,
and to propose analytical formulations for the capacity prediction of strengthened elements. They
were first developed for FRP [51], while only in recent years specific regulations were introduced
also for FRCM and SRG [52-54]. The approach proposed by these Standards for the determination
of the in-plane shear capacity of a strengthened panel is an additive approach, based on the evaluation
of the masonry and the fibers contributions. On one hand, the proposed analytical formulations were
validated through comparisons with experimental results, obtaining a good agreement [40,46,55]. On
the other hand, several experimental studies highlighted the fundamental role of the mortar matrix in
the enhancement of the shear capacity of masonry [39,56-59], which is not taken into account by the
available formulations. Some of these works were carried out on Composite Reinforced Mortar
(CRM) systems and led to the proposal of an analytical prediction which explicitly included the
mortar matrix contribution [57,59,60]. CRM systems are characterized by a greater mortar matrix
thickness (more than 15 mm) and by a larger bundle spacing with respect to FRCM and SRG
composite systems. The global behavior of the strengthening systems is similar, even if local
differences can be observed.

The present paper aims to present a study regarding the shear behavior of FRCM/SRG
strengthened clay brick masonry panel. More in detail, two masonry typologies, characterized by

different material properties and bond patterns, were strengthened by distinct composite systems and
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were subject to diagonal compression tests. This test is indeed one of the most adopted setups for the
study of the shear behavior of masonry panels, given its relatively simple execution. Based on the
experimental results from different composite systems, which included also complete materials
characterization, it was possible to properly investigate and analyze the main phases of the mechanical
behavior of strengthened masonry panels subject to in-plane shear, and the specific role of each
component (i.e. masonry, mortar matrix and reinforcing fibers). This original and detailed analysis,
carried out and explained in the paper, allowed to propose, calibrate and validate an improved
alternative analytical approach, inspired by the cited proposals [57,59,60], applicable for the

determination of the shear strength capacity expected for FRCM/SRG strengthened masonry panels.

2 Existing design provisions for FRCM/SRG strengthened masonry panels

The development of national and international Standards or Guidelines for the design of
strengthening interventions on masonry walls using composite systems is relatively new, since the
use of these materials has gained importance and diffusion in recent years. In the American and in
the European framework, specific design provisions for FRCM and SRG systems have been
formulated and included in international technical Guidelines [52,53], which will be referred in the
following as ACI, RILEM and CNR Italian Guidelines. Concerning the strengthening of masonry
walls subject to in-plane loads, a similar design approach is reported in all the cited documents.

Regarding shear-controlled failure mode, the in-plane shear capacity of a FRCM/SRG
strengthened masonry panel (V;r) is determined by adding the contribution of the reinforcement to

the shear resistance of the unreinforced masonry wall, according to the equation:

Vie =V, +V. (1)
where V; is the plain masonry shear contribution and V;is the fibers shear contribution. The former
should be evaluated considering the minimum shear capacity of the masonry panel, according to the
possible shear failure modes for an unreinforced masonry wall. The latter can be calculated with

Equations (2-4), according to the ACI, RILEM and CNR Italian Guidelines, respectively:
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where 7y is the number of layers, 4y is the area of the grid reinforcement, Ey is the stiffness of the

Vt’.f

cracked FRCM/SRG system (ACI) or the dry fiber elastic modulus (RILEM, CNR), and & is the
design strain of the composite system. Details and limitations about the evaluation of the
reinforcement area Ay are reported in the Guidelines, e.g. in case of continuous or discontinuous
strengthening system. The coefficients yi and yrq are safety factors, equal to 0.5 and 2, respectively,

while ¢, is a strength reduction factor for shear and o, is a coefficient accounting for a reduced tensile

strength for fibers subject to shear, both equal to 0.8.
The expressions reported in Equations (2-4) are conceptually equivalent, since the FRCM/SRG

contribution is based, in all cases, on the evaluation of the maximum load that the reinforcing fibers

can carry, calculated as the maximum design strength (£, - €, ) multiplied by the area of the fiber

reinforcement effective in shear. The only differences are related to the values assigned to the safety
factors or to the strength reduction factors. All the Guidelines include specific indications for the
evaluation of the design strain g4, which should be determined by considering different factors: (i)
results of tensile and bond tests performed for the mechanical characterization of the composite
systems; (ii) expected failure mode, e.g. end or intermediate delamination; (ii1) design safety factors.
Moreover, in case of asymmetric application of the strengthening system (e.g. only on one side of a
masonry wall), the effects of eccentricity should be adequately considered by reducing the

reinforcement shear contribution Vs of the 30% at least.
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Materials and methods

The experimental campaign presented in the paper consisted in performing diagonal

compression tests on brick masonry panels strengthened by means of composite systems. Two

masonry typologies were considered, denoted as 4 and B in the following, for a total of 17 brick

masonry samples, built by using the same clay bricks and two different mortar mixes. With the

objective of analyzing the efficiency of different composite systems in improving the shear behavior

of existing masonry walls, variations in the masonry bond pattern, in the constituent materials and in

the strengthening layouts were considered.

The masonry samples were built to reproduce bond patterns typically observed in the Italian

built heritage. More in detail, double-wythe brick masonry panels were constructed in laboratory with

three different bond patterns: Flemish bond (Figure 1a,b), header bond (Figure 1c¢) and a Flemish

bond pattern, denoted as “false Flemish” in the following, characterized by the lacking of transversal

connection between the wall wythes, and realized by cutting the transversal bricks (Figure 1d).
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Figure 1. Masonry bond patterns: (a) Flemish bond 4; (b) Flemish bond B; (c) header bond; (d) false Flemish bond.

After 28 days of curing in laboratory environment, the samples were strengthened by using

bidirectional grid reinforcements or unidirectional fiber strips, which were applied symmetrically, on

both sides of the masonry panels, adopting the following strengthening layouts:

- Continuous layout (Figure 2a): bidirectional basalt or aramid-glass systems were applied on the

entire surfaces of 10 samples as single-layer or double-layer reinforcements; in the first case, a
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total matrix thickness of 6 mm per side was used; in the second case, considered only for one

sample strengthened with bidirectional aramid-glass grids, two superimposed grids were

embedded within the mortar matrix obtaining an overall thickness of the FRCM system equal
to 8 mm per side.

- Discontinuous layout (Figure 2b,¢): unidirectional steel fiber strips (SRG) were applied on 3
samples, using two configurations, characterized by different strip width and spacing; in
particular, the configuration reported in Figure 256 was adopted on one sample of the masonry
typology A, while the configuration shown in Figure 2¢ was applied on two samples of the
masonry typology B. The overall thickness of the mortar matrix for discontinuous layouts was
equal to 6 mm per side.

Mechanical anchorages were adopted on 5 specimens of the masonry typology A to prevent end
debonding/delamination phenomena and to provide transversal connection.

The characteristics of the tested samples are summarized in Table 1. Notation used to identify
the specimens indicates: (i) the bond pattern (B = brick, /' = Flemish bond, H = header bond, FF =
false Flemish bond); (i1) the masonry typology (4 or B, as already introduced); (iii) the adopted grid
or strip reinforcements (basalt grids B1 or B2, aramid-glass grid AG, steel fibers S1 or S2); (iv) the
presence of mechanical anchorages (MA4). Four brick masonry panels, one for each masonry typology

and bond pattern, were left unreinforced.
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Figure 2. Strengthening layouts: (a) continuous layout; (b) discontinuous layout used for the masonry typology 4; (c)
discontinuous layout used for the masonry typology B.



Table 1. Characteristics of the tested brick masonry panels.

Sample Dimensions Bond Mortar FRCM  Matrix Fiber Mechanical
code (mm?*) pattern type system*  type type Anchorages
B-F A_URM 1100x1100x250 Fremish oy ] ] )
- bond
B-F_A_BI 1005x1095x250 LemMSh o nppy o ocsL Nmpz BRsat
- bond grid
B-F A BI-MA  1095x1095x250 Tlemish 1 cogp npps  Basalt Yes
- bond grid
B-F A B2-MA  1095x1095x250 Tlemish gy cogp npps  Basalt Yes
- bond grid
BF A SI-MA  1090x1105x250 ™0 npry psp nNHL3 S Yes
- bond strips
B-H A URM 1155x1155x250 Header ] ] )
- bond
B-H_A_BI 1160x1160x250 44T \prp o csL NHL3 Dt
- bond grid
B-H A BI-MA  1160x1160x250 189\ csp NHL3 B3y
- bond grid
False
B-FF A URM  1095x1100x250 . NHL1 - ] ] )
- Flemish
B-FF A BI-MA  1095x1100x250 L215¢ NHLI C,SL  NgL3 Dasalt Yes
- - Flemish grid
B-F B_URM 1205%1205%250 L 1eMish \pro ] ] ]
- bond
B-F_B_BI 1200x1215x250 LMSh nprycsL nmpa BasAlt
- bond grid
B-F B B2 1200x1200x250 T1emish\po o cosL NHpa  Desalt No
- bond grid
B-F_B_AG-1 1200x1200x250 Flemish  \po cogp NHLg  Armid
bond glass grid
B-F B AG-2 1205%1200%250 Flemish NHL2 C,DL NHIL4 Aranndj o
bond glass grid
B-F B_SI 1205x1210x250 Llemish o posp NEL4 S No
bond strips
B-F_B_S2 1200x1200x250 L1eMiSh \prs posp nmpa St No
bond strips

* C: continuous layout, D: discontinuous layout, SL: single layer, DL: double layer.

3.1 Bricks

The bricks adopted for the construction of the specimens were fired-clay bricks (120x250x55

mm?). Standard laboratory tests were performed for the evaluation of their mechanical properties. In

particular, 12 uniaxial compressive tests [61] and 12 Brazilian tests [62] were performed on

cylindrical samples, having a diameter of 50 mm and characterized by a unitary aspect ratio, obtaining

the brick compressive strength f. » and tensile strength f; », equal to 18.66 MPa (CoV =5.3%) and 3.14

MPa (CoV = 15.3%), respectively. Moreover, 5 three-points bending tests [63] were conducted on
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prismatic specimens, having dimensions 40x40x250 mm?, for the determination of the brick flexural
strength f715, which resulted to be equal to 4.79 MPa (CoV = 6.9%). The elastic modulus of the bricks
was determined by performing cyclic compression tests on cylindrical specimens [64], characterized

by an aspect ratio equal to 2.5, and it was equal to 6846 MPa (CoV = 3.9%).

3.2 Mortars

In the experimental program, two mortar typologies were adopted for the construction of the
brick masonry panels (NHL1 and NHL2) and two mortar typologies were used as matrices of the
FRCM systems investigated (NHL3 and NHL4). They were all pre-mixed natural hydraulic lime-
based mortars and they were subject to standard laboratory tests for their mechanical characterization.
More in detail, prismatic specimens, having dimensions of 160x40x40 mm?, were prepared and cured
as prescribed by the Standard [65]. Six specimens were prepared for each masonry panel: three
specimens made of the mortar used for the construction of the panel and three specimens made of the
mortar matrix. They were firstly subject to three-points bending tests. Afterwards, uniaxial
compression tests were performed on the specimens resulted from the previous test. Cyclic
compression tests [64] were also performed on three standard prismatic specimens for each mortar
typology to evaluate the elastic modulus. The obtained mechanical properties, in terms of mortar

compressive strength f. », flexural strength f;,, and elastic modulus E,, are reported in Table 2.

Table 2. Mechanical properties of the mortars.

Mortar femn (MPa) CoV (%)  fum (MPa) CoV (%) E., (MPa) CoV (%)

NHLI1 4.8 12.5 1.5 15.1 4586 17.3
NHL2 2.6 12.3 1.2 8.6 4248 18.2
NHL3 12.6 9.5 2.9 22.6 9100 13.8
NHLA4 7.1 52 34 4.8 8675 11.1

It is important to mention that all the tests were conducted at the same age in which the wall
panels were tested. Worth noticing that the mortar matrices (NHL3 and NHL4) were characterized
by better performances with respect to the mortars used for bedjoints, maintaining at the same time a

good compatibility with the masonry substrate.



3.3 Grid and strip reinforcements

The FRCM/SRG systems chosen for the strengthening of the brick masonry panels involved

five different types of grid or strip reinforcements:

Basalt grid B1 (Figure 3a): bidirectional balanced basalt grid characterized by a weight
density of 200 g/m?, a nominal bundle spacing equal to 17 mm and an equivalent thickness
0f 0.032 mm;

Basalt grid B2 (Figure 3b): bidirectional balanced basalt grid characterized by a weight
density of 400 g/m?, a nominal bundle spacing equal to 8 mm and an equivalent thickness
of 0.064 mm;

Aramid-glass grid AG (Figure 3c): bidirectional unbalanced grid realized with aramid and
alkali-resistant glass fibers, characterized by a weight density of 250 g/m?, a nominal bundle
spacing equal to 15 mm and equivalent thicknesses of 0.031 mm (warp) and 0.049 mm
(weft);

Steel fibers S1 (Figure 3d): unidirectional steel fiber strips, made of high-strength steel
micro-cords, characterized by a weight density of 670 g/m?, an effective area of the cords
equal to 0.538 mm? and an equivalent thickness of 0.084 mm (0.157 cords/mm);

Steel fibers S2 (Figure 3e): unidirectional steel fiber strips, made of high-strength steel
micro-cords, characterized by a weight density of 1200 g/m?, an effective area of the cords

equal to 0.538 mm? and an equivalent thickness of 0.169 mm (0.314 cords/mm).

e
il R

. 4 LU
T
IFrTEER

(b) (© (d)

oo

AR A me A

Figure 3. Grid and strip reinforcements: (a) B1; (b) B2; (¢) AG; (d) S1; (e) S2.

The mechanical anchorages (Figure 4) consisted of helicoidal stainless steel bars, with a

diameter of 10 mm, inserted into drilled through-holes and fixed, on both sides of the panels, by

10



polypropylene pins. The polypropylene pins are placed over the first mortar matrix layer and over the

grid or strip reinforcements. They are then covered by the second mortar matrix layer.

(b) (© (d)
Figure 4. Mechanical anchorages: (a) helicoidal steel bars; (b) cutting of the grid; (c-d) polypropylene pin.

The adopted composite systems were subject to direct tensile tests and bond tests according to
standard procedures, also adopted in previous researches [28,66]. Three samples for each test and for
each strengthening system were built in the laboratory and tested after 28-40 days, coherently with
the tests on the wall panels. More in detail, direct tensile tests were not performed on dry fibers but
on FRCM/SRG coupons, having different dimensions according to the geometry of the grid
reinforcements (Table 3). The failure mode was characterized, for all the strengthening systems, by
the rupture of the fibers and by several cracks within the mortar matrix. The tensile stresses were
evaluated considering the cross section of the dry fibers. The average results of the direct tensile tests
are reported in Table 3, in terms of fiber tensile strength f; ;, ultimate strain ¢, and elastic modulus E.
In particular, the elastic modulus was determined from the final branch of the constitutive law, in
which the mortar matrix was fully cracked [24,26].

Bond tests were performed according to standard single-lap shear test setup [30,67]. Details
about the specimen dimensions are reported in Table 4: it is worth mentioning that the bond length
was always greater than the effective bond length. The results of the bond tests are reported in Table
4 in terms of average bond strength f; , evaluated considering the cross section of the dry fibers. The
efficiency n of the grid or strip reinforcements, representing the ratio between the bond strength and
the tensile strength, was also evaluated (Table 4). The highest values (> 85%) were associated with
reinforcements failing, in the bond tests, due to the rupture of the fibers (B1 and AG), while the lowest

values (< 70%) were observed for reinforcements showing a prevalent delamination at the matrix-
11



fiber interface (B2, S2). An intermediate efficiency value was registered for the S1 reinforcement, for
which both failure modes took place during the bond tests. Tensile and bond tests on the grid
reinforcements AG were performed on single-layer FRCM systems only.

It can be noticed that the thickness of some composite systems was slightly different in tensile
and bond tests, and different to the one adopted in the application on the wall panels. It is worth
mentioning that the experimental results of the tensile tests are function of the dry fibers only.
Moreover, preliminary tests showed that the variation of the mortar matrix thickness, in the range of

2-4 mm, is irrelevant with respect to the bond strength and failure mode.

Table 3. Direct tensile tests on FRCM/SRG coupons: experimental results.

Strengthening Sample dimensions  f;s C.0.V. Eu Co.V. E; C.o.V.

system (mm?) (MPa) (%) (%) (%) (GPa) (%)

B1 400x40%10 1160 33 2.2 5.1 76.1 6.8

B2 400x40x10 963 6.1 1.1 7.3 66.2 12.1

AG 500x75%6 1467 11.4 1.2 8.4 115.0 93

S1 500x50%6 2857 7.9 1.7 4.2 200.9 5.8

S2 400x40x6 2867 5.8 2.1 10.5 186.6 12.1

Table 4. Bond tests: experimental results.

Strengthening Masonry prism  Bond length  Bond width  Thickness fi C.oV. n
system (mm?) (mm) (mm) (mm) (MPa) (%) (%)
B1 120x120%x445 345 50 8 1058 7.3 91.2
B2 120x120%445 345 50 8 616 5.8 63.9
AG 120%250%315 260 75 6 1275 9.2 86.9
S1 120%250%315 260 50 6 2245 11.7 78.6
S2 125%125%380 300 50 6 889 8.2 31.0

3.4 Diagonal compression test

Diagonal compression tests were carried out following the indications provided by the ASTM
E519 and RILEM LUMBS6 Standards [68,69], with the objective of analyzing the shear behavior of
the investigated masonry samples. The panels were tested between 28 and 40 days from the
application of the composite systems, in accordance with the tests on the materials. In order to
properly capture both the pre-peak and the post-peak behaviour, tests were performed under
displacement control. A servo-hydraulic actuator, having a maximum capacity of 500 kN, was used

for the application of the diagonal compression displacement, with a rate equal to 0.01 mm/s. The

12



measurements of the diagonal shortenings or elongations were done by means of linear
potentiometers, with 50 mm stroke and 1100 mm gage length, positioned on both sides of the masonry

panels, along the two diagonals. The setup of the test is shown in Figure 5. Steel cradles allowed the

specimens to be seated properly.

2
]D[\:ZE]E

Figure 5. Diagonal compression test setup.

| — |

According to the theoretical interpretation of the diagonal compression test, based on an elastic

solution of the problem [70-72], the stress state in the center of the wall panel can be calculated as:

P
P
t=1.05—,
y ©)

n

where P is the applied diagonal load and 4, is the net cross section of the sample, evaluated as the
product between the thickness and the average between the dimensions of the sample. In this
configuration, the principal directions in the middle of the panel are aligned with the diagonals and

the principal stresses at failure can be calculated as:

P
o, =fiu=05 Au (7)
L
GH=1.62A , (8)

n

where f; 1 is the masonry diagonal tensile strength, and P, is the panel failure load.

13



Since during the tests elongations and shortenings are measured along the two diagonals, the shear

strain y can be determined as:

y=¢,+¢g,, (9)
where €. and & are the compression and the tensile diagonal deformations, respectively, calculated as
the average between the corresponding deformations on the two sides of the specimen.

Considering the experimental shear stress vs shear strain curve, the sample shear modulus G

was here evaluated as the secant modulus between 1/10 and 1/3 of the failure load.

4  Experimental results

The analysis of the results presented in this Section allows to evaluate the influence of the
investigated parameters, in terms of masonry quality, bond pattern and chosen composite system, on
the shear behavior of the FRCM/SRG strengthened samples. With this purpose, comparisons between
the results of the diagonal compression tests performed will be discussed.

Representative failure modes are reported in Figure 6 for an unreinforced sample (Figure 6a),
a sample reinforced with a continuous FRCM strengthening system (Figure 6b), and two samples
strengthened with the discontinuous SRG systems, considering both the adopted layouts (Figure
6¢,d). All the unreinforced masonry specimens failed with a similar crack pattern, governed by the
presence of a main crack along the compressed diagonal. On the other hand, thanks to the presence
of the grid or strip reinforcements, multiple cracks were visible on the surfaces of the FRCM/SRG
strengthened panels, aligned along the compressed diagonal and characterized by a lower opening
with respect to the crack appeared on the unreinforced samples. By comparing the failure modes for
the masonry panels strengthened by discontinuous layouts, it is worth noticing that the cracking
process started from the unreinforced masonry substrate in the middle of the samples and then
involved also the mortar matrix along the reinforcing strips. A more widespread cracking of both the
masonry and the unidirectional reinforcement layers was visible for the panel strengthened with a

higher number of strips (Figure 6d). In general, the presence of the considered mechanical anchorages
14



did not seem to strongly affect the crack patterns. Masonry crushing was not observed in the
experimental tests. Concerning the failure mode of the FRCM systems, the delamination at the
matrix-fiber interface was the predominant failure mode for all the samples, especially for grid
reinforcement characterized by a high weight density. In few cases only (samples B-F_A BI, B-
F A B1-MA and B-H_A BI1-MA), besides the delamination, the tensile rupture of a limited number
of bundles occurred at large displacements for compatibility reasons, in correspondence with

macroscopic cracks in the mortar matrix.

(b)

© ‘ @
Figure 6. Representative failure modes: (a) B-FF_A URM,; (b) B-H_A B1-MA; (c) B-F_A S1-MA; (d) B-F_B_SI1.
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Figure 7. Shear stress vs shear strain diagrams: (a) B-F_A samples; (b) B-H_ A samples; (c) B-FF_A samples; (d) B-
F B samples.

The shear stress vs shear strain diagrams are reported in Figure 7, distinguishing between the
different masonry typologies and bond patterns considered. The diagrams are normalized with respect
to the maximum shear stress registered for the URM sample of the corresponding masonry typology.
The unreinforced masonry panels, after an almost linear elastic branch until the peak load, were
characterized by a brittle or quasi-brittle failure mode, as expected. The curves of the FRCM/SRG
strengthened samples generally showed an initial branch which can be considered linear elastic up to
the first peak, significantly higher than the peak stress of the corresponding URM samples. In few
cases, a stiffness degradation was visible in the ascending branch, approaching the peak load.
Subsequently, a drop in the load bearing capacity was registered, followed by a second or multiple
peaks, depending on the adopted strengthening technique, as will be thoroughly described in Section
5. For all the samples, the first peak load corresponded to the appearance of the first macroscopic
cracks, i.e. in the mortar matrix for panels strengthened with a continuous layout or in the central

masonry portion for panels strengthened with a discontinuous layout. In the post-peak phase, the
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mortar matrix progressively cracked, and the role of the fibers became more important, influencing
the failure mode and the deformation capacity of the FRCM/SRG strengthened samples.

The post-peak behavior of the samples strengthened by continuous FRCM systems was usually
characterized by a second peak load followed by a softening behavior until final failure, considered
in correspondence of a widespread state of damage or at detachment of reinforcement portions. In the
majority of the cases, the second peak was lower than the first one, with the exception of few panels
of the masonry typology 4 strengthened by bidirectional basalt grids, for which the second peak load
was the maximum load registered. This behavior could indicate a greater efficiency of the grid
reinforcements, able to further improve the shear capacity of the samples after the cracking of the
mortar matrix and it was probably related, for some samples (B-F A B1-MA, B-F A B2-MA, B-
H A B1-MA), to the presence of the mechanical anchorages, which allowed the grid reinforcements
to better carry the tensile stresses, improving the bond between the FRCM and the masonry.

For the discontinuous SRG systems, the first peak, as already mentioned, was related to the first
cracking of the masonry panel in the central portion of the samples, not reinforced. Then, the presence
of multiple peaks was registered, corresponding to the progressive cracking of the SRG strips crossing
the compressed diagonal. The corresponding shear stress vs strain diagrams (Figure 7a,d) show that
the discontinuous layout adopted for the masonry typology B (Figure 2¢) was the most efficient, due
to the reduced spacing between the unidirectional strips, resulting in a smaller unstrengthened portion
in the center of the sample.

The results of the diagonal compression tests are summarized in Table 5, where the first peak
load Pi, the second peak load P> and the maximum capacity P, of the panels are reported, together
with the strength increment calculated as the ratio between the failure load P, and the failure load of
the corresponding unreinforced (URM) sample. The maximum shear stress 1, and the masonry tensile
strength f; v, evaluated through Equations (6) and (7) are presented as well. In addition, the shear

strains y; and y: in correspondence with P and P», respectively, and the shear modulus G are reported.
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Table 5. Diagonal compression test results.

Sample P; P P PulPuurm  Tu Jom Vi Y2 G H

code KN)  (kN)  (kN) () (MPa) (MPa) (x10%) (x10%) (MPa) (-)
B-F A URM 2061 - 206.1 - 079 037 054 - 2660 4.0
B-F A Bl 3517 3011 3517 1.71 135 064 069 439 2769 249
B-F A BI-MA 2843 3037 303.7 147 1.16 055 061 3.3 2649 139
B-F A B2MA 3161 3187 318.7 1.55 122 058 088 225 2810 109
B-F A SI-MA 2373 2278 2373 1.15 091 043 083 226 2648 184
B-H A URM 1362 - 1543 - 0.56 027 038 - 1889 -

B-H A BI 3193 3228 3228 2.09 1.17 056 056 237 2601 185
B-H A BI-MA 2738 2968 296.8 192 1.07 051 050 213 2538 299
B-FF A URM 2212 - 2212 - 085 040 082 - 2277 -

B-FF A BI-MA 288.1 2545 288.1 1.30 .10 053  0.65 225 2994 79
B-F B_URM 183.7 - 183.7 - 0.64 030 030 - 3056 4.4
B-F B Bl 276.7 248.6 276.7 151 096 046 047 254 3216 133
B-F B B2 295.8 2644 2958 1.61 1.04 049 061 178 2705 109
B-F B AG-1 2624 2477 2624 143 092 044 074 225 2868 7.5
B-F B AG2 2829 2652 2829 154 099 047 061 176 2436  19.0
B-F B SI 2512 2146 2512 137 087 042 056 1.4 2933 233
B-F B S2 2547 231.1 2547 139 089 042 058 189 3171 424

By comparing the results of the unreinforced samples for the masonry typology 4 it is
noticeable that the lowest shear capacity was registered for the masonry panel characterized by the
header bond pattern (B-H_A_URM). Indeed, due to the low height-to-width ratio of the bricks within
the masonry texture, the development of a preferential crack path, involving only mortar joints along
the compressed diagonal, was observed. The two samples characterized by the Flemish (B-
F A URM) and the false Flemish bond (B-FF_A URM), instead, reached a similar value of the
failure load, indicating that the transverse connection between the wall leaves for the sample B-
FF A URM was probably guaranteed by the presence of the mortar only. As expected, the shear
capacity of the unreinforced sample for the masonry typology B (B-F_B_URM) was lower than that
of the corresponding sample of the masonry typology 4 (B-F_ A URM), given the differences in the
mortar quality between the two investigated masonry typologies.

A significant strength increment was observed for the FRCM/SRG strengthened samples with

respect to the unreinforced ones, highlighting the crucial role of the composite systems in enhancing
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the shear capacity of masonry panels. With the objective of comparing the efficiency of the different
composite systems, the average strength increments are reported in Table 6 together with the strength
per unit length that each composite system can nominally provide. The latter was calculated as the
fiber conventional stress limit [53], taken as the minimum between the tensile strength f;rand the
bond strength f5 s, multiplied by the fiber equivalent thickness (for continuous strengthening systems)
or by the ratio between the width of the SRG strip and the strip spacing (for discontinuous
strengthening systems). It can be observed that continuous FRCM strengthening systems with single-
layer configuration are the most efficient ones. It is also worth mentioning that the average strength
increments for all the continuous FRCM systems, including the double-layer configuration, are
similar between each other, suggesting that the registered increment could not depend on the amount
and on the strength of the fiber only, as will be discussed in the following. Discontinuous SRG
strengthening systems are the less effective, providing a limited strength increment in comparison
with the strength per unit length, which is higher than the others. This is certainly related to the fact
that these systems do not cover the central portion of the masonry panels, which is subject to the

highest tensile stresses during the diagonal compression test, especially at the onset of cracking.

Table 6. Comparison between the efficiency of the different FRCM/SRG strengthening systems.

Strengthening Average strength increment ~ Strength per unit length
system P,/ P, uru (-) (N/mm)

B1 Reinforcement 1.67 33.9

B2 Reinforcement 1.58 394

A_G Reinforcement 143 395

(single-layer)

AG Reinforcement

(double-layer) 1.54 7

S1 Reinforcement 1.26 56.6

S2 Reinforcement 1.39 42.9

The presence of the composite reinforcements, spreading the stresses over a larger portion of
the samples, levels out the capacity differences between masonry panels characterized by diverse

textures: the critical issues related to the preferential crack path observed for the unreinforced
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specimen characterized by the header bond (B-H A URM) disappeared, and the strengthened
masonry panels of the series B-H_ A provided for two of the highest shear capacities. Moreover,
similar first peak loads were registered for all the samples of the masonry typology 4 strengthened
with bidirectional basalt grids, showing a very limited dependence of the capacity of the strengthened
samples on the masonry texture adopted.

The analysis of the experimental behaviors showed that the failure of the strengthening systems
(delamination or rupture) was never observed at first peak but it developed later, in correspondence
of higher strain values. On the contrary, the first peak was always governed by the tensile failure of
the mortar matrix, coherently with the observed crack development. As a confirmation, a trend can
be recognized, at least considering the masonry panels strengthened with continuous FRCM system:s:
samples reinforced with the same mortar matrix, i.e. same type and same total thickness, reached
similar peak load values P;, which represented the shear capacity in most of the tests. Therefore, it
can be stated that the expected strength increment associated to the mortar matrix is related to the
increase of the uncracked resistance of the masonry panels. This aspect has been further developed
in the following through a predictive analytical approach.

In terms of shear stiffness, the presence of the composite systems does not clearly produce
significant increments, except for some samples of the masonry typology 4, whose corresponding
unreinforced sample was characterized by a rather low value of the shear modulus G. In general,
similar values of the shear stiffness were found for the strengthened samples and these values were
in line with the ones evaluated for unreinforced masonry panels, confirming the suitability of these
materials in improving the shear behavior without determining considerable variations in the stiffness
distribution among the structural components of existing buildings. In general, it can be stated that
the increment in terms of shear stiffness given by the composite systems can be limited or negligible
if the thickness of the strengthening system is much lower than the wall thickness and if the reinforced
masonry panels are characterized by a good-quality masonry typology. It is also worth noticing that

the slope of the reloading branch, after first cracking, up to the second peak load can be related to the
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axial stiffness of the grid reinforcements: typically, along this branch, higher values of axial stiffness
are associated with higher slopes of the shear stress vs shear strain curve. Despite the variability of
the slopes of the reloading branches among the different strengthened masonry panels, the described
trend can be recognized by considering the shear strain increase Ay plotted against the axial stiffness

EAy, for the continuous FRCM systems (Figure 8): as expected, the higher the axial stiffness, the

lower Ay.
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Figure 8. Shear slip increment vs axial stiffness of the continuous reinforcements.

The pseudo-ductility p (Table 5), assuming a simplified elastic-perfectly plastic behavior of the
samples, was determined as the ratio between the ultimate shear strain vy, taken in correspondence
with a 20% drop in the load bearing capacity after the peak, and the shear strain v,, identified along
the initial linearized branch in correspondence with a load value equal to 0.8 P,. u was evaluated to
better analyze the role of the strengthening systems in improving the failure mode of the masonry
structural elements, which passed from a quasi-brittle failure mode to a more ductile one. To properly
consider the role of the fibers, which is prevalent after the cracking of the mortar matrix, the ultimate
shear strain y, was not taken along the descending branch after the first peak load, but after the
subsequent peak (if present).

The values of the pseudo-ductility factor p clearly demonstrate that the presence of the

strengthening systems can significantly reduce the brittleness of the shear failure for masonry panels.
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Indeed, in most of the cases, quite high values were attained, for both the masonry typologies. A
pseudo-ductility factor equal to at least twice the factor evaluated for unreinforced samples was
obtained, even if, by comparing the performance of different composite systems in terms of ductility,

a clear trend cannot be established.

5 Interpretation of experimental results

Based on the analytical formulations presented in Section 2, to precisely assess the efficiency
of the strengthening systems in improving the shear capacity of masonry panels, the strength
increments should be compared with the expected fiber contribution Vi accounting for both the
amount of the reinforcing fibers and their ultimate strength. In terms of strength, given the results of
the mechanical characterization of the composite systems (Table 3 and Table 4), the bond strength
would represent the governing parameter, as confirmed by the experimental evidences. Indeed, during
the diagonal compression tests, the composite systems mainly failed due to delamination phenomena
and rarely due to some local tensile rupture of the fibers. The comparison between the experimental
strength increment and the analytical one (Vs implies that the failure of the FRCM/SRG
reinforcements takes place in correspondence with the reaching of the maximum load P.. However,
this condition is not coherent with the experimental outcomes, since, in the majority of the cases, P,
coincided with the first peak load, not associable to the failure of the fibers.

The experimental results, indeed, clarified the crucial role of the mortar matrix in the definition
of the first peak load of the strengthened masonry panels, when a macroscopic cracking of the matrix
itself developed along the compressed diagonal (see Section 4). In many cases, this first peak
corresponded also to the shear strength. For this reason, the role of the fibers is expected to mainly
influence the post-first peak behavior, since they started working (alone and effectively) after the
cracking of the matrix, carrying the tensile stresses and distributing them over the whole surface of

the samples. Similar conclusions were found with regards to the behavior of masonry panels
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strengthened by CRM systems [57,59,60], whose shear capacity was related to the presence of a thick

mortar matrix layer, rather than to the presence of the composite grid.

P, — Cracking of the masonry

P (kN)

\

P, — Cracking of the mortar matrix P, — Failure of the fibers
v ()

Figure 9. Diagonal force vs shear strain behavior of a strengthened panel in a diagonal compression test.

From the mechanical point of view, the shear behavior of a FRCM/SRG strengthened masonry
panel during a diagonal compression test can ideally be subdivided into three different phases, whose
force P vs shear strain y curve is reported in Figure 9: (1) the masonry substrate and the composite
system (matrix and fibers homogenized) work together, until the onset of cracking of the masonry
substrate, recognizable by the change in the slope of the curve (point Py in Figure 9); (2) the
composite system (matrix and fibers homogenized) works alone across the masonry cracks, with a
perfect bond between mortar matrix and fibers, up to the onset of cracking of the matrix (point P; in
Figure 9); (3) only the fiber grid or strip is working across diagonal cracks until fibers failure (point
P> in Figure 9). It is worth mentioning that these phases were recognized from the experimental
results, even if, for some strengthening layouts, only one panel was tested. Through the comparison

of the diagonal compression test results performed on all the samples, together with the complete
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mechanical characterization of the materials, it was possible to reliably interpret the described shear
behavior, even if more tests could be useful for a more precise quantitative definition.

To better analyze the composite system contribution in a masonry diagonal compression test,
its shear stress T vs shear strain y diagram can be derived as the difference between the diagrams
registered for the strengthened panel and for the corresponding URM sample [60], under the
reasonable assumption of considering the behavior of the URM sample as representative of the
behavior of the masonry substrate in the strengthened panel. More specifically, for any given value
of vy, the t related to the composite system was obtained as the difference between the shear stresses
coming from the strengthened and unstrengthened curves. Figure 10 shows the experimental curves
for one panel strengthened by the basalt B1 reinforcement and the corresponding URM panel,
together with the FRCM curve obtained as just described. In the strengthened curve, the three
previously identified phases and key points are indicated. According to the proposed approach, it can
be noticed that the contribution of the composite system is limited in the initial part of the test (phase
la in Figure 10), while it becomes significant during the cracking process of the masonry substrate,
which corresponds to the stiffness degradation visible in the curve of the URM sample and to the
slope increase in the curve of the composite system (phase 15 and shaded area in Figure 10). After
the complete plain masonry diagonal cracking (when the URM sample reaches its maximum
capacity), the composite system works alone up to the first peak of the curve (phase 2 in Figure 10)
and the slope of the curve further increases. The behavior of the composite system during these phases
(1o and 2) is bi-linear, with a slight stiffness increase in correspondence with the maximum load
sustained by the URM sample. The first peak in the composite system diagram (matrix cracking) is
followed by a drop in the load bearing capacity (due to cracks opening) and by a subsequent force
increment, related to the presence of the basalt grid becoming fully effective. The force increases up
to a second peak load, corresponding to the beginning of the fiber’s failure or their delamination from

the matrix. The whole process of matrix cracking and fiber activity until failure is named as phase 3.
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Figure 10. Shear stress vs shear strain diagrams: uncoupled behavior of the URM and FRCM contributions.
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Figure 11. Typical shear behavior of masonry panels in a diagonal compression test.

Depending on the strength increment after matrix cracking, associated to the type and amount
of reinforcement and to the softening behavior of the masonry substrate, the second peak load of the
strengthened samples can result lower (P> < P1, mode 4 in Figure 11) or higher (P> > Pi, mode B in
Figure 11) than the first peak load. The predominant condition was mode 4 among the tests carried
out (9 samples out of 13). Irrespective of the ratio between P and P>, the FRCM system curve (e.g.

Basalt B1 reinforcement in Figure 10) presented in all cases a second peak higher than the first one,
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which means that the fibers contribution alone was larger than that of the mortar matrix. This could
not happen if a too small amount of fibers would be used or if their bond capacity would be really

weak.

6  Analytical prediction of the shear capacity of FRCM strengthened masonry

According to the experimental observations and the previous remarks (Figure 9), it can be stated
that P is the load corresponding to the cracking of the matrix, while P> is the load associated with
the failure of the fibers (rupture or delamination at the matrix-fiber interface).

In spite of the influence of the mortar matrix on the shear capacity of a FRCM/SRG
strengthened panel, evidenced by the experimental outcomes, the mortar matrix contribution is not
taken into account by the analytical formulations reported in Section 2, in which the composite system
contribution is evaluated considering the presence of the fibers only. Therefore, in order to predict
the shear strength of strengthened samples, an alternative analytical approach is here proposed. It is
applicable for a variety of FRCM and SRG systems, but it is described in the following for continuous
and symmetric strengthening layouts. In this framework, both the peak loads P; and P> should be
evaluated; in fact, it is not known in advance which will be the bigger.

The load which leads to the first cracking of the mortar matrix (P1) can be evaluated as:

P=B,+P . (10)
where Py is the plain masonry contribution and Py is the mortar matrix contribution. They can be
determined by considering the tensile strength of the two components (masonry and matrix), as if
they were separately subject to a diagonal compression test but both reaching their maximum capacity
at the same moment. As recalled earlier (Figure 10), this is not rigorously true: masonry cracking is
believed to happen before matrix cracking and the quasi-brittle behavior of masonry (softening)
should be taken into account after its cracking. However, the error introduced by the approximation

in Equation (10) seems acceptable, also considering all the uncertainties involved in the prediction

process. In addition, the introduced simplification allows to evaluate the two terms in Equation (10)
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by using a limited number of parameters, increasing the overall robustness of the approach. In

particular, the contributions can be evaluated by considering the inverse formula of Equation (7) as:

ft:M'An
M 05 °’ ()

_San A (12)

mx 0.5 b

where f; 1 1s the masonry tensile strength and f .x is the mortar matrix flexural strength. The former
can be derived from diagonal compression tests performed on unreinforced masonry, while the latter
can be evaluated by standard laboratory tests [65]. 4, is the net cross section of the masonry panel
and Anyx 1S the net cross section of the mortar matrix, evaluated as the total thickness of the matrix
layers, on both sides of the panel, multiplied by the width of the strengthened area. To be mentioned
the fact that the contribution of the fiber is not taken into account since it can be considered negligible
at this stage (average capacity increment less than 3%). Moreover, the influence of the self-weight of
the masonry panel can be disregarded since it represents a minimum percentage of the failure load,
as confirmed by the experimental results.

The proposed formulation, already adopted for the evaluation of the shear strength of CRM
strengthened panels [57,59,60] is here extended to the case of FRCM strengthened samples. It seems
consistent with the assumption of an elastic behavior of the reinforced samples up to the cracking of
the matrix and of a perfect bond between the composite system and the masonry substrate. The
difference with the formulation proposed for CRM systems is related to the use of the flexural strength
of the mortar matrix (fz») instead of the tensile one (f;») in Equation (12). The choice of using the
flexural strength instead of the tensile strength is related to the fact that the stress distribution is not
uniform over the cross section of the mortar matrix in a diagonal compression test. The crack involves
the central portion first and then propagates vertically towards less stressed zones. Therefore, the use

of the flexural strength is not related to the occurrence of some flexural phenomena but to the fact
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that the attainment of the tensile capacity of the mortar matrix takes place progressively along the
height of the wall panels.

Equation (10) was validated by comparing the predicted capacities with the experimental
results (first peaks), reported in Table 7, obtaining a good agreement with an average absolute error
of 6.7% (Figure 12). In particular, the evaluation of the predicted load P was carried out by
considering the masonry tensile strength f; 1 experimentally obtained for the different tested masonry
typologies (Table 5). For the masonry typology A, given the similar failure mode and ultimate loads
of the unreinforced samples B-F A URM and B-FF_A URM, the average tensile strength obtained

from the two URM samples was adopted in the calculations.

Table 7. Shear strength prediction for FRCM strengthened panels: validation of the analytical approach.

Sample Piey. Py P P Error*  Piey. Py Py, Error*
code (kN) (kN) (kN) (kN) P; (%) (kN) (kKN) (kN) P> (%)
B-F A Bl 351.7 2129 74.0 2869 -184 301.1  202.1 2821 -63

B-F A BI-MA 2843 2129 740 2869 +0.9 303.7 2021 2821 -7.1
B-F A B2-MA 316.1 2129 74.0 2869 93 3187 2353 2924 82
B-H A Bl 3193 2255 785 3040 -4.8 322.8 2145 2993 73
B-H A B1I-MA 2738 2255 785 3040 +11.0 296.8 2145 2993 +0.8
B-FF_A B1-MA 288.1 2134 74.1 2875 0.2 2545 2025 2827 4111

B-F B BI 276.7 184.1 947 278.8 +0.8 248.6  221.7 2894 +16.4
B-F B B2 295.8 183.0 94.1 277.1 -6.3 2644 2565 2951  +11.6
B-F B _AG-1 2624 183.0 94.1 277.1  +5.6 24777 257.1  295.6 +193
B-F B AG-2 2829 1833 125.8 309.1 49.2 2652 - - -

* The “+” and “-” signs indicate overestimation or underestimation of the experimental results, respectively.
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Figure 12. Experimental results vs analytical predictions for the evaluation of the first peak load.
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After matrix cracking, the load corresponding to the failure of the grid reinforcement (P>) can

be evaluated as:

P =a,F, +a,F, +a,P,, (13)
where the coefficients a,-1,3 are compatibility factors (0<a;<l), taking into account that the different
constituents, after the first peak and across the main crack, can have different deformations and
softening behaviors; Py and P, correspond to the masonry and matrix contributions, already
introduced, and Pris the maximum diagonal load sustainable by the composite fibers alone, which

can be determined as:

P =2f,4,N2, (14)

where fr1s the fiber conventional stress limit [53], taken as the minimum between the tensile strength
fi.rand the bond strength f5 s, Aris the cross section of the fibers in one direction, on both sides of the
panel, and the term 2 is introduced to account for the inclination of the fibers with respect to the
direction of the principal tensile stress (Figure 13) [58].

The determination of the load Pr(Equation 14) was carried out by considering the indications
reported in Eurocode 2 [73] concerning the design of reinforced concrete structural elements with
strut and tie models. Indeed, after the development of the cracking process, the continuum models
used for the determination of the masonry and matrix contributions are no longer applicable to
describe the resisting mechanism of the strengthened masonry panel. Therefore, it is here proposed
the use of a strut and tie model, only based on equilibrium conditions. More in detail, according to
Equation 6.59 of Eurocode 2 [73], referred to full discontinuity regions, the tensile force 7 of one of
the two horizontal ties created inside the wall (and constituted by the grid reinforcement) can be

expressed as a function of the diagonal load P according to the expression:

1 a
T=-—|1-0.7—|P
{ioart)r
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where 4 is the diagonal length of the panel and a is the width of the loaded area, here considered equal
to 0 since the diagonal load can be assumed, for simplicity, as a pointwise force. With the aim of
obtaining the maximum value of the diagonal load carried by the fibers alone (P=Py), it is necessary
to consider the maximum force 7y developed by the grid reinforcement at failure, which can be

expressed as:

N

T :P’scos45°=Afff7, (16)

S S
where Py is the maximum load that the bundles can take, which has to be projected along the
horizontal direction (which is the direction of the tensile force 7). For the calculation of 7}, half of the
fibers crossing the mid-section of the wall panel (in both direction) were considered, since along the
entire height of the wall there are two horizontal ties: this is the reason why the term Ayis included in
the formulation. Equation 14 can then be easily obtained by inverting Equation 15 and introducing

inside it the expression of Ty reported in Equation 16.

Figure 13. Orientation of the fibers with respect to the horizontal direction.

The coefficients a1 and o consider that after the first peak, the masonry and the matrix will
soften, since they are quasi-brittle materials. In fact, P, always corresponds to a peak with a shear
deformation larger than that of the first peak. The coefficient as, instead, is introduced to represent a

reduced efficiency of the fibers in the investigated configuration. More in detail, values lower than

30



one are generally expected for this coefficient, mainly due to two aspects: (i) the direction of the
principal tensile stresses is not coincident with the fibers alignment (Figure 13), therefore they are
not subject to pure traction, and (ii) the fibers are not equally stressed along the main crack surface,
since shear force produces a variable stress distribution, with the maximum values in the center of
the samples.

With the aim of providing general indications for the determination of the factors a; in
practical applications, it should be noticed that they can be sensitive to the investigated masonry
typology and the adopted strengthening system. More specifically, values of the coefficients o1 and
o2, depending mainly on the brittleness of the masonry substrate and of the matrix, could vary
according to the main crack opening, which is governed by the axial stiffness of the composite fibers
(Ef4y) and by their bond capacity: the stiffer the fibers, the higher the coefficients. As previously
discussed, the slope of the reloading branch after the first peak of the shear stress vs shear strain curve
is directly related to the stiffness of the composite fibers (Figure 8).

The three coefficients were calibrated by considering the experimental results relative to the
second peak load P> (Table 5), as follows:

- The coefficient oi; was directly evaluated as the ratio between the residual capacity of the
URM samples, in correspondence with the second peak of the strengthened specimens, and
the maximum capacity of the URM samples, further reduced by 20%. This reduction is
considered to take into account the uncertainties in the softening curve of the URM panels.
Moreover, in a strengthened panel, the masonry substrate is subject to a greater energy
release, with respect to the URM panel at equal shear strain, when the failure of the fibers
occurs. Therefore, the brittleness of the masonry substrate itself could be emphasized when
composite systems are adopted.

- The coefficient a, due to lack of specific data or information, was calibrated by considering

that the mortar matrix is characterized by a more brittle behavior with respect to the masonry
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substrate, where dissipation can take place also due to the friction between constituents; for
this reason, the coefficient o was taken as the 20% of the coefficient a1, meaning that the
matrix contribution is almost negligible for P.

- The coefficient a3 was indirectly evaluated by reversing Equation (13), inside which, at this

stage, it was the only unknown parameter.
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Figure 14. Evaluation of the compatibility coefficients o;: (a) samples strengthened by grid B1; (b) samples
strengthened by grid B2.

Considering that the two investigated masonry typologies can be both classified as clay brick
masonry with lime-based mortar and that a similar shear behavior was observed for the URM
samples, a mean value of the coefficient o1 was obtained for every different type of reinforcement,
irrespective of the type of masonry. Correspondingly, values proposed for the coefficient oy were
equal to 0.43 (CoV =22.0%) and 0.51 (CoV = 3.3%) for the panels strengthened with the basalt grid
B1 and B2, respectively. The corresponding values of the coefficient o, were equal to 0.09 (CoV =
22.0%) and 0.10 (CoV = 3.3%). For the calibration of the coefficient a3, a single average value can
be proposed for each FRCM strengthening system. In particular, the following values of the
coefficient a3 were determined for bidirectional basalt grids: 0.91 (CoV = 14.4%) for grid B1 and
0.75 (CoV = 21.9%) for grid B2. Values of the compatibility coefficients o and as, for the
investigated masonry typologies and FRCM strengthening systems (all the samples) are graphically

presented in Figure 14, together with their average values (solid lines). Values of the compatibility
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factors are not proposed for the bidirectional aramid-glass grids (AG), since they would be based on
single results and, therefore, cannot be considered reliable and representative of the contribution of
these reinforcing systems, for which further studies are recommended. Worth mentioning that the
value of the coefficient a3 obtained for the grid B2 is similar to the strength reduction factors proposed
in the analytical formulations reported in Section 2 [52,53], while the value obtained for the grid B1
is slightly higher. In Table 7, the fiber contribution Prand the theoretical value of the second peak
load P2, evaluated according to Equation (13) by using the calibrated compatibility factors, are
reported together with the error with respect to the experimental results (P2,exp.). The value of P2 is
presented also for the sample B-F B_AG-1 and it was calculated by using the compatibility factors
determined for the grid B2, given the similar axial stiffness of the composite systems (Figure 8). The
error, in this case, was slightly higher with respect to the other samples, but still acceptable.

The proposed approach is purposely maintained sufficiently simple and based on the evaluation
of a limited number of mechanical parameters through standard experimental tests. Even if it was
defined starting from the observations obtained in diagonal compression tests, it is suggested to use
it also for the evaluation of the shear capacity of existing masonry structural elements, strengthened
through composite systems. The approach can be adopted in the design of strengthening interventions
on masonry piers (with the appropriate safety factors), where, even if the first peak load is usually the

maximum one, it is important to evaluate both the load capacities P and P-.

7  Conclusions

In this paper, the shear behavior of FRCM/SRG strengthened masonry panels was investigated
both from the experimental and the analytical point of view, with two main objectives: (i) to analyze
the efficiency of different composite systems in improving the shear behavior of brick masonry
panels, and (ii) to propose an analytical approach applicable for the prediction of the shear strength

increase expected for strengthened masonry panels.
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Experimentally, diagonal compression tests were performed on 17 samples, built with different

materials and bond patterns with the aim of reproducing typical masonry typologies of the Italian

territory. 13 samples were then reinforced through various strengthening systems, differing in the

materials adopted, i.e. basalt, glass or steel, and in the fibers arrangements, i.e. unidirectional or

bidirectional, continuous or discontinuous. The experimental results allowed to draw the following

conclusions:

The application of the investigated composite systems did influence the shear capacity of
the masonry panels, producing significant strength increments for all the investigated
masonry typologies, generally higher for continuous strengthening layouts.

The shear behavior of FRCM/SRG strengthened samples was characterized by a first peak
load, corresponding to the macroscopic cracking of the mortar matrix, and by a second peak
load, corresponding to the failure of the fibers; in most of the tests, the maximum load
coincided with the first peak load.

The presence of the composite systems did not produce a significant increase in the shear
stiffness of the samples, confirming the ability of these materials to improve the shear
behavior without determining considerable variations in the stiffness distribution of existing
buildings.

The pseudo-ductility of the FRCM/SRG strengthened samples was evaluated to quantitively
assess the significant role of the fibers in reducing the brittleness of the shear failure; the
displacement capacity of the FRCM/SRG strengthened samples was, indeed, significantly

higher than the one of the unreinforced samples.

An important outcome of the experimental campaign was related to the fact that, in most of the

tests, the cracking of the mortar matrix corresponded to the capacity of the strengthened masonry

panels. For this reason, an analytical approach for the evaluation of the shear capacity of strengthened

masonry panels was here proposed including the mortar matrix contribution, which is not taken into

account by most of the formulations available to date. The proposed approach, described for
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continuous and symmetric reinforcements, implies the determination of the two peak loads observed
experimentally, one associated to the cracking of the mortar matrix and one associated to the failure
of the reinforcements. It was calibrated and validated through comparison with the experimental
results and it can also be adopted for the prediction of the shear capacity of strengthened masonry
structural elements. Further experimental campaigns could be conducted and a wider experimental
database could be considered to extend the validity and the robustness of the proposed formulation to

different FRCM/SRG strengthening systems.
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