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ABSTRACT

The paper presents the results of an experimental campaign aimed at investigating the in-plane and out-of-plane behavior of
tuff and fired clay brick masonry panels reinforced by a commercial, not yet tested, Textile Reinforced Mortar (TRM) system.
The TRM, consisting of hydraulic lime mortar coupled with a bidirectional glass fabric (total thickness of 30 mm), was applied
on both sides of the panels and connected through stainless-steel helical bars. First, a mechanical characterization of the TRM
system was carried out, according to recent guidelines (AC434 and CNR-DT215) by means of tensile tests and single-shear
bond tests on the two different substrates. Then, the effectiveness of the reinforcement was investigated through uniaxial
compression, diagonal compression and three-point bending tests on masonry panels. After that, experimental results were
compared to the predictions of recent guidelines and analytical models available in the literature, by using the mechanical
parameters obtained from the TRM mechanical characterization. TRM showed to be very effective in increasing the in-plane
shear strength of tuff panels, of about 170%, whereas in the case of fired clay brick ones the increase was limited to 33%.
Besides, the diagonal compression strength of reinforced specimens seemed to be strongly influenced by the mortar matrix,
instead of by the fabric reinforcement, as it usually happens i.e. for Fabric Reinforced Cementitious Matrix (FRCM) systems.
Thus, novel simplified analytical formulations to predict the shear strength of reinforced panels by only considering the
contribution of the TRM matrix were provided, discussed and compared to current analytical approaches for FRCM systems.
As regards the out-of-plane behavior, the TRM system significantly increased the out-of-plane bending strength and ductility
of both tuff and fired clay brick panels. The applicability of current analytical approaches, as well as possible amendments,
was also investigated. Finally, the compressive behavior of the walls was not substantially modified by the reinforcement,
reasonably due to the low axial stiffness of the connectors and, to a minor extent, because they were dry inserted within the
masonty and simply folded over the glass fabric.
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LIST OF SYMBOLS

AVG Subscript for average values

exp Subscript for experimental values

ACT Subscript for ACI 549-13 analytical predictions

ASTM Subscript for analytical values computed according to ASTM E519 and D’Antino et al. [6]
CNR Subscript for CNR-DT215 analytical predictions

GB Subscript for analytical values computed according to Gattesco and Boem [32]

RM Subscript for reinforced masonry

URM Subscript for unreinforced masonry

TRM Subscript for Textile Reinforced Mortar

Ay Resistant area of single yarn

Afabric Fabric cross-sectional area

Ay Net cross-sectional area of the masonry wall (reinforcement layers are not considered)

b Width of the masonry wall

bs Length of the reinforcement measured orthogonally to the applied force in diagonal compression tests
Efabric Elastic modulus obtained by tensile tests on the bare fabric

Em Secant modulus of elasticity of masonry wall

Eumrm Cracked stiffness modulus of TRM coupons (tensile tests according to AC434)

fe Mortar compressive strength

fen TRM matrix compressive strength
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feurtains separation Compressive stress corresponding to curtains separation in uniaxial compression tests

fr Mortar flexural strength

fm Masonry compressive strength

Frnass Maximum force recorded in shear bond tests

FrnaxTRM Peak tensile force from TRM tensile tests

fm Tensile strength of the TRM matrix

frrm Tensile strength of the TRM

G Shear stiffness

hy, Depth of the beam specimen used in the flexural test

L Distance between horizontal supports and applied load

M, Bending moment at first cracking

M., Ultimate bending moment

N Axial force

n Number of TRM layers

ng Number of fabric layers

ny Number of GFRP tensed yarns

P Applied load

Pe: Load at first cracking (in bending tests)

Prnax Maximum applied load

s Slip at peak load in single-shear bond tests

tw Thickness of the masonry wall

tr Equivalent thickness of the fabric

tTRM Thickness of the TRM matrix

Ty Tensile resistance of one glass yarn

\Y Shear strength (in kN)

X Neutral axis depth

o First stress block coefficient

o Reduction factor in CNR-DT215 shear strength estimation

B Second stress block coefficient

Ser Horizontal displacement in correspondence of first cracking

o Maximum deflection

Elim,cony Design strain value according to CNR-DT215 (gfim cony = Glim,conv/ Efabric)
&h Horizontal strain obtained by averaging the measurements of two LVDTs placed in opposite masonry sides
Eu,fabric Ultimate tensile strain from tensile tests on glass fabric

€u,TRM Ultimate tensile strain of TRM coupons (tensile tests according to AC434)
&y Vertical strain obtained by averaging the measurements of two LVDTs placed in opposite masonry sides
Y Shear strain

Yer Shear strain at cracking

Yu Shear strain at failure

Ohabric Tensile stress from tensile tests on glass fabric

Glim,cony Design stress value according to CNR-DT215 (Giimconv = Fmax,s/ Afabric)
oM Tensile stress on the TRM matrix at first cracking (tensile tests according to AC434)
Oufabric Tensile strength of glass fabric (tensile tests on bare fabric)

Ou,TRM Tensile strength of TRM coupons (tensile tests according to AC434)

o} Material density

of TRM textile mechanical ratio

T Shear stress

Tmax Shear strength

1 INTRODUCTION

The preservation and improvement of the structural safety of our architectural heritage are certainly some of the greatest
challenges today in the construction sector. The last seismic events in Italy have clearly highlighted the high vulnerability of
existing buildings, and especially of masonry structures, which are often characterized by low mechanical performance
materials, poor connections between walls and other structural lacks.

In the last years, several techniques have been proposed to improve the mechanical behavior and the seismic performance
of masonry structures. Along with the use of traditional methods, innovative composite systems are increasingly used, due to
their high efficacy, lightness and ease of application [1-3]. In particular, inorganic-based composite materials have been
continuously more and more used to reinforce existing masonry structures [4—7]. The advantages of using inorganic-based
systems rely on the capability of the matrix to ensure a good vapor permeability [8], resistance to high temperatures [9-13],
aggressive environments [14,15] and partial reversibility of the intervention, which could not be guaranteed, for example, in
the case of Fiber Reinforced Polymer (FRP) strengthening interventions, although some recent studies have shown, especially
for the confinement of masonry columns, the possibility of using reversible techniques also with FRPs [16].
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The term Textile Reinforced Mortar (TRM) has been first introduced to describe a novel composite material that combines
advanced fibers in the form of open mesh textiles with inorganic matrices [17,18]. Within this category, Fabric Reinforced
Cementitious Matrix (FRCM) and Composite Reinforced Mortar (CRM) systems, specifically designed for the strengthening
of existing structures, are the two most widespread today. FRCMs usually have a thickness of between 6 and 15 mm and the
reinforcement grid is made of dry or partially coated fibers [19,20]. CRMs have a greater thickness, usually between 30 and 50
mm, the fibers are fully impregnated with a thermosetting polymer matrix to form a relatively stiff grid (low flexibility) and
the spacing between yarns is higher than 30 mm [6,21-23]. Furthermore, CRMs provide for the use of mechanical anchors
(usually made of stainless steel or GFRP) to connect the reinforcement to the substrate, whereas FRCMs can also be applied
without connectors.

In the last two decades, research works on TRM systems have been mainly focused on demonstrating their effectiveness
on different types of structural elements, and on validating or proposing analytical formulations for the design of the
interventions. Concerning experimental works on masonry structural elements that can be found in the literature, the
effectiveness of different types of TRM systems, characterized by different types of fabrics, inorganic matrices and thicknesses,
has been mainly assessed either in terms of in-plane shear strengthening (see e.g. [21,22,24-31]) or in terms of out-of-plane
bending reinforcement (see e.g. [18,32-36]), mainly using quasi-static tests.

A state-of-the-art on the use of TRM systems as strengthening/retrofitting materials for masonty structures has been
carried out by Kouris and Triantafillou [37]. Papanicolaou et al. [18,31] compared the use of TRM and FRP systems both for
in-plane and out-of-plane strengthening of masonry panels. It is concluded that TRM systems provide a substantial increase
in strength and deformability and, if compared with their epoxy-resin counterparts (FRP), TRM may result in generally higher
effectiveness in terms of strength and deformability. Wang et al. [38] performed an experimental campaign on the use of three
different FRCM systems (reinforced with steel, carbon or basalt textiles and having a thickness between 10 and 15 mm) to
reinforce grey clay brick masonry panels. FRCM systems significantly enhanced the performance of masonty panels subject
to diagonal compression tests, in terms of both shear strength and ductility. Parisi et al. [24] showed through diagonal
compression tests that an increase in the peak shear strength of about 90% and 210% for single-side and double-side
strengthened specimens, respectively, can be obtained by applying 10 mm thick FRCM layers on tuff masonry walls. Gattesco
and Boem [22] carried out diagonal compression tests on different types of masonry, strengthened with 30 mm thick mortar
coatings reinforced with glass fiber reinforced polymer (GFRP) grids, obtaining a significant increase both in strength and
ductility. Del Zoppo et al. [21] applied two 40 mm thick CRM layers on tuff masonry panels strengthened, varying the type
of inorganic matrix and grid properties, obtaining an increase of the shear capacity ranging from 42% up to 288%. In [32], the
authors carried out four-point bending tests on different masonry walls (solid brick, rubble stone and cobblestone) reinforced
with CRM using composite glass fiber reinforced polymer grids, obtaining an out-of-plane bending moment almost 5 times
greater and a pseudo-ductility 25 times higher than that of plain specimens. Babaeidarabad et al. [33] evaluated the out-of-
plane behavior of clay brick masonry panels reinforced with one or four plies of carbon FRCM on the tension face of the
wall, showing that the flexural strength of reinforced specimens was between 2.8 and 7.5 greater than that of the control
specimen. Bellini and coworkers [34] conducted an experimental study on masonry walls reinforced with glass FRCM and
subject to axial force and out-of-plane horizontal actions: the strengthening systems proved to be effective, exploiting the
maximum tensile strength of the fibers.

However, to the authors’ best knowledge, there are still few studies that provide a comprehensive experimental evaluation
of the mechanical performance of a masonry structural element in terms of in-plane and out-of-plane behavior when
strengthened with a TRM system [39,40]. Moreover, even if TRM systems are designed to counteract the low tensile resistance
of masonry elements, in some cases (e.g. when TRM layers applied on both sides of the walls are connected through
mechanical anchors, or characterized by a significant mortar thickness) their application could also influence the masonry wall
compressive behavior, which, consequently, should be accurately investigated. Furthermore, there are still no studies that
investigated the uniaxial compressive behavior of masonry panels reinforced with TRM systems.

Concerning the analytical formulations provided for the design of strengthening interventions, to date the only technical
documents for TRM systems are those for FRCM, i.e. the American Concrete Institute (ACI 549.4R-13) [19] and Italian CNR
(CNR-DT215/2018) [20], while acceptance criteria and indications on characterization methods are given by the ICC
Evaluation Service (AC434), the Italian “Consiglio Superiore dei Lavori Pubblici”, and Rilem TC 250 [41-43]. These guidelines
provide different characterization procedures and different formulas to predict the FRCM contribution to the shear strength
and bending resistance of masonry walls. The AC434 [41], for example, proposes to carry out tensile tests on FRCM coupons,
while the Italian guideline CNR-DT215 [20] recommends a qualification method based on single-shear bond tests and tensile
tests on the bare fabric.

Several works have tried to evaluate the predictive capabilities of these analytical models for FRCM, and also to suggest
amendments or new approaches. For example, concerning the in-plane shear capacity, Del Zoppo at al. [44], used the
experimental results of diagonal compression tests, collected from the literature, to evaluate the accuracy of the ACI 549.4R-
13 design formulation [19], obtaining a safe estimation of the experimental results even without using any safety factor.
Similarly, D’Antino et al. [45] compared the results of out-of-plane tests on different types of masonry walls, collected from
the literature [32,33,46,47], with those computed according to different analytical approaches, such as the ACI 549.4R-13
approach [19], a method proposed by the authors (similar to that recently proposed by CNR-DT215 for inadequate bond
length [20]), and the procedure developed by Ascione et al. [48]. Results showed a general underestimation of the experimental
maximum bending moment according to ACI 549.4R-13 [19] and to the procedure developed by Ascione et al. [48], attributed,
in the first case, to the underestimation of the composite effective tensile stress and the upper bound limit imposed on the
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composite effective tensile strain and, in the second case, to the procedure adopted to compute the secant modulus of the
FRCM. However, most of the works collected by D’Antino et al. [45] did not provide the required materials characterization
parameters needed for analytical predictions. Consequently, the validation of the design protocols was made by referring to
mechanical parameters derived from the literature, highlighting the need for further characterization studies to accurately
validate the existing analytical formulations.

In this work, the use of an inorganic matrix composite reinforcing system, currently available on the market, is investigated.
It consists of a bidirectional glass fabric (coated with PVA) embedded in a 30 mm thick layer of hydraulic lime-based mortar,
applied on both the two faces of the masonry and connected by dry inserted stainless steel helical bars.

While the spacing between yarns, about 25 mm, and the fabric stiffness (quite low being the PVA layer extremely flexible)
would make such system to fall within the category of FRCM systems, the thickness of the mortar (related to the presence of
the steel anchors, which required an extra-thickness of mortar to be fully covered) brings it closer to the CRM systems. In this
way, it is not really an FRCM nor a CRM. For this reason, the authors decided to use the more general term TRM to classify
it in the following.

In particular, a wide experimental campaign is carried out, aimed at:

—  investigating weaknesses and strengths of such TRM system to reinforce masonry panels under uniaxial compression,
diagonal compression and out-of-plane bending, since it is a commercially available product usually offered in post
2016-Centre Italy earthquake reconstruction, and very limited studies are present in literature;

—  validating/amending current analytical formulations available from guidelines [19,20] and from the literatute [6,32] to
predict the diagonal compression strength and the out-of-plane bending strength of reinforced masonry, since no
indications can still be found in current codes for masonry panels strengthened by thicker matrices than those used
for FRCM.

Two different masonry types, tuff and fired clay brick masonry, have been investigated, being these characterized by very
different physical and mechanical properties and both widespread in Italy and many other European countries [49,50].

2  MATERIALS CHARACTERIZATION

2.1 Masonry components

Masonry walls were built by using tuff blocks with dimensions of 370x250x110 mm? and fired clay bricks of 250x120x55
mm?, while a commercially available hydraulic lime mortar was used for the 10 mm thick joints with mechanical properties.
Even if the mortar used is a commercial one, its characteristics may be similar in some cases to those found in some existing
masonry structures and its mechanical properties (Table 1) are comparable (or even lower) to those used in other studies from
the literature on tuff or historic clay brick masonry walls [6,21,27]. Uniaxial compression tests were carried out on 6 cubic tuff
specimens with an edge of 70 mm, following the UNI EN 1926:2007 [51], and on 10 cylinders extracted from five fired clay
bricks with a nominal diameter and a height of 50 mm, according to EN 772-1 [52]. Average compressive strengths of 4.5
MPa (CoV= 12%) and 30.5 MPa (CoV = 11%)) were obtained for tuff and fired clay bricks, respectively.

Finally, the compressive (f.) and flexural (ff) strength of the mortar used for the joints were evaluated on three prismatic
specimens (40x40x160 mm?) for each type of mortar, according to UNI EN 1015-11 [53]. The elastic modulus was evaluated
on three prismatic specimens with the same dimensions, according to UNI EN 12504-4 [54]. Experimental results are reported
in Table 1.

Table 1. Average mechanical properties of mortars. CoV in round brackets.

Compressive Flexural Elastic
Material strength fe strength f¢ modulus
[MPa] [MPa] [GPa]
Masonry mortar 478 4.7%) 1.48 (0.9%) 9.25 (1.3%)
TRM matrix 8.35 (2.9%) 2.97 (3.9%) 12.32 (1.1%)

2.2  TRM strengthening system

The TRM strengthening system adopted in this work comprises a bidirectional glass fabric made of alkali-resistant (AR)
glass fibers partially coated with a layer of polyvinyl alcohol (PVA) embedded in a 30mm thick hydraulic lime-based mortar.
The peculiarities of this system are due to the PVA coating applied on the fabric yarns to improve the adherence at the
interface with the inorganic matrix and to the flexibility of the fabric, which can adapt to the complex shapes of the elements
to be reinforced (see Fig. 1). The compressive (fo) and flexural (fp) strength of the TRM matrix were evaluated on three
prismatic specimens (40x40x160 mm?) for each type of mortar, according to UNI EN 1015-11 [53], while the elastic modulus
was evaluated on three prismatic specimens with the same dimensions, according to UNI EN 12504-4 [54]. Experimental
results are reported in Table 1. The physical and geometrical properties of the glass fabric, as reported by the manufacturer,
are listed in Table 2.

The TRM system is applied on both sides of the masonry walls. Stainless steel helical bars with a nominal diameter of 8
mm and tensile strength of 830 MPa (reported by the manufacturer, according to UNI EN ISO 6892-1:2016 [55]) are used to
connect the two layers of TRM, passing through the masonry and folded over the glass fabric for a length of about 100 mm.
The bars are inserted by simply screwing them within the holes made on the wall before the application of the TRM. Specimens

4
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dimensions, number and position of the helical bars are detailed in the following for each type of test. It should be noted that
the TRM system employed is a commercially available product and was applied following the recommendations of the
manufacturer.

2 25 2
™) 27
WEFT
<t ~
™~ o~
250 g/m?* WARP

Fig. 1 — Glass fabric employed and stainless-steel helical bar used as a connection system.

Table 2. Physical and geometrical properties of glass fiber fabric (from manufacturer technical sheets).

Density Equivalent thickness Resistant area of
(for each direction) single yarn
[g/m?] te [mm)] Ay [mm?]
250 0.0314 0.789

2.21  TRM characterization according to AC434

Following the AC434 instructions (Annex A) [41], the TRM system was characterized through tensile tests, in order to
obtain the characterization parameters needed for the analytical formulations proposed in ACI549 [19]. A total of five
prismatic coupons with dimensions of 400x70x12 mm? were prepared by placing a glass fabric strip between two layers of
mortar (total thickness of 12 mm). It should be noted that the thickness of the specimens used for tensile characterization
tests, according to AC434, is lower than the thickness of the reinforcement applied on masonry panels (30 mm). This could
affect the mechanical response of the TRM system, especially in terms of stress at cracking, cracks distance and tension
stiffening effect. As a consequence, the use of these mechanical parameters to predict the behavior of masonty panels
reinforced with TRM of greater thickness (while having the same amount of fabric reinforcement) must be carefully evaluated.

Specimens were cured at laboratory conditions (about 20 °C and 70% relative humidity RH) for 28 days before testing.
Metal tabs with the same width of the coupons and thickness of 3 mm were epoxy glued at the ends of each TRM specimen.
Through this type of configuration (clevis grip), the tensile load is transferred to the TRM coupon only through adhesive shear
stresses, avoiding applying normal forces at the specimen’s ends [41,56,57]. An effective length equal to 100 mm was assumed,
as also made in [58—61], which allowed to measure the axial strain over the entire free length of the specimen by using a macro
extensometer with a gauge length of 100 mm, directly anchored at the ends of the metal tabs (see Fig. 2). It is worth pointing
out that, although the AC434 does not establish a well-defined effective length to be adopted during the tests, the TRM
mechanical characterization could be influenced by the choice of this parameter and this aspect certainly deserves to be better
investigated in future studies. The load was applied under displacement control at 0.5 mm/min.

The results of TRM tensile tests are provided in terms of peak force (FmatRM), ultimate stress (ou1rM), ultimate strain
(euRM), cracked stiffness modulus (Eu1ra) and tensile stress on the mortar at first cracking (o¢n), together with the failure
mode observed (Table 3). Stress-strain curves are reported in Fig. 3. For the determination of the ultimate stress o, 1Ry, the
measured maximum force (FmaxtrM) is divided by the cross-section of the textile reinforcement (3Ay) in the load direction.
The ultimate strain e, rrv is defined as the ultimate deformation experienced by the TRM coupons before failure. Eyry is
calculated as the slope of the segment of the response curve between two points equal to 0.60 oyrrv and 0.90 oy 1rM, as
recommended by AC434 Annex A [41]. Finally, o is calculated by dividing the load corresponding to the appearance of the
first crack on the mortar by the gross section area of the TRM specimen (about 70x12 mm?).
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Fig. 2 — Tensile test setup according to AC434 [41].

The typical stress-strain behavior of TRM specimens tested by using clevis grip anchors, consisting of two phases (before
and after cracking), has been observed [57,62]. The first part of the curve, controlled by the mortar mechanical properties, is
linear up to the formation of the first crack. Once the matrix has cracked, the load is transferred through the fabric
reinforcement. At this transition point, a significant load drop is observed, probably due to the modest cross-sectional area of
the fabric reinforcement. Then, the slope of the curve decreases and the second branch continues until the ultimate capacity
of the specimen is reached.

The slope of the second part of the stress-strain curve, which is always lower than that of the first branch, depends on the
quality of the bond between fabric and matrix as well as on the volume portion of the fibers activated for load transfer [62—
64]. Usually, at least three visible cracks appear in the free length of the specimen (see Fig. 3b). The presence of “jumps” on
the stress-strain curve is due to the formation of further small horizontal cracks within the matrix (not visible in the picture),
which causes a redistribution of stress and deformations over the specimen length.

However, the second part of the stress-strain curves can be approximated as linear up to failure, as suggested by AC434
[41]. For all tested specimens the tensile failure always occurred due to breakage of the internal glass fabric, with an average
ultimate tensile stress oy rv of 1275 MPa. Finally, it should be noted that, since a clevis grip system is adopted, which did not
apply compression forces at the specimen ends, some slippage of the fabric within the TRM matrix occurred before failure,
even if the TRM coupons failed due to fabric breakage.

Table 3. Results of tensile tests on TRM coupons according to AC434, Annex A [41]. CoV in round brackets.

Fagrrat oM T4 TRM ETRM E,rm Failure
[kN] [MPa]  [MPa] [ [GPa]  mode
3.02 1.67 1275 0.049 25.25 Fabric

(6.0%) (8.9%)  (6.0%)  (13.8%)  (847%)  breakage
1400

1200 /lﬁr

—_
(=]
(=3
(=]

Tensile stress orrv (MPa)
o
=)
3

0.06 0.08

a. b.
Fig. 3 — (a) Stress-strain curves of TRM coupons according to AC434 [41] and (b) typical failure mode observed.
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2.2.2  TRM characterization according to CNR-DT215

The contribution of the TRM reinforcement, according to CNR-DT215 [20], not only depends on the mechanical
characteristics of the composite system, but also on the type of support on which it is applied [20,48,65]. This is especially
true when an adequate bonded length of the TRM system is not guaranteed. For this reason, two types of tests, i.e. single-
shear tests and tensile tests on the bare fabric, are necessary to determine the design parameters (Glim,conv, Elim,conv) according to
the procedure described in §3.1 of CNR-DT215 [20]. In particular, for a specific TRM system and a specific support, Glimconv
corresponds to the characteristic value of the maximum force Fuays recorded in shear bond tests (Fig. 4b) divided by the
fabric cross-sectional area Agbric (Glim,cony = Fmaxs/ Afabric), while the conventional limit strain ejim conv is determined as €iim cony =
Olim,conv/ Efabric , Whete Egbric is the elastic modulus of the fabric obtained by tensile tests on the bare fabric (Fig. 4a).

In this study, four tensile tests were carried out on glass fabric strips, considering three yarns in the warp direction (Fig.
4a). Glass FRP tabs (80x100 mm?) were applied at the ends of each fabric strip, to guarantee a better grip to the testing
machine and load redistribution between the 3 yarns. The specimen free length was about 200 mm while the axial strain was
measured by a macro extensometer, with a gauge length of 80 mm, applied to the central yarn of the fabric (Fig. 4a). Tensile
stress Ofbric has been calculated by dividing the total force by the area of the 3 yarns (3Ay). ey fabric is the ultimate deformation
of the fabric at failure. The elastic modulus Efpric has been calculated as the secant modulus between 10 and 50% of the
ultimate tensile stress.

Then, four tuff blocks, with dimensions of 300x120x150 mm? (Fig. 4c), and four masonry blocks, manufactured with five
half-bricks joined by five 10 mm-thick mortar layers, with dimensions of 315x120x150 mm? (Fig. 4d), were used as support
for single-shear tests. All the substrates were saturated before the application of TRM strips on one side of each block. TRM
strips, having a thickness of 12 mm, comprised three longitudinal glass yarns and were bonded to the substrate for a length
of 250 mm. The free length of the bare fabric at the beginning of the test was about 300 mm. All the specimens were cured
at laboratory conditions (about 20°C and 70% RH) for 28 days before testing.

The adopted single-shear test setup is showed in Fig. 4b. The block was restrained against movement by a steel frame
fixed to the base of the testing machine. The upper end of the fabric was clamped and connected to the load cell of the tensile
machine. Tests were conducted under displacement control, with a load speed of 0.5 mm/min. Axial displacement of the
fabric at the upper end was measured by a potentiometer directly applied to the load cell of the testing machine.

tF tF
Class Tab Glass Tab «r
Class Fabric ::EE Glass Fabric EEEE
(3 yarns in 1T (3yarnsin
longitudinal T longitudinal T
direction) T direction) 0T

TRM TRM
Clay Bonded length
Tuff Brick 315 H
block
c. d. e.

Fig. 4 — (a) Tensile test on glass fabric, (b) single-shear bond test setup, specimen dimensions and TRM bonded length for (c) tuff blocks,
(d) fired clay brick masonry blocks and (e) typical failure mode observed due to breakage of glass yarns (both for tuff and fired clay brick
substrates).

Table 4 reports the results of tensile tests on the glass fabric in terms of ultimate tensile stress and strain (Ou fabric and €y fabric,
respectively) and elastic modulus Egpric, while the stress-strain curves are shown in Fig. 5. Some differences in terms of elastic
modulus and ultimate strain were obtained from tensile tests on TRM coupons (according to AC434, see Table 3) and from
tests on the bare fabric (Table 4), mainly due to the different methods of anchoring the specimens at their ends. In fact, while
tensile tests on the bare fabric were carried out by clamping the fabric strips at their ends, tensile tests on TRM coupons
adopted a clevis grip system, which did not apply compression forces at the specimen ends and allowed possible slippage of
the fabric within the TRM matrix. For this reason, even if the TRM coupons failed due to fabric breakage, some slippage of
the fabric within the mortar occurred before failure. This phenomenon led to a greater deformation of the specimen in the
free part between metal tabs, thus lowering the elastic modulus with respect to tensile tests carried out on the bare fabric.
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Table 4. Results of tensile tests on glass fabric. CoV in round brackets.

Ultimate Ultimate Elastic
tensile stress  tensile strain modulus
Ou fabric Eu,fabric Efabric
[MPa] [-] [GPa]
1319 0.0193 67
(8.5%) (9.2%) (13.2%)

Experimental results of single-shear bond tests, varying the type of support, are reported in Table 5 in terms of peak load
Fiass, peak stress in the textile ogmax=Fmaxs/3Ay, and displacements corresponding to the peak load. Failure always occurred
out of the bonded area, with the breakage of two or three yarns of the glass fabric (Fig. 4¢), indicating a good adhesion both
at the fabric-matrix and matrix-substrate interfaces. Furthermore, results indicated that a bonded length of 250 mm can
guarantee the full exploitation of the TRM composite tensile strength, both for tuff and fired clay brick substrates.

Table 5. Results of single-shear bond tests. CoV in round brackets.

Peak Load Peak strcs's in Displacement
. the textile at peak load
Specimen Fraxs
[N] Of max S
[MPa] [mm]
2921 1234 8.65
RM ff
TRM_Tu (10.1%) (10.1%) (12.3%)
TRM_Fired clay 2909 1229 7.61
brick (11.4%) (11.4%) (13.0%)

Finally, results obtained from single-shear bond tests and tensile tests on the glass fabric have been combined to obtain
the qualification parameters Glim,conv aNd Elimconv Of the TRM system [20,48]. In this study, 6timconv has been taken equal to the
average value of the peak stress in the textile, while ejimconv is the corresponding strain in the bare fabric evaluated through
tensile tests (see Fig. 5).

It can be observed that, since in single-shear bond tests no slippage of the fabric neither debonding at the matrix-to-
substrate interface were observed, the ultimate tensile stress obtained in single-shear tests is almost the same of that of tensile
tests (the slight difference is probably due to the experimental dispetsion and different boundary conditions). Furthermore,
due to the failure mode that always involved the fabric outside the bonded atea, no substantial differences were observed by
changing the type of support.

Single shear - TRM G250_Tuff Tensile Test - Glass 250 Single shear - TRM G250 Fired Brick Tensile Test - Glass 250
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Fig. 5 — Determination of 6jim,conv and Elim cony Of the TRM system applied on tuff or fired clay brick substrates, according to CNR-DT215.
3 UNIAXTAL COMPRESSION TESTS

3.1  Test description

The contribution of TRM systems to the compressive strength of masonry panels is usually considered negligible in the
literature [19,20]. However, in particular cases, e.g. when TRM layers applied on both sides of the walls are connected through
mechanical anchors or characterized by a significant mortar thickness (as it occurs in our study), it is reasonable that TRM
systems could also influence the compressive strength and the stiffness of a wall. In fact, some recent guidelines suggest the
use of approximated improvement coefficients to masonry mechanical properties (including compressive strength) in case of
application of different reinforced plasters (including TRM systems) [66]. Then, the uniaxial compressive behavior of masonry
panels reinforced with TRM systems should be accurately investigated to avoid unsafe overestimations of the mechanical
properties.
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In this study, uniaxial compression tests were carried out on tuff (T) and fired clay brick (M) masonry panels. In particular,
for each masonry type, uniaxial compression tests were carried out on two unreinforced and two TRM reinforced panels. The
geometrical dimensions of the panels and the layout of the connector (as suggested by the manufacturer) are reported in Fig.
6.

The vertical load was applied by using six hydraulic jacks (total compression capacity of 3000 kN), with a loading rate of
approximately 2.0 kN/sec. To have a uniform load on the top of each specimen, a stiff steel plate with dimensions of
1200x400x20 mm? was placed between the 6 hydraulic jacks and the masonry (see Figures 6). Two neoprene sheets (10 mm
thick) were positioned, respectively, on the top between the steel plate and the masonry and at the bottom of each specimen,
to reduce the friction between the contact surfaces and to avoid that local asperities or irregularities could cause punctual
loads. Besides, in the case of reinforced panels, they let the load be applied on the masonry by keeping unchanged the load
application area (1 x 0.25 m?) and to avoid to directly load the two TRM layers.

By doing so, the vertical load is transferred from the masonry to the TRM layers only through shear stresses (at the
interface) or by the mechanical connectors, simulating a more realistic loading condition. In a real scenario, in fact, the TRM
reinforcement is applied to masonry walls that are already subject to compression stress (i.e.: floor or roofing loads). Any
increase in loads, usually transmitted by beams to the masonty, is unlikely to directly load the reinforcement in compression,
while it is possible that the reinforcement is loaded by shear stresses at the interface between TRM and masonry (or that the
confinement effect is activated by the presence of transversal connectors). Thus, by adopting this test setup, it is possible to
assess whether the reinforcement could absorb any compression stress only through the adhesion developed at the
reinforcement-to-masonry interface, or through the confinement provided by the steel anchors.

Two linear variable displacement transducers (LVDTs), with a gauge length of 300 mm, were applied to the wall surface
at mid-height (LVDTs 1 and 2), to measure vertical displacements on the two sides of the wall. In the case of reinforced
masonty panels, the LVDTs 1 and 2 were directly applied on the TRM surface, while LVDTs 3 and 4 wete applied on the
short sides of the panel, that is the unreinforced sides. A view of the experimental setup is reported in Fig. 6.

At the end of the tests, compressive stress was calculated by dividing the applied load (P) for the load application area
(note that the load application area has remained unchanged for all specimens, and equal to 250x1000 mm?, nominally).
Vertical strain (ey) was calculated as the average between the values measured by LVDT 1 and 2 for unstrengthened panels
and by means of LVDTs 3 and 4 in the case of strengthened panels. The secant modulus of elasticity (Em) was then evaluated
by consideting a compressive stress equal to 1/3 of the maximum stress, as indicated in EN 1052-1 [67].

Steel plate Steel plate
- il i T
n° 6 steel © 4 » | i/ht TRM TRM I
helical mortar layer (30 mm thick) I
connectors (15 mm thick) LVDT 4
= I
o
LVDT 1 Ei/Glass bidireclignal LVDT 1 LVDT 2
fabric 250 g/m” ¢ £
LVDT 3 » N\ S el =
LVDT 4 iy o
0
y ; ]
H .2nd TRM Neoprene
= motar layer e "
(0.25x1x0.01 ) g2 NH (15 mm thick) ¢ I
- 15
o e
Tm 0,03 m 0,25 m 0,03 m

Fig. 6 — Compression test setup.

3.2  Experimental results and discussion

Experimental results of compression tests are summarized in Table 6 in terms of maximum load (Pmax), compressive
strength (fi) and elastic modulus (Enm). Average values of compressive strength (fm ave) and elastic modulus (Emave) are also
reported in Table 6. Compressive stress-vertical strain curves of unstrengthened and strengthened tuff and brick masonry
panels are reported in Fig. 7a and Fig. 7b, respectively. All the experimental curves follow a linear trend both for unreinforced
and reinforced specimens until the maximum compressive stress is reached. Then, a quick decrease in the stress level is
measured. The post-peak behavior has to be considered as indicative, mainly due to the load control testing procedure.
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Table 6. Experimental results of compression tests on masonty panels.

Pmax fm fm,r\V G fcurmins Em Em,r\V G
Specimen separation
[KN]  [MPa] [MPa] [MPa]  [GPa]  [GPa]
TC1 798 3.19 - 3.23
3.28 2.88
TC2 840 3.36 - 2.53
TC1_R 642 2.57 - 2.84
2.50 2.93
TC2_R 604 2.42 - 3.03
MC1 1781 7.12 9.63
7.89 541 9.67
MC2 2163 8.65 9.71
MC1_R 1676 6.70 8.29
8.07 6.32 9.10
MC2_R 2360 9.44 9.90

Specimen  Pmax [kN]  fn[MPa]  fmave [MPa]

T1 798 3.19
3.28
T2 840 3.36
T1R 642 2.57
2.50
T2R 604 2.42
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Fig. 7 — Compressive stress-vertical strain of (a) tuff and (b) fired clay brick masonry panels unreinforced (TC1, TC2, MC1, MC2) and
strengthened with TRM (TC1_R, TC2_R, MC1_R, MC2_R).

Concerning the tuff panels, the unreinforced ones showed the first vertical crack at about 1.0 MPa and an average
compressive strength (fimavg) of 3.28 MPa (see Table 6), which is in very good agreement with the estimate proposed by
NTC2018 (§11.10.3.1.2) [68] for masonry with compressive strength of the constitutive elements of 5 MPa and M5 joint
mortar (equal to 3.3 MPa). At the end of the test, several sub-vertical cracks were noticed together with crushing at the panel
base (see Fig. 8a).

Reinforced tuff panels showed an elastic modulus in compression quite similar to that obtained for the unreinforced
specimens. Conversely, an average compressive strength (about 2.50 MPa) lower than that obtained for unreinforced ones
(3.28 MPa) was obtained, with failure occurring due to the collapse of the internal masonry and without a significant
contribution of the TRM reinforcement. Furthermore, once the maximum compressive load was almost reached, the TRM
curtains detached from the substrate (see Fig. 8b). In this way, helical steel connectors showed to be ineffective probably due
to their low axial stiffness and, to a minor extent, because they were dry inserted within the masonry (as suggested by the
manufacturer) and simply folded over the glass fabric for a length of 100 mm. The higher stiffness of the TRM matrix, if
compared to that of tuff masonry, could also have played a role. However, the detachment only occurred for high values of
the compression load and vertical strain. The decrease in the compressive strength may be attributable to the presence and
the layout of the steel connectors. In fact, the presence of helical steel connectors, dry inserted within the masonry and aligned
along two vertical lines, probably caused stress concentration and notch effect, also reducing the resistant section and,
therefore, the load-bearing capacity of the wall. This constituted a preferential way for cracking start. Once the TRM was
removed, it was possible to observe the formation of two vertical cracks on the wall right near the steel connectors, and in
one case even the detachment and collapse of the relative corner (Fig. 8c).
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Fig. 8 — Failure modes of the unstrengthened (a) and strengthened (b,c) tuff m;‘sééﬁnry walls.

Concerning the fired clay brick specimens, the average compressive strength of unreinforced masonry walls was found to
be of about 7.9 MPa, which is in good agreement with the estimate proposed by NTC2018 (§11.10.3.1.2) [68] for fired clay
brick masonry with compressive strength of 30 MPa and M5 joint mortar (equal to 8.6 MPa). Several cracks formed in both
unreinforced and reinforced specimens before reaching compressive stress ranging between 5 and 6 MPa. Once reached this
stress level, the walls were divided into two separate curtains due to the formation of a vertical crack on the short side of the
panel (see Fig. 9b). In particular, in the unreinforced case, this vertical crack occurred at about 5.4 MPa (see feurtains separation 111
Table 06).

Differently, in the reinforced case, the presence of TRM and steel connectors slightly delayed the curtains separation,
which happened at a compressive stress of about 6.3 MPa. In any case, from this stress level, the walls continued to take load,
although being constituted by two separate curtains, and further vertical cracks formed on the TRM mortar (Fig. 9c) until the
collapse was reached. The ultimate average compressive strength was found to be of about 8 MPa. However, this result has
high variability, due to the limited number of specimens tested. Finally, even in this case, the elastic modulus in compression
seemed not to be affected by the presence of the TRM reinforcement.

Fig. 9 — Failure modes of the unstrengthened (a) and strengthened (b,c) fired clay brick masonry walls.

The helical steel bars were not able to avoid the separation of the wall in two different curtains, even in this case, probably
due to their low axial stiffness and, to a minor extent, to the poor bond between bars and masonry (since they were dry
inserted, as suggested by the manufacturer). Thence, the confining effect of the TRM reinforcement was modest, as well as
the stress transfer between masonry and reinforcement, as underlined by the few cracks appeared on the TRM reinforcing
layers, which, however, and differently from the tuff case, remained well adherent to the substrate for the whole duration of
the test (Fig. 9b and c), probably thanks to the better adhesion and the greater compatibility, in terms of elastic modulus,
between the TRM matrix and the support.

4  DIAGONAL COMPRESSION TESTS
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4.1  Test description

It is well recognized that the diagonal compression test does not necessarily reproduce a field condition. However, it can
be used to identify the shear mechanical parameters of structural elements [69—72], which are necessary for design purposes
and numerical modeling [73-75], as well as to evaluate the effectiveness of different reinforcement systems on the shear
behavior of masonry panels [76].

In this study, diagonal compression tests were performed according to ASTM E519-15 [76] to determine the diagonal
compression strength of tuff and fired clay brick masonry panels and to evaluate the effectiveness of the TRM strengthening
system. For each masonry type, a total of 6 walls with nominal dimensions of 25x120x120 cm? (excluding the reinforcement
thicknesses), were tested, the half of which were left unreinforced and used as control (TD1, TD2, TD3; MD1, MD2, MD3),
and the other half were strengthened with the adopted TRM system considering the layout of the connectors reported in Fig.
10a (TD1_R, TD2_R, TD3_R; MD1_R, MD2_R, MD3_R).

A monotonic diagonal comptession load, at approximately 1.0 kN/sec, was applied on the diagonally opposite corners
using two loading steel shoes and six hydraulic jacks with a total load capacity of 3000 kN [77-79] (see Fig. 10b).

Four sheets of neoprene (15x25x1 cm?), placed between the panels and the steel shoes (two for each corner), were used
to reduce friction between the contact surfaces and to avoid possible stress concentration. Moreover, in the case of reinforced
walls, the use of neoprene sheets allowed to apply the load on the masonry by keeping unchanged the load application area
(30x25 cm?), avoiding to directly load the two reinforcing TRM layers, just as done for the uniaxial compression tests.

Finally, four inductive LVDTSs were installed along the panel diagonals (two for each side, see Fig. 10b). All data were
recorded by using a Spider8 data acquisition system operating Catman software at a frequency of 2 Hz.

According to ASTM E519-15 [76], the shear stress is computed as 1 = 0.707 P/ Ay, whete P is the applied load and Ay is
the net cross-sectional area of the masonty wall (that is, the cross-section because the reinforcement is not considered). The
shear strains are instead computed as y = e, + &, where e, and ey are the average strains, in absolute value, along the
compression and tensile diagonals of the panels, measured by LVDT1,2 and LVDT3,4, respectively. It should be noted that
the application of the ASTM E519-15 formula for t calculation may not be completely correct in the case of reinforced panels
since the reinforced specimens consist of two different coupled materials (masonry and TRM). However, it can be used to
provide a measure of the increase in shear strength provided by the reinforcing TRM layers to the unreinforced masonry
panel, as also carried out in many other studies in this field (see e.g. [6,21,24,49,80-82]).

For each test, the shear strain corresponding to the shear stress at cracking yer (cracking of the masonry in unreinforced
panels or cracking of the TRM in reinforced panels according to several studies in the literature [24,27,82]) and the ultimate
shear strain at failure y, ate also computed. In particular, in the case of unreinforced panels, y. is expected to be equal to yu
due to the brittle behavior of unreinforced masonty panels. In the case of TRM reinforced panels, instead, y, is computed as
the largest strain experienced during the test or, conventionally, the strain at a level of shear stress 20% below the peak in case
of a shear stress-strain diagram with a post-peak descending branch [21,82,83].

Finally, the shear stiffness modulus of the panels (G) is also calculated. In the literature, G is generally computed as a
tangent modulus, secant modulus, or chord modulus for different stress levels [24,84]. In this study, the shear modulus is
computed as the secant modulus between 10 and 40% of the maximum strength on the experimental t-y curve [26]. Even if,
in the case of reinforced panels, the LVDTs were directly applied on the external surface of the TRM layer, strains recorded
(and so the shear stiffness modulus G) can be considered reliable, since no detachment at the interface between TRM and
masonty were observed for this load level (£0.4 Tmay) and a substantially perfect bond at the interface can be assumed at least
up to the cracking of the TRM mortar.

Contrast frame

°2 neoprene
sheets
(25x15x1 cm?)

2nd TRM
mortar layer
(15 mm thick)

~Glass fiber

fabric
st TRM
/" mortar layer
(15 mm thick )

v .Y, n°9 steel
helical bars

n° 9 steel \
helical )
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+
x  LVDT 1,2 T
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VDT 3.4

[—— 100cm |[—~
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5 jack 500 kN

b ———

Fig. 10 — (a) Layout of the connectors and (b) diagonal compression test setup.
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4.2  Experimental results and discussion
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In Fig. 11, the experimental results in terms of shear stress-strain curves are shown, while Table 7 reports, for each tested
panel, the results in terms of maximum load Vimay, shear strength tma, shear strain at cracking yer, ultimate shear strain y, and
shear stiffness G. The shear strength and stiffness average values (Tmas,avG and Gava, respectively) and the respective ratios
between reinforced (RM) and unreinforced (URM) masonry panels were also reported.

As expected, all the unreinforced panels (TD1, TD2, TD3 and MD1, MD2, MD3) showed an almost linear-elastic behavior
up to reaching the maximum shear stress 7. (see Fig. 11). Some tuff panels (in particular TD2 and TD3) showed a gradual
stiffness degradation before reaching the maximum shear stress, due to cracks formation (see Fig. 11). Then, once the principal
tensile stresses reached the tensile strength of the wall (in particular at the interfaces between blocks and mortar [83,84]) a
brittle failure occurs (expulsion of unconfined corners, see Fig. 12a and c).

Clearly, a significant difference between unreinforced tuff and fired clay brick masonry panels can be observed in terms
of both shear stiffness G (342 and 2933 MPa, respectively, see Table 7), due to the different mechanical properties of the
blocks, and shear strength Tmas,ave (0.20 and 0.93 MPa, respectively, see Table 7), due to the different bond strengths at the
interface between blocks and mortar joints.

Concerning the reinforced specimens (TD1_R, TD2_R, TD3_R and MD1_R, MD2_R, MD3_R), for both masonry types,
the shear stress-strain curves (Fig. 11) showed an initial linear-elastic behavior (G values equal to 1383 and 2895 MPa for tuff
and fired clay brick masonry cases, respectively) up to the maximum shear stress 7,. (equal to 0.54 and 1.24 MPa, respectively),
corresponding to the appearance of the first visible crack on the TRM layers (Fig. 12b and d). During the elastic phase, no
cracking in the TRM mortar neither detachment at the TRM-to-substrate interface were observed, indicating a good bond
between the inorganic mortar and the two masonty substrates.

A significant increase in G is observed in reinforced tuff panels (about +304%), while in the case of reinforced fired clay
brick panels the stiffness was not substantially affected by the TRM reinforcement. These results are in line with those obtained
for similar TRM systems applied to other types of masonry, where it is observed that the lower the stiffness of the unreinforced
panel, the higher the stiffness increase of the strengthened one (see e.g. [29]).

Concerning Tmax, TRM reinforced panels exhibited an increase of about 2.7 and 1.3 times for tuff and fired clay brick
masonty panels, respectively, with respect to unreinforced panels (see Table 7). It should be noted that these increases are
quite different from the multiplicative coefficients provided by CNR-DT215 [20] for FRCM systems, which indicate strength
values 2 times and 1.7 times higher than that of unreinforced masonry panels for tuff and fired clay brick masonry, respectively.
As a result, these latter values may provide an inaccurate evaluation of the ultimate shear strength of the reinforced panel
(even on the unsafe side for the fired clay brick masonry) and should be carefully evaluated before applying for the design of
TRM systems. However, it is interesting to observe that the increase in terms of diagonal load was almost the same both for
tuff and fired clay brick masonry panels (about 130-140 kN), thus indicating that the reinforcement provided its maximum
contribution in terms of mechanical strength in both cases.

Table 7. Experimental results of diagonal compression tests. CoV in round brackets.

Specimen Vimnax Vmax,t\VG Tmax Tmax,AVG Yer Yu G Gave TRM GRM
[kN] [kN] [MPa] ~ [MPa]  [mm/mm] [mm/mm] [MPa] [MPa] 1Tygm Gygm
TD1 101.37 0.24 0.00055 0.00055 431
TD2 81.96 ?756'5/7) 0.19 ((7)5209) 0.00059 0.00059 309 (2354; ) . .
TD3 73.38 g 0.17 g 0.00063 0.00063 285 °
TD1_R 213.58 0.50 0.00032 0.00277 1394
TD2_R 248.89 22;}72 0.59 25;;‘: 0.00038 0.00117 1555 (17338/3 270 4.04
TD3_R 223.68 Z 0.53 K 0.00044 0.00673 1199 Z
MD1 383.05 0.90 0.00038 0.00038 2368
MD2 362.37 %(??0/53) 0.85 ((7)'79; ) 0.00024 0.00024 3542 (22902/%) . -
MD3 444.07 ° 1.04 g 0.00036 0.00036 2889 °
MDI_R  509.89 1.20 0.00029 0.00376 2667
MD2 R 58655 5;3;/20 1.38 (};)2; 0.00039 0.00060 3366 (27%!9/5 133 099
MD3 R 482.15 Z 1.14 Z 0.00022 0.00141 2651 Z
——— TD1 weeeeee TD2 - - - TD3 ——TIDL R e TD2 R ---TD3 R
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Fig. 11 — Diagonal shear stress (1) — shear strain (y) diagrams of tuff (T) and fired clay brick (M) masonty panels.

Despite the post-peak behavior has to be intended as qualitative due to the test method under load control, as made in
other studies (see e.g. [5,22,27,82]), a post-peak and pseudo-ductile behavior due to the presence of the fabric was surely
observed in all reinforced specimens and some considerations on the observed behavior can be made. In particular, once the
TRM has cracked, a slightly different post-cracking behavior is observed in tuff and fired clay brick masonry.

In reinforced tuff panels, the load remained almost constant while further cracks appeared along the vertical diagonal and
cracks opening increased. This could be ascribable to the glass yarns layout that is at about 45° with respect to the main
direction of the cracks, so that the fabric, after the crack of the mortar, can deform rigidly until its yarns align themselves
perpendicularly to the crack direction. With increasing displacement, the stresses in the wall are redistributed in the reinforcing
fabric, and the load is maintained approximately constant up to reach fibers breakage (Fig. 13a). Thus, the glass fabric plays
an important role in the post-cracking phase, contrasting the rapid strength decrease and guaranteeing a considerable increase
in the deformation capacity of the panels. At the end of the pseudo-ductility phase, detachment of TRM mortar from the tuff
substrate at the corners of the panels (Fig. 13b) and crushing of the internal masonry at the masonry toes were also observed
in some tuff panels, probably due to the presence of the dry inserted bar that weakens the masonry toe bearing capacity (Fig.
13c¢).

Differently, in reinforced fired clay brick masonry, a slow load drop in the stress-strain curves is observed after the
formation of the first crack in the TRM matrix. The greatest load drop observed in this case is probably due to the greater
energy release upon reaching the cracking of the TRM matrix. As the cracks opening increases, failure of some glass yarns
was also observed at the center of the panels in correspondence with the main crack.
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Fig. 13 — Details of the failure modes observed: (a) fabric failure, (b) detachment of the TRM curtains (tuff panels), (c) masonty crushing

(tuff panels).

4.3  Analytical formulations

Since no analytical formulations to predict diagonal compression strength can still be found in current codes for masonry
panels strengthened with matrices thicker than 15 mm, as well as, for CRMs, in this study the recent approaches provided by
ACI549 [19] and CNR-DT215 [20] guidelines for the design of strengthening interventions with FRCM were the starting
point.

Accordingly, the shear strength of the reinforced wall (Vrm) can be calculated as the sum of the contribution of the
unteinforced masonry (Vurm) and that of the reinforcement (Vrrra):

Vem = Vurm + Vrrm )

15



562
563
564
565
566
567
568

569

570
571
572
573
574
575
576
577

578
579
580

581
582
583
584

585

586
587
588
589
590

591
592
593
594
595
596

597

598
599
600
601
602
603
604
605
606
607
608

where Vyrm can be assumed as the average of the maximum load obtained from the diagonal shear tests of unreinforced tuff
or fired clay brick masonry panels (TD1, TD2, TD3; MD1, MD2, MD3), and Vrry is computed according to the different
formulations provided by ACI549 [19] and CNR-DT215 [20] (see Section 4.3.1 and 4.3.2).

Then, to better investigate the role of the TRM matrix (that is currently neglected in the ACI549 [19] and CNR-DT215
[20] approaches), novel analytical procedures based on ASTM E519 formulas, including the TRM matrix tensile strength, were
also considered (see Sections 4.3.3).

431 ACI549

According to ACI549 [19], the mechanical parameters needed to design a strengthening intervention are those obtained
through uniaxial tensile tests on prismatic coupons (AC434 [41]), using a clevis grip anchor mechanism (see Section 2.2.1).
The analytical approach provided by ACI549 is calibrated on FRCM systems, that concern very thin thickness of the mortar
coating, thus it may lead to inaccurate evaluations of the reinforcement contribution when higher mortar thicknesses are used.
However, since there are no proven analytical models for the reinforcement system used in this study, it is worth using this
approach to evaluate its predictive capability in comparison with other analytical approaches described in the following
sections.

According to [19], the TRM contribution to the shear resistance capacity of the wall Vrry is calculated with Eq. (2):

Virmact = 2 -0 te - by, - frry @

where tr is the equivalent thickness of one fabric layer with yarns arranged in a direction parallel to the shear force, nris the
number of fabric layers and by, is the width of the masonry panel. The tensile strength in the TRM shear reinforcement, frra,
is calculated with Eq. (3):

frem = EyTrRM * €4,TRM ©)

where Eyru is the tensile modulus of elasticity of TRM specimens in the cracked phase. ACI 549 [19] also imposes a limit
on the ultimate strain of the TRM system ey;rrv, which should not exceed 0.004 in the calculation. The TRM contribution has
been also evaluated without considering the strain limitation, by using the effective ultimate deformation and elastic modulus
(euRM, Eu/tRM) Obtained by tensile tests on TRM coupons (reported as Vrrmacr' in Table 8).

4.3.2 CNR-DT215

CNR-DT215 [20] suggests two approaches to evaluate the increase in the shear capacity due to the TRM application. The first
one is a simplified approach, based on empirical amplification factors. For instance, in the case of tuff masonry walls, a design
coefficient Vra/ Vury = 2 is suggested, while in the case of fired clay brick masonty the coefficient is equal to 1.7. The second
approach, used in our work, provides a predictive equation to compute the TRM contribution on the shear strength capacity
of masonry panels:

VTRM,CNR =0.5"ng-te-beeag e €lim,conv ° Etfabric ©)

where 0.5 is a safety factor (set equal to 1 in our study to allow a useful compatison with other formulations); by is the
dimension of the reinforcement measured orthogonally to the shear force (equal to 1200 mm) and a is a coefficient that takes
into account the reduced extensional strength of the fibers when subject to shear stresses (in the absence of proven
experimental results, it can be assumed equal to 0.80) [20]. Efuric is the elastic modulus of the bare fabric strip (see Table 3).
Finally, the strain ejimconv is the conventional deformation obtained in Section 2.2.2. The TRM contribution has been also
evaluated without considering the reduction factor «, and assuming efim conv=Cu fabric (reported as Vrrmenr! in Table 8).

4.3.3 ASTM E519 [85]

A simplified analytical formulation to predict the diagonal compression resistance of reinforced panels can be conducted
considering the inorganic matrix contribution only, i.e. assuming that the fabric does not play a significant role before the
cracking of the TRM matrix and considering the hypothesis of no-slip between masonry substrate and TRM matrix. These
assumptions seem plausible since the first visible cracks on the TRM matrix only appeared when the maximum diagonal
compression load was almost reached. Therefore, for this TRM system, the inorganic matrix plays a fundamental role in
determining the maximum compression load of reinforced panels whereas the fabric deforms up to failure guaranteeing a
good pseudo-ductile behavior in the post-cracking phase, as also observed by other authors for CRM systems [6,22].

According to that, it is necessary to find out and to validate analytical models able to predict the peak load observed in the
diagonal shear tests considering the resistant contribution of the TRM matrix only. D’Antino et al. [6] proposed an analytical
formulation, based on ASTM E519-15 [85], where the contribution of the TRM matrix to the shear strength of the panels
can be computed as follows:
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VrrmasT™™ = 0707 fom 0ty ®)

where L is the width of the squate panel (equal to by), n is the number of TRM layers, f;n is the tensile strength of the TRM
matrix and tn, is the thickness of the TRM matrix (equal to 30 mm in this study). Similar formulations have been also proposed
by Rilem TC 76-LUM [86] and Gattesco and Boem [22]. However, there are still no standardized methods to determine the
tensile strength of the TRM matrix fip. A first attempt would be to use the tensile stress of the TRM mortar at first cracking
o (see section 2.2.1). According to that, the shear strength of reinforced panels has been reported in Table 8 as Vraast.
Then, the formula provided by Model Code 2010 [87] to estimate the concrete tensile strength from its flexural strength has
been also used. This formula can be adapted to evaluate the TRM tensile strength as follows:

= P 6
M7 14006 hY7 ©

where hy, is the depth of the beam specimen used in the flexural test (40 mm in our case). For this study, fiy calculated with
Eq. (6) is equal to 1.31 MPa, thus the ratio fr/fin is about 2.27. Bellini et al. [88] performed tensile tests on TRM coupons of
different thicknesses and flexural tests on prismatic specimens (40x40x160 mm?3) and found out that the ratio between the
tensile strengths resulting from the two different tests methods (f¢/fiar) was about 2 for lime-based mortars and about 3 for
cementitious mortars. Therefore, the value obtained with Eq. 6 can be considered within an acceptable range. Analytical
predictions of the shear strength of reinforced panels, where the TRM tensile strength was calculated with Eq. 6, have been
reported in Table 8 as Vraastm'

4.4  Analytical results and discussion

In this section, the analytical estimations of the shear strength of reinforced (RM) masonty panels, calculated according to
recent guidelines (ACI549 [19], CNR-DT215 [20]) or considering novel approaches [6,85] have been compared with the
average experimental peak shear force sustained by reinforced panels (Vrm) and reported in Table 8.

Analytical results suggest that the ACI and CNR formulations generally provide conservative estimations of the shear
strength of reinforced panels (see Table 8). In particular, the strain limitation ey trm =0.004 provided by ACI549 [19] seems
to be very conservative. This is probably because ACI549 [19] was calibrated on FRCM systems reinforced with carbon or
PBO fibers, thus considerably limiting the design performance of TRM systems reinforced with glass fabrics (higher
deformation at failure than carbon or PBO fibers and lower elastic modulus). For this reason, the shear strength is also
evaluated without considering the strain limitation, by using the effective ultimate deformation and the elastic modulus (eyrM,
Eury) obtained from tensile tests on TRM coupons (see Section 2.2.1), and reported in Table 8 as Vraact'. By doing so, the
analytical predictions are closer to the experimental values. However, Vryact' is still about 22% and 7% lower than the
experimental shear strength in the case of tuff and fired clay brick reinforced panels, respectively. Probably, the greater
thickness of the TRM matrix applied to the masonry panels (30 mm), with respect to that used for characterization tests (12
mm), may have led to some underestimation of the TRM contribution.

CNR-DT215 provided higher values of the analytical shear strength, although this is always lower than the experimental
outcomes. If reduction factors are not considered (Vracenr! in Table 8) the analytical values are about 20% and 6% lower than
the experimental ones for tuff and fired clay brick panels, respectively. These results confirm that the analytical predictions of
ACI549 and CNR-DT215 tend to underestimate the experimental values when reinforcements of greater thickness than those
usually employed for FRCM are used, being however on the safe side. Thus, for these latter cases, some different predictive
formulations have to be considered, too.

In this study, the procedure suggested by D’Antino et al. [6] for CRMs, according to ASTM E519-15 [85], was followed,
by taking into account the influence of the inorganic matrix on the mechanical behavior of reinforced panels. However, since
there are no standardized procedures to uniquely determine the tensile strength of the TRM matrix, the results are rather
influenced by the test method used. When the tensile stress of the TRM matrix at first cracking has been used (o¢m)
experimental results are overestimated of about 12% and 8% for tuff and fired clay brick panels, respectively (see Vraastam in
Table 8). This may be in part attributed to the different thickness of the TRM matrix adopted in characterization tests (equal
to 12 mm) which may have slightly overestimated the tensile strength. On the other hand, when the formula proposed by the
Model Code 2010 [89] has been used, analytical predictions are much closer to the experimental results (Vrmastv! in Table
8).

These outcomes confirm that the matrix thickness and its mechanical properties may considerably affect the effectiveness
of the strengthening system, especially when the thickness of the mortar is not typical of FRCMs (i.e. equal to or greater than
30 mm) and should be taken into account in predictive models. This may happen when TRM systems are connected by means
of steel or GFRP anchors, therefore a greater thickness of mortar is needed to fully cover such connectors. When this happens,
the TRM matrix seems to assume a major role in determining the maximum shear strength of the reinforced masonry panel,
while the internal fabric guarantees the ductile behavior in the post-cracking phase. These analytical approaches should be
however refined, gathering a large number of experimental results, to improve their predictive accuracy.
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Table 8. Analytical estimations of the shear strength according to ACI549 [19], CNR-DT215 [20] and ASTM E519 [85]. Percentage
differences with average experimental values in round brackets.

Specimen  Vypmexp  Vrrv  VRMexp| Vemact  Vemace | VRmconk  Vemenw! | VRmast™  Vrmastw

[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
93.18 17881 | 15828  183.02 | 255.64 218.98
Tuff 85.57 W15 228720 (5030 (218%) | (308%)  (20%) | (+118%)  (43%)
Fired clay 40411 48974 | 46921  493.95 566.57 529.91
brick 3965 1297 32620 1 93000 (69%) | (108%)  (6.1%) | (FT7%)  (+0.7%)

5 THREE-POINT BENDING TESTS

5.1  Test description

To evaluate the effectiveness of the TRM system under out-of-plane actions, three-point bending tests were carried out
on a total of 6 walls for each masonry type, the half of which was left unreinforced and used as control (TB1, TB2, TB3; MBI,
MB2, MB3), while the other half was strengthened with TRM on both the two faces of the panels (TB1_R, TB2_R, TB3_R;
MB1_R, MB2_R, MB3_R). The geometrical dimensions of the panels, the layout of the connectors and the test setup are
reported in Fig. 14.

The panels and the reinforcement were preliminary designed so that undesired failure modes, due to shear in masonry or
TRM delamination, did not anticipate the out-of-plane collapse of reinforced specimens. As a result, the shear span to masonry
cross-section depth ratio (where the shear span is the distance between the support and the closest point of application of
load) was equal to 2.26 for unreinforced panels, similar to those observed in other experimental works, where values ranging
from 1.3 up to 3.7 were employed (see e.g. [45]). The TRM textile mechanical ratio (p5), computed according to the Eq. (7)
(where by and ty are the width and thickness of the masonry wall), is equal to 0.051 and 0.021 for tuff and fired clay brick
masonry panels, respectively.

_ Afabric * Ouyfabric

= 7
P =y T f 0]

The test was carried out by applying a horizontal force at mid-height of the walls, with a ditection perpendicular to the
wall surface. The reaction frame is constituted by two horizontal steel tubes fixed to an external structure (see Fig. 14a). The
horizontal load was applied by a hydraulic jack (maximum capacity of 100 kN) controlled by a 700 bar ENERPAC electric
hydraulic unit equipped with a load regulator. No vertical compression load was applied. To evaluate displacements and
deflections, two LVDTs were placed close to the top and bottom restraints (LVDTs 1 and 3) and one at mid-height (LVDT
2), on the wall face stressed in tension (as represented in Fig. 14a). Some additional transducers (LVDTSs 4 and 5) were placed
on the compressed face to measure possible hotizontal translations and/or rotations of the uppet and bottom constrained
sections. All the LVDTs were fixed on steel tripods, independent from the experimental apparatus. Tests were conducted in
force control, by applying a monotonic load with a loading rate of about 100 N/s.

0,15 05 _015_
003 025 003 ‘ ‘
: = =
- H LVDT 4 / /"’T \
=4 TRM Reinforcement AV/ 1
= 1 ?
LvoTl1 Steel anchors
u % )
I /¢ )
] e DT 2 F
%2 o . . /V .
I /
I /?
o LVDT 3 o s
=3 ¥ ” o ﬂ/
= ” g LVDT5 ° °
a. b. 0,8
Fig. 14 — (a) Experimental setup for three-point bending tests on tuff and fired clay brick masonry panels and (b) position of helical steel

anchors.
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5.2  Experimental results and discussion

Experimental curves in terms of horizontal load and midspan displacement are reported in Fig. 15. Load-displacement
curves of all unreinforced specimens (Fig. 15a,c) showed a linear-elastic branch followed by a brittle failure, caused by loss of
adhesion at the masonry-joint mortar interface.

Unreinforced tuff panels failed at a low load level, after developing a horizontal crack at about three-quarters of the total
height, corresponding to the third or fourth mortar joint (Fig. 16a). This failure was expected, since the resistant bending
moment cannot be considered constant along the height of the panel, due to the different adherence developed at the joint
mortar-tuff block interfaces, thanks to the different vertical loads (masonry own weight) at each interface. This means that
failure does not take place at mid-height of the panel but rather at about % of the total height of the specimen. Furthermore,
a complete detachment at the interface between horizontal joint mortar and tuff blocks was observed in all unreinforced
specimens, as a consequence of the poor adherence between the two materials.

Unreinforced fired clay brick walls, instead, failed at higher load levels (horizontal load of about 11 kN) after developing
a horizontal crack located at the mortar joints near the midpoint (Fig. 17a). This difference was probably due to the adherence
developed at the joint mortar-brick interface, which in the case of fired clay brick is greater than for tuff panels.

Concerning the reinforced specimens, both for tuff and fired clay brick panels, TRM proved to be extremely effective in
improving the out-of-plane behavior of the walls, as expected. Load-displacement curves of strengthened specimens (Fig.
15b,d) showed a linear-elastic behavior up to the formation of the first (and unique) crack at midspan on the external TRM
layer subject to tensile stresses, both for reinforced tuff and fired clay brick panels. Once the external mortar layer cracked,
the internal fabric was still sound and able to carry the load, significantly increasing the deformation capacity of the panel. The
presence of the PVA coating seemed to guarantee a great adhesion at the fabric-to-mortar interface, avoiding the slippage of
the fabric within the TRM matrix up to the failure of the fabric yarns. The improved adhesion between coated fabrics and
inorganic matrices has been investigated in other specific studies from the literature [61,90-92]. The collapse occurred when
the vertical tensed yarns of the glass fabric broke almost simultaneously in correspondence of the horizontal crack (Fig. 16¢,d

and Fig. 17¢). No detachment of the two TRM layers neither significant damage on the compressed face were observed during
the tests.

—— TBI e TB2 - --TB3
45
40
35
z z
g% g
B 25 E
2 <
R E
§u g
g 10 ﬁ
5
() e
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
a Midspan displacement (mm) b. Midspan displacement (mm)
—— MBI e MB2 -=---- MB3 ——MBI_R e MB2 R ===== MB3 R
45
40
35
g 30 o
¥ g
g5 =
Ex =
8 E
t3 g
B 8
10 £
5
0 0"
0 0408 12 1.6 2 24 28 32 36 4 0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
¢ Midspan displacement (mm) d. Midspan displacement (mm)

Fig. 15 — Out of plane bending tests: horizontal load-midspan displacement curves of (a) unreinforced tuff masonry (TB1, TB2, TB3), (b)
reinforced tuff masonry (TB1_R, TB2_R, TB3_R), (c) unreinforced fired clay brick masonry (MB1, MB2, MB3) and (d) reinforced fired
clay brick masonry (MB1_R, MB2_R, MB3_R).
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Fig. 17 — Failure modes of the unstrengthened (a) and strengthened (b,c,d) fired clay brick masonry walls.

Experimental results in terms of first cracking load (P.), maximum horizontal load (Pmay), maximum horizontal
displacement in correspondence of first cracking (8.;) and maximum deflection (3.) are reported in Table 9 for each masonty
wall, together with the bending moments associated to the first cracking (M) and the ultimate bending resistance (M.).
Resistant moments were evaluated by assuming a simplified static scheme for three-point bending tests, using the following
relationship:

L
Mu,exp =P Z

©)
where L is the distance between the horizontal supports (. = 1.13 m) and P is the applied load.

The average maximum horizontal load (Pmax,ave) for each category of specimens has been reported together with the
corresponding CoV. The ratio between the averaged bending resistance of reinforced (Myraave) and unreinforced
(Mu,urm,avG) masonry walls has been also reported in the last column of Table 9.

The masonry bending resistance of reinforced panels increased drastically, of about 28 times in tuff panels and 3.7 times
in those made of fired clay bricks. It is interesting to note that the ultimate average bending resistance of reinforced walls
(My,exp,ave) is almost the same (about 11.5 kNm), regardless of the type of masonry. Flexural failure is in fact completely
controlled by the TRM layer applied on the tensed wall side, which is the same in both cases.

The wall stiffness in the elastic phase was considerably increased by the presence of the TRM, especially in the case of tuff
masonty panels. The horizontal displacement at cracking (3;) was almost the same for both tuff and fired clay brick reinforced
panels, once again demonstrating the limited contribution of the internal masonry to the flexural strength of reinforced panels.

Finally, the ultimate displacement capacity (3.) is considerably increased by the presence of the TRM reinforcement. No
detachment or sliding between the reinforcement and the support was ever observed, thus it is reasonable to assert that the
load on the side subject to tensile stresses was mainly transferred by adhesion and then helical bars did not substantially work.

Table 9. Experimental results of bending tests (coefficient of variations of average values are reported in round brackets).

SpCCimCﬂ Pcr Pmax Pmax,AVG 851‘ 8u Mcr Mcr,AVG Mu,exp Mu,exp,AVG Mu,R_M,AVG/
N kN] kN [mm] [mm] [kNm|  [kNm]  [KNm]  [kNm] Myumave

TB1 1.66 1.66 1.71 1.71 - 0.47

TB2 110 110 (;'7402 )5 L : 031 (g';f,/lo )

TB3 1.60 1.60 1.91 1.91 - 0.45 28.19

TB1_R 42.09  43.00 40.93 0.45 4.41 11.89 9.63 12.15 11.56

TB2_R 3048  38.74 (5%) 0.27 4.34 8.61 (2'0%) 10.94 (5;,/0)

TB3_R 29.70  41.05 0.36 7.40 8.39 11.60

MB1 9.10 9.10 0.17 0.17 - 2.57 3.12 3.71
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MB2 1295 1295 11.05 0.09 0.09 - - 3.04 (17%)

MB3 1116 11.16 (17%) 0.10 0.10 - 3.15
MB1_R 32.63 4185 0.25 391 9.22 11.82

- 41.01 o 10.39 11.58
MB2_R 4447 4472 (10%) 0.22 2.98 12.56 (18%) 12.63 (10%)

MB3_R 3321 3647 0.36 2.38 9.38 10.30

5.3  Analytical formulations

The experimental out-of-plane ultimate bending moments have been compared with the predictions of the different
analytical formulations prescribed in the literature for both FRMC and CRM systems, in order to investigate their applicability
to the adopted TRM system and/ot propose possible amendments. In particular, foutr different formulatons have been
adopted in this study, i.e. those proposed by ACI 549-13 [19] (M ac1) and by the Italian guideline CNR-DT215 [20] for
FRCM systems (My cnr and M cyp! in case of adequate or inadequate bond length, respectively), and that used in Gattesco
and Boem [32] for CRM systems (M, gg). These formulations are all based on the cross-section equilibrium, considering that
plane sections remain plane during loading and that there is a perfect bond at all material interfaces [19,20,45,65]. In particular,
assuming that failure occurs due to the breakage of the fiber textile, with no detachment of the composite from the substrate,
nor debonding or slippage of the fabric within the matrix, the maximum resisting bending moment M, can be computed
through the following general relationship (masonry and TRM matrix tensile strengths are neglected and all partial and safety
factors are set equal to unity):

tw + trrRm X tw + trrm | ttrRM
M, = af.by B x (W— - B _> + Afabric frrm ( = + )
2 2 2 2
N+A f. ®
with x = L Arabricfram

afc By by

where by is the masonry cross-section width, ty is the masonry cross-section thickness, trry is the thickness of the TRM
system, Afbric is the cross-sectional area of the fabric, x is the neutral axis depth, « and B ate the stress block coefficients, f.
is the compressive strength of the compressed part of the section, frry is the ultimate tensile stress of the reinforcement and
N is the compressive axial force computed by considering the whole self-weight of the specimen (p=13 kN/m? for tuff
masonty, =18 kN/m?3 for fired clay brick masonty and p=15.2 kN/m?3 for the reinforced mortar coating).

The considered formulations mainly differ from each other in terms of stress block coefficients (x and B1), compressive
strength (fo) and tensile strength of the reinforcement (frrm). The different assumptions are summarized in Table 10.

In particular, Mu' aci considers an frry equal to the product of the TRM ultimate strain (eury) and the elastic modulus in
the cracked stage (EurM, see Section 2.2.1), then neglecting the uncracked stage of the tensile bilinear stress-strain curve of
the TRM. As a result, frrm does not correspond to the maximum tensile strength of the TRM coupon. Moreover, ey rv should
not exceed 0.012.

Differently, the CNR-DT215 assumes an frry equal to the maximum tensile stress of the fibers (o fabric) int case of adequate
bond length from support (M, cyr) and to the maximum tensile stress obtained from single-shear bond tests Glimconv (as also
suggested by D’Antino et al. [45]) in case of inadequate bond length (M, cngrD-

Finally, My, gg computes frru as Tynly/ Agabric, where Ty is the tensile resistance of one GFRP yarn of the fabric (computed
as Ty= Gu fabric Ay, in our study) and nyis the number of GFRP tensed yarns in the cross-section (equal to 31 in our case).

Concerning f., My acy [19], My,cnr and M cnri [20] neglect the contribution in compression of the TRM by considering
f. equal to the compressive strength of the masonry fn. Differently, My, gg [32] considers f. equal to the compressive strength
of the TRM matrix f .

Table 10. Stress block coefficients (« and 1), compressive strength (f) and ultimate tensile stress of the reinforcement (frry) assumed for
cach analytical formulation consideted in this study.

Formulations o [-] Bi[] f frrm

Mu,ACI [1 9] 0.7* 0.7 fin euTRM EuTRM with euTRM<0.012

Mu,CNR [20] Ou, fabric
0.85 0.7 fm

I\/[u,CNRI [20] Olim,conv

My [32] 1 0.8  fom Tyny/ Afabric

*in case of TRM failure in tension.

5.4  Analytical results and discussion
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In this section, the out-of-plane ultimate bending moments are analytically computed and compared with experimental values
in otder to validate and/or propose amendments to the different analytical formulations presctibed in standards ot adopted
in the literature for FRCM and CRM systems.

In Table 11, the analytical predictions are reported and compared with experimental results. As expected, similar results
have been obtained between the two masonry types regardless of the adopted analytical formulation, confirming that the
failure is mainly governed by the reinforcing system, while the masonry type assumes a secondary role.

As also seen in previous studies [45], the ACI analytical formulation (My ac) significantly underestimates the experimental
values (-77%), mainly due to the upper bound limit on e, rv (see Table 10). In this study, in fact, ey trv reaches a value equal
to 0.049, which is significantly higher than the ACI limitation (0.012). As already stated in Section 4, this is probably because
the ACI limitation was calibrated on FRCM systems reinforced with carbon or PBO fibers, thus considerably limiting the
design performance of those TRM systems that are reinforced with glass fabrics, generally characterized by a higher
deformation capacity than carbon or PBO fibers (due to the lower elastic modulus).

The CNR and the Gattesco and Boem analytical approaches, instead, provide more similar results to experimental ones,
with percentage differences ranging between 12% (My,cngr) and 18% (M, cng1)- Among these, the worst results are obtained
from M, cngr!, Which is based on the hypothesis of inadequate bond length from support, and then simulating a detachment
or debonding of the TRM from the support that was not noticed during the test.

Table 11. Comparison between experimental (“exp”) results and analytical predictions in terms of ultimate bending moments M,
according to the approaches proposed in the literature. Percentage differences in round brackets. My, gg refers to Gattesco and Boem
formulation [32].

: Mu,exp,AVG Myact My,cnr Mu,CNRI
Specimen [Nim] [Nm] [<Nim] [Nim] M, ge[kNm]
Tuff + TRM 11.56 2.58 (-78%) 9.93 (-14%) 9.50 (-18%) 9.71 (-16%)
Fired clay brick + TRM 11.58 2.68 (-77%) 10.17 (-12%) 9.69 (-16%) 9.79 (-15%)

In order to improve the accuracy of the analytical formulations, some possible amendments to the ACI and CNR analytical
formulas are here proposed and evaluated.

Firstly, the upper bound limitation on e, rrv prescribed by ACI formulation is removed (M acr+)- Secondly, since in our
work the neutral axis depth x is always lower than the TRM thickness, for both the ACI and CNR formulations f. is assumed
to be equal to the compressive strength of the TRM matrix fcn (obtaining My acit+, Myacrr+s Mycnrt and My, cyri+) as also
made in [45] and in My, gg. This latter approach could be particularly important in the case of a TRM layer thicker than 20
mm (provided that proper anchorages of the TRM to the masonry is ensured to prevent spalling of the composite on the
compressed side) and a compressive strength of the masonry significantly different from that of the TRM matrix (such as in
the tuff masonry case). The amended formulations are summarized in Table 12 in terms of stress block coefficients,
compressive and tensile strength to be applied to Eq. (8).

Table 12. Stress block coefficients (x and 1), compressive strength (fc) and tensile strength of the reinforcement (f;) assumed for each
modified analytical formulation. Amended values are reported in italics.

Formulations o [-] B1[] f fe
Myacr fm e TRME s TRM
Mu,ACI* 0.7 0.7 ﬁ,‘u euTRM EuTRM with Eu,TRM<0-O12
Myacr+ Jom EuTRME s TRM
My cnr* 085 07 fu Ou fabric
M, cnri Olim,cony

The results of the modified analytical formulations are reported in Table 13. In general, the amendments have provided a
slightly better match with experimental results. Removing the e, trv upper bound limitation in the ACI formulation (My acr*)
has allowed obtaining a better match between experimental and analytical values (with a percentage difference passing from -
78% to -18% and from -77% to -16% for the tuff and fired clay brick masonry cases, respectively).

Concerning the modification made on the f. parameter (assumed equal to f.n), only a quite small increase in accuracy is
observed for the ACI case for the tuff case only, passing from -18% (My acy*) to -16% (M acp#+). Similarly, for the CNR
formulations, as can be noted by comparing Myeyg (Table 11) with M, cyg+ (Table 13) and
My cnrt (Table 11) with M cnpi+ (Table 13), the highest improvement is observed for the tuff case, with percentage
differences between experimental and analytical results passing from -14% to -13% for M, cng and from -18% to -15% for
M, cnrl- A smaller improvement is instead observed for the fired clay brick case, with unchanged percentage differences for
My, cnr and passing from -16% to -14% for M, cyrt- The higher improvement for the tuff case is cleatly due to the high
difference between the compressive strength of the tuff masonry (3.28 MPa) used in My, cng and M, cyg! and the compressive
strength of the TRM (8.35 MPa) used in M cyg+ and M, cygi+. For the same reason, a lower improvement is obtained in
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the fired clay brick case, due to the similarity between the TRM and the masonry compressive strengths (8.35 and 7.89 MPa,
respectively). In any case, it can be concluded that neglecting the compressive strength of the TRM matrix does not affect
significantly the analytical predictions. Thus, also the variation of stress block coefficients can be considered not so relevant.

In conclusion, the analytical formulations prescribed by the standards for FRCM systems, slightly modified to consider
the contribution of the TRM matrix in compression generally neglected in the FRCM case, provide a quite good estimate of
the out-of-plane ultimate bending moments of the adopted TRM system. In particular, the M, cng+ amended formulation
provided the best results (-12%) while the ACI formulation (M, pcp++), although modified, provide the worst one. The higher
error can be attributable to the more conservative assumption made for frry. This value, in fact, is equal to 1319 for My, cnr+
which is higher than the frrm value considered in the ACI modified analytical procedure My acp+ (1237 MPa). This
underestimation can be attributed to the conservative use of the elastic modulus in the cracked stage (Eurrm) for the frry
calculation in the ACI formulation, which neglects the uncracked part of the bilinear curve [45].

Table 13. Comparison between experimental (“exp”) results and analytical (“ca/’) predictions obtained from modified analytical
formulations in terms of ultimate bending moments My,. Percentage differences in round brackets.

. M M + M X M o+ M + M I+
S u,AVG,exp u,ACI u,ACI u,ACI u,CNR u,CNR'
pecimen [kNm] [KNm] [kNim] [kNm] [kNm] [kNim]
Tuff + TRM 11.56 2.60 (78%) 9.47 (18%) 9.66 (16%) 10.10 (-13%) 9.86 (-15%)
Fired clay brick + TRM  11.58 2.68 (-77%) 973 (16%) 974 (16%) 10.18 (-12%)  9.92 (-14%)

* without limiting the effective tensile strain &, 7ry to 0.012.
* fis the compressive strength of the TRM matrix (f;a1).

6 CONCLUSIONS

In this work, a wide experimental campaign is carried out to evaluate the effectiveness of a glass TRM reinforcing system,
with a total thickness of 30 mm, applied to two different masonry types under in-plane and out-of-plane actions. The
experimental campaign consisted of 8 uniaxial compression tests, 12 diagonal compression tests and 12 bending tests on tuff
and fired clay brick masonry panels strengthened with a glass TRM system. TRM mechanical characterization was carried out
according to both the recent guidelines AC434 and CNR-DT215, in order to determine the parameters needed for design
purposes and analytical predictions. Moreover, the different analytical formulations used in the literature to predict the in-
plane shear and the out-of-plane bending strength of TRM strengthened masonry panels are compared and discussed.

The results showed that the application of a TRM layer on both faces of masonry panels did not substantially modify its
mechanical behavior when subject to pure compressive stresses. However, the presence of helical steel bars, aligned on the
same vertical, led to crack localization on such vertical and a slight compression strength reduction (especially on tuff masonry
panels). This is an important result, also considering that some recent guidelines suggest the adoption of approximated
improvement coefficients for the compressive strength of masonty panels in case of strengthening with different types of
reinforced plaster (including TRM systems), that would lead to an unsafe overestimation of the mechanical behavior of the
panel in our case [62].

Thus, the system failed in being effective in compression due to the low axial stiffness of the connectors and, to a minor
extent, because they were dry inserted within the masonry and simply folded over the glass fabric (as suggested by the
manufacturer). To the authors’ knowledge, this was never underlined from past studies. In this way, it is recommended to use
connectors having a higher axial stiffness and fix them within the masonry (through chemical anchors or inorganic matrices),
avoiding the close alignment of the bars along the same vertical. Moreover, helical steel bars may cause localized damages and
premature failure of the reinforcing fabric. Therefore, there is a need to develop and test more efficient and performing
connection systems (e.g. with a fan shape such as those for FRP systems), to allow stress path continuity between substrate
and fabric reinforcement. Further studies should be focused on testing different types of connectors, as well as, their layout.

Experimental results confirmed, instead, the great capacity of TRM systems to improve the in-plane shear resistance of
masonry panels, especially in the case of tuff panels. The presence of TRM increased the ultimate shear strength capacity of
about 2.7 times in the case of tuff masonry panels, and 1.3 times in fired clay brick masonry panels. Deformation capacity in
the post-cracking phase was also particularly improved, especially in the case of tuff panels. Furthermore, reinforced panels
have never shown brittle failure modes, as in the case of the unreinforced ones, since the TRM always provided a sort of
effective confining. The presence of steel helical anchors did not generate a significant benefit to the increase of the panel’s
mechanical performances, also due to the application method (dry insertion) which could have weakened the wall section
along the compressed diagonal. However, mechanical anchors avoided premature detachment of the TRM at the matrix-
substrate interface, preventing the masonry from crumbling after cracking.

TRM also improved the bending resistance and the horizontal displacement capacity of both tuff and fired clay brick walls
subjected to three-point bending tests. The flexural strength of TRM reinforced panels was about 28 and 3.7 greater than that
of unreinforced tuff and fired clay brick masonry walls, respectively. The observed failure mode, regardless of the type of
support, always involved the TRM layer subject to tensile stresses, which failed due to the breakage of the internal glass fabric.
The ultimate average bending resistance of reinforced walls was almost the same, regardless of the type of masonry, thus
indicating that flexural failure is completely controlled by the TRM layer applied on the tensed wall side.

Finally, the analytical investigation showed that current recommendations provided by ACI549 and CNR-DT215,
calibrated on FRCM systems with lower thickness, may provide too conservative results when thicker TRM systems are used.
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This is particulatly true for the in-plane shear strength of reinforced panels, where more accurate predictions can be obtained
by introducing additional parameters in the formulations, such as the TRM thickness and the tensile properties of the inorganic
matrix. The analytical approach derived from ASTM E519, which only considers the mechanical contribution of the TRM
matrix, showed good predictive capabilities. In particular, when the TRM matrix tensile strength was determined according to
Model Code 2010, the analytical results were the most accurate. However, some slight overestimations could be attributable
to the use of the mortar tensile strength, instead of its shear strength, which is typically lower. Such an approach could be the
starting point for the next studies, to further deepen (even with numerical simulations) the contribution of the inorganic
matrix.

Regarding the out-of-plane bending strength, the mortar thickness plays a minor role, since failure is always controlled by
fabric breakage in the tensed face of the wall. Thus, the formulations from literature for FRCM systems provide a quite good
estimate of the out-of-plane ultimate bending moments of the adopted TRM system. In particular, the best results are obtained
by the CNR-DT215 formulation, slightly modified to consider the TRM contribution in compression (generally neglected in
FRCM cases).

All these analytical approaches should be however refined, gathering a large number of experimental results, to check their
predictive accuracy. Finally, further tests will have to consider the possibility of applying the TRM on different masonry
substrates, also considering the possible influence of loading-unloading cycles (as well as a dynamic action) on the test results.
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