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Abstract: Textile-Reinforced Mortar (TRM) is a modern and compatible strengthening strategy for
existing masonry, which consists in plastering the walls by means of mortar layers with embedded
grids or textiles made of long fibers. TRM can be very useful for the reduction of the seismic
vulnerability of masonry buildings, since the fiber-based reinforcement, carrying high tensile stresses,
opposes the widening of cracks and provides “pseudo-ductility” to the masonry. The increasing
number of available studies on the subject testifies to its relevance but also the lack of a standardized
or well-establish approach to quantify the benefits of these systems on the performance of masonry.
The present review is aimed at providing a broad overview of how the study of TRM-strengthened
masonry elements has been addressed in the literature. In particular, the main features of the different
experimental tests are compared, dealing with both in-plane and out-of-plane behavior. Moreover,
the different design methods and numerical modeling strategies are presented and discussed.

Keywords: seismic protection; masonry strengthening; composites; TRM; experimental tests; analyti-
cal methods; numerical modeling

1. Introduction

Textile-Reinforced Mortar (TRM) is a modern and compatible strengthening strategy
for the seismic protection of existing masonry buildings. It consists of plastering the
walls by means of mortar layers with embedded grids of textiles made of long fibers (e.g.,
glass, carbon and basalt). The well-known advantages are related to the coupling of an
un-corrosive reinforcement, having a high strength-to-weight ratio, to an easy-to-install
inorganic matrix, which has good mechanical and chemical compatibility with historical
masonry (bond to rough surface and breathability) and provides UV-ray and fire resistance.
Different combinations of matrix and reinforcement reflect in different TRM composite
materials, which may be called, e.g., FRM (fabric reinforced mortar), FRCM (fiber-reinforced
cementitious matrix/mortar), TRC (textile reinforced concrete), IMG (inorganic matrix-grid
composites) and CRM (composite reinforced mortar).

The systematic study of the TRM effectiveness implies a series of tests of increasing
complexity, ranging from single components to entire masonry structures strengthened
with TRM. Recently, the author performed a broad literature analysis on TRM at the
characterization test level [1], evidencing the great variety of features that deserve attention,
related to the multitude of possible materials combinations as well as to their mutual
interaction and with the masonry support. The benefits of TRM basically rely on the high
tensile resistant capability of the fibers, which can be fully exploited or limited by the textile
slippage within the matrix or by the debonding of the matrix from the masonry substrate.

As a continuation of the literature review, this paper focuses on the review of studies in-
vestigating the structural performances of TRM-strengthened masonry elements subjected
to lateral loads, dealing with experimental approaches, design methods and numerical
modeling strategies. In fact, what is typically found in available literature surveys concerns
insights into a specific task (e.g., a specific experimental setup to be tested or simulated
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or a specific failure mechanism to be designed). Furthermore, they are mainly focused
on comparing the effectiveness of different TRM reinforcements rather than comparing
the characteristics of the different investigative methods. Differently, the purpose of this
manuscript is to provide a comprehensive overview of the topic, commenting on all the
typical setups adopted for evaluating the role of TRM in the different resisting mecha-
nisms of masonry elements and gathering together experimental, practice design and
numerical aspects.

This broad state-of-the-art analysis falls within the goals of the “conFiRMa” project
(funded by EU’s H2020) [2,3], aimed at calibrating a multiple-level numerical method for
the assessment of the structural performances of historical masonry structures strengthened
with TRM.

2. Experimental Tests

On-site surveys after seismic events [4–7] let the identification of recurrent damage
modes affecting historic, unstrengthened masonry buildings. The lack of effective con-
nection between floors and walls and/or between adjacent walls and the presence of
pushing elements are typical defects. In addition, very weak masonry (made of poor mor-
tar, rambling units and disjointed layers) is affected by disaggregation or leaf separation
phenomena. The seismic response of masonry buildings devoid of these shortcomings
is mainly governed by the in-plane and out-of-plane wall response, as discussed in the
following subsections. Many suggestive pictures, in the mentioned references, testify to
the real occurrence of the walls’ in-plane and out-of-plane failure mechanisms discussed
later on.

However, the experimental study of the actual behavior of entire masonry structures
under seismic actions is complex and burdensome. Thus, it is generally addressed in
a simplified way, evaluating the effects induced by equivalent transversal quasi-static
actions acting in the plane or out of the plane of isolated masonry samples. The TRM
contribution and its influence on the masonry failure modes are achieved by comparing the
performances of unstrengthened and strengthened samples. In general, it is concluded that
the benefits of the TRM application rely on its capability to dissipate energy through multi-
cracking patterns: the textile, carrying tensile stresses, opposes the widening of cracks and
provides “pseudo-ductility” to the masonry, preserving some integrity after damage [8–10].
The extent of these benefits is influenced by the loading conditions, as well as by the
characteristics of both the reinforcement and the masonry, but can be compromised, e.g., by
debonding or crushing.

In the following, the typical setups adopted for testing experimentally TRM-strengthened
masonry elements have been compared and discussed. In particular, when testing under
in-plane actions, they are distinguished between simplified tests (such as the diagonal
compression tests and the three-point bending tests) and full-scale cyclic tests on masonry
piers and on masonry spandrels. The setups for out-of-plane testing can basically be
differentiated for the load distribution and trend.

2.1. In-Plane Loading

Referring to in-plane lateral loads, it is well known that the failure of a workmanlike
built masonry element (i.e., a pier or a spandrel) may be due to diagonal cracking, bending
(rocking or toe crushing) or shear sliding—Figure 1—depending on the wall slenderness,
axial stress level and boundary conditions, as evidenced in several experimental testing
campaigns available in the literature, for both piers [11–13] and spandrels [14–16]. Shear-
dominated response exhibited diagonal cracking and a load-drift response characterized by
high energy dissipation but by rather rapid strength degradation. In the flexure-dominated
response, the damage is typically concentrated at the wall ends; it is characterized by a very
moderate hysteretic energy dissipation and rather smooth strength degradation. Sliding
typically occurs together with rocking when low axial loads are present.
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some authors tested also panels made of tuff [8,23,27,32,33,38], hollow bricks [17], stones 
[18,24,25,30] and multiple leaves or infill clay brick masonry [19,24,26,29]. The tested TRM 
reinforcements mainly concerned glass fibers, but also carbon fibers [17,22], basalt fibers 

Figure 1. Typical failure modes of masonry elements under in-plane loading: (a) diagonal cracking,
(b) bending with rocking and/or toe crushing and (c) shear sliding.

The TRM application can change the resistance, the displacement capacities, the energy
dissipation, the damage pattern and the failure mode with respect to plain masonry; its
effectiveness can vary depending on the governing failure mechanism, as well as on the
varying characteristics of the masonry.

The experimental tests available in the literature investigating the in-plane perfor-
mances of TRM-strengthened masonry mainly concern simplified diagonal compression
tests (Figure 2a) due to the relatively easy procedure (Table 1); however, as pointed out, for
example, in [17–19], this kind of test can provide information related to the diagonal crack-
ing failure mechanism only. The test consists of a square masonry panel (side 0.9–1.2 m,
typically) loaded in compression along one diagonal, by using stiff loading shoes [20,21].
The loaded diagonal is arranged in the vertical direction, even though sometimes, the
horizontal orientation of the bed joints is preferred, to avoid sample handling [22–28], as
for in situ tests [18,29,30]. The standard test is based on monotonic loading, but loading–
unloading steps are also performed to obtain useful information on energy dissipation
and cumulative damage [17,18,22,24,25,28,30,31]. The results are compared in terms of
diagonal load at the varying displacements (or strains) along the panel diagonals, moni-
tored along almost their whole length or, occasionally, focusing on a more restricted central
portion [8,23,27,32–34]. The results can also be reported in terms of calculated shear stress
at the varying shear strain, but these outcomes are affected by the different interpretations
given to the tests and, in particular, to the assumed stress state at the panel center, which is
still an open issue, as evidenced by several authors [28,32,35–37].
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Figure 2. Typical setup for simplified in-plane loading test on masonry elements: (a) diagonal
compression tests and (b) three-point bending tests.

Most of the diagonal-compression experimental tests available in the literature on
TRM-strengthened masonry focused on a single leaf, clay solid brick masonry; how-
ever, some authors tested also panels made of tuff [8,23,27,32,33,38], hollow bricks [17],
stones [18,24,25,30] and multiple leaves or infill clay brick masonry [19,24,26,29]. The
tested TRM reinforcements mainly concerned glass fibers, but also carbon fibers [17,22],
basalt fibers [26,33,34,36], natural fibers [10,23] and polymers [31,39]. The mortar matrix
was usually cement-based and was applied in the form of a thin layer (about 5–15 mm
thickness); however, thicker layers (range 20–40 mm) made of lime-based compounds
were also investigated [17,19,22–25,27,28,30,31,35,38,39]. The mortar compressive strength
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generally ranged between 5 and 25 MPa; rarely, weaker [29] or stronger mixtures [17,36]
were considered. The TRM layer is typically applied at both the wall faces; however, some
authors also tested one-side application [8,27,32–34,40].

It was generally observed that, while unstrengthened specimens exhibited failure due
to a single (or a few) wide diagonal crack (ranging from stair-stepped to linear trends,
depending on the regularity of the texture and on the resistance of the block), the TRM-
strengthened samples experienced several smaller cracks on the plaster and a subsequent
gradual rupture of the fibers as these cracks opened, allowing a progressive resistance
decrease after the attainment of the peak load. The embedded fiber-based reinforcement
revealed thus fundamental in improving the deformation capacity of the masonry sample,
as also evidenced by comparison with panels provided with bare plaster only, which did
not show any significant improvement in the ultimate distortion [31,39]. The TRM effective-
ness also emerged when testing masonry panels damaged and then retrofitted, e.g., [27].
Multiple-ply applications can provide additional improvements [10,22,32,36]; however,
high reinforcement ratios may anticipate failures, mostly related to the delamination of the
TRM layer from the masonry or the crushing of the masonry in the loading corners [17,41].
Actually, the bond between the mortar matrix and the masonry substrate was found as a key
aspect of the TRM effectiveness, since the introduced additional stiffness may generate high
shear stresses at the interface level; therefore, in many cases, the TRM layer was provided
with mechanical anchors (e.g., helical steel bars [19,29,38] or resin-impregnated fiber-based
anchors [23–25,27,30]) to improve the connection with the masonry and, besides, to induce
some confinement within the masonry; however, diagonal compression tests do not allow
to clearly highlight the role of anchors in actual applications, especially in symmetrically
strengthened specimens, in which, often, no significant differences emerged in respect to
configurations without mechanical anchorages [8,24,25,30]. Some anchor benefits were
noted in one side strengthened samples, where parasitic out-of-plane bending emerged due
to the stiffness un-symmetry, and the ties allowed the panel to attain higher strength and
ductility [32–34,41]; however, these outcomes, as mentioned, can just provide a qualitative
indication on the anchorage contribution under the actual stress state of masonry elements,
as diagonal compression test is not suitable for this purpose.

Besides the wide investigations on the diagonal cracking failure mechanism, a few
researchers also proved that TRM systems can be effective against in-plane bending failure.
Papanicolaou et al. [42,43] performed simplified three-point bending tests considering the
presence of a constant axial force and monitored the applied cyclic load at the varying
mid-span deflection (Figure 2b). A flexural mid-crack emerged in the tests but then, higher
resistance and deflection were attained, as the reinforcement was opposed to free rocking;
a combined failure due to TRM debonding on the tensed side and hollow bricks crushing
on the compressed side occurred. Boem and Gattesco [44] performed similar tests on solid
brick masonry, following a loading–unloading procedure; the strengthened samples did
not experience any debonding or crushing phenomena and the cracks spread in a wider
area until the tensile failure of the fiber mesh.

Generally, no significant improvements due to the TRM application are expected
for walls subjected to axial compression, as evidenced, e.g., by Donnini et al. [38]; the
installation of mechanical anchors, adequately stiff and resistant, is necessary for such
a purpose [45,46]. In fact, the transversal strains perpendicular to the wall, induced by
the axial loading, cannot be effectively counteracted just by a near-surface application,
especially in multiple-leaf masonry. Moreover, high stiffness mortar matrices, with respect
to the masonry, may induce a concentration of shear stresses at the interface and activate
the debonding.
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Table 1. Summary of simplified experimental tests on masonry samples.

Reference Masonry Type Sample dim. TxB
[mm]

Sample
Orientation

TRM
Side

Mortar fc
1

[MPa]
Thick
[mm]

Embedded
Grid Load Scheme Base Length

[mm]

Diagonal compression tests
Parisi et al., 2013 [8] Tuff solid blocks 310 1230 45◦ 1/2 16 10 Glass Monotonic 400
Ferrara et al., 2020 [10] Clay solid bricks 120 1030 45◦ 2 11 5, 8 Flax Monotonic 1000

Almeida et al., 2015 [17] Clay hollow bricks 140 990 45◦ 2 44 25 Carbon Monotonic/Load–
unload 700

Borri et al., 2011 [18] Rubble stone 670 1200 0◦ 2 2 11 30 Glass Load–unload 1000

D’Antino et al., 2019 [19] Clay solid bricks 270
315

830
1000 45◦ 2 7.5 20 Glass Monotonic 620–800

Babaeidarabad et al., 2014 [22] Clay solid bricks 92 1200 0◦ 2 24 10, 25 Carbon Load–unload

Menna et al., 2015 [23] Tuff/Clay solid
bricks 250 1200 0◦ 2 14, 16 15, 40 Hemp Monotonic 400

Gattesco et al., 2015 [24]
Clay solid bricks
Infill
Rubble stone

250/380
380
400

1160 0◦ 2 7 30 Glass Load–unload 1200

Gattesco and Boem, 2015 [25] Clay solid bricks
Rubble/Cobblestone

250
400 1160 0◦ 2 4–12 30 Glass Load–unload 1200

Garcia-Ramonda et al., 2020 [26] Clay solid bricks 310 1270 0◦ 2 14 10 Basalt Monotonic 900
Del Zoppo et al., 2019 [27] Tuff solid blocks 250 1200 0◦ 1/2 14 40 Glass Monotonic 400
Borri et al., 2016 [28] Clay solid bricks 250 1160 0◦ 2 0.7–2.7 50 Glass Load–unload 1200
Carozzi et al.., 2018 [29] Clay solid bricks 300 1000 0◦ 2 2 7.5 10 Glass Monotonic 850
Angiolilli et al., 2021 [30] Rubble stone 540 1200 0◦ 2 2 15 25 Glass Load–unload 900
D’Ambrisi et al., 2013 [31] Clay solid bricks 260 1200 45◦ 2 7 20 Polymer Load–unload 1150
Prota et al., 2006 [32] Tuff solid blocks 250 1030 45◦ 1/2 24 10 Glass Monotonic 400
Marcari et al., 2017 [33] Tuff solid blocks 250 1000 45◦ 1/2 9 8 Basalt Monotonic 500
Basili et al., 20219 [34] Clay solid bricks 250 960 45◦ 1/2 9 5 Basalt Monotonic 500
Benedetti, 2019 [35] Clay solid bricks 118 1160 45◦ 2 7.4–16 12, 15,

30 Glass Monotonic 1200
Wang et al., 2019 [36] Clay solid bricks 110 900 45◦ 2 ~35/40 15 Basalt Monotonic 1030

Donnini et al., 2021 [38] Tuff/Clay solid
bricks 250 1200 45◦ 2 8.4 30 Glass Monotonic 1000

Oskouei et al., 2018 [39] Clay solid bricks 100 600 45◦ 2 - 20 Glass/Polymer Monotonic -
Yardim e Lalaj. 2016 [40] Clay solid bricks 250 650 45◦ 1/2 22 8 Glass Monotonic -
Casacci et al., 2019 [41] Clay solid bricks 100 530 45◦ 1/2 7 10 Glass Monotonic 500

Reference Masonry type Sample dim. TxWxL
[mm]

Bed-joints
Orientation 3

TRM
Side

Mortar fc
1

[MPa]
Thick
[mm]

Embedded
Grid Load Scheme Axial Stress

[MPa]

In-plane bending tests

Papanicolaou et al., 2007–11 [41,42] Clay hollow bricks 85 400 1300 V
H 2 31 4–6 Carbon Cyclic 0.2, 0.5

0
Boem and Gattesco, 2021 [44] Clay solid bricks 250 380 840 V 2 7 30 Glass Load–unload 0, 0.15, 0.3

1 Compressive strength of the mortar coating, 2 In situ tests, 3 V = vertical bed-joints orientation, H = horizontal bed-joints orientation.
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Even though it is useful to recognize, with rather simple testing procedures, the role
of TRM in the different resisting mechanisms, simplified diagonal compression and three-
point bending tests on masonry samples do not represent the behavior of an actual resisting
element in a building. Thus, to recreate with more accuracy the actual stress state of the
masonry piers in a building, shear-compression tests on full-scale elements were performed
by applying a vertical load at the top of the panel, kept constant (representing the carried
gravity loads) and then horizontal loading cycles (representing the seismic action). It is
thus possible to identify more realistically the failure mechanism and the resistant and
dissipative capacities of the masonry element, with respect to the simplified tests, but
strictly in relation to the boundary conditions, geometry and axial stress level.

In some of the available tests (Table 2), the shear-type scheme was reproduced
(Figure 3a), avoiding rotations at the panel top [31,47–50] and recreating, in such a way, the
typical boundary condition of piers in a building with strong spandrels [51]. In contrast, a
cantilever scheme (Figure 3b), which allows free rotation at the top [42,43,52–57], is repre-
sentative of buildings with weak spandrels. The shear-compression tests available in the
literature on TRM-strengthened panels typical concern samples having widths generally
ranging from 800 to 3000 mm, with slender ratios from 0.68 to 1.6; the axial stress level is
usually in the range 2.5%–10% of the masonry compressive stress or, in some cases, higher
(e.g., 20%–30% [47,53,54]). The results were resumed in terms of applied horizontal load at
the varying top horizontal displacement (or drift). The TRM application was proved to be
effective also as retrofitting solution for damaged piers [49,52–54,57].
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In the tests with the shear-type scheme, the diagonal cracking failure typically activated
and the role of the embedded reinforcement in widespread cracks and dissipating energy
clearly emerged also from comparison with samples strengthened with bare plaster [31,48].
Local debonding phenomena sometimes emerged at the mortar–masonry interface, induced
by the compressive stress concentration at the corners, accompanied by the masonry
crushing [48,52]. In the samples with high axial stress levels, the debonding was even
more diffuse all over the wall and compromised the TRM collaboration with the masonry,
evidencing the necessity of more resistant anchors to contrast this occurrence. The vertical
cantilever scheme often evidenced a bending failure mode associated with the toe crushing
without relevant diagonal cracks [42,43,57]; these tests also pointed out the importance of
proper anchoring of the TRM layers at the wall extremities to obtain benefits against the
bending mechanism with rocking. In this regard, it is worth mentioning the “reversed-T”
testing procedure adopted by Messali et al. [57] (Figure 3c): the free rotation at the top was
permitted, according to the zero-moment condition which occurs approximately at the
half-height of piers under the shear-type scheme. The tests allowed us to more realistically
investigate the diffusive flexural damage at the edge of the pier and clearly evidenced the
role of the embedded reinforcement in contrast to rocking, carrying tensile strength. To
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counteract the bending effect due to the free rotation at the top, Guerreiro et al. [50] also
reduced the height of the horizontal load, so to investigate the behavior of piers dominated
by the shear contribution.

Actually, the failure mechanisms identified in Figure 1 can also affect the spandrels,
which behavior can be influenced by some interlocking effect at the extremities and by
the presence of lintels, ties or ring beams at floor level. To investigate, Augenti et al. [58]
and Ismail and Ingham [9] considered TT-shape panels composed of two piers and a
spandrel and performed horizontal cyclic tests under constant vertical load (Figure 4a). In
particular, Augenti et al. [58] tested a tuff masonry wall provided with a wooden lintel:
the unreinforced configuration was previously damaged, then the spandrel (dimensions
310 × 1700 × 1000 mm3) was repaired with TRM at both sides. The rocking of the piers
always governed the global behavior, but the TRM opposed the failure of the spandrels
through diffusive cracking, allowing energy dissipation. Ismail and Ingham [9] tested a
solid brick masonry wall and compared the results of unstrengthened, strengthened and
damaged-repaired spandrels (dimensions 220 × 1230 × 940 mm3) but applied the TRM
system to one side only. The TRM actively contributed to the energy dissipation in the
repaired configuration (the tensile rupture of the textile was attained); while remaining
un-cracked in the strengthened sample, in which the diagonal cracking of a pier occurred.
From both studies, no relevant debonding phenomena emerged between the TRM and
the masonry.
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A different setup for cyclic tests on H-shape samples was adopted by Gams et al. [59],
who pre-compressed the masonry piers and then achieved the spandrel deformation by
applying a simultaneous rotation at the base of the piers (Figure 4b). The performances of
rubble stone masonry spandrels with timber lintels (dimensions 350 × 1050 × 1120 mm3),
damaged and then repaired with TRM at one or both sides, were investigated. Strengthened
spandrels showed an extensive spread of damage and attained failure for the fiber yarns
to rupture at the extremities, performing a significant increase in both resistance and
displacement capacities.

Even though it has not yet been applied to masonry strengthened with TRM, it is worth
mentioning a further setup suitable for testing masonry spandrels (Figure 4c), adopted
by Gattesco et al. [16]: the masonry assemblage still has an H-shape and the piers are
pre-compressed, but one pier is fixed at the base while the other one is subjected to cyclic
up-down lifts.



Buildings 2022, 12, 1307 8 of 19

Table 2. Summary of experimental in-plane cyclic tests on masonry piers and spandrels.

Reference Masonry Type Pier dim. TxWxL
[mm]

Axial Stress
[MPa]

TRM
Side

Mortar fc
1

[MPa]
Thick
[mm] Embedded Grid Load Scheme

Cyclic tests on masonry piers
D’Ambrisi et al., 2013 [31] Clay solid bricks 220 1200 1200 0.5, 0.75 2 7 20 Polymeric Shear-type
Papanicolau et al., 2007 [42] Clay hollow bricks 85 800 1300 0.05, 0.2 2 31 4, 6 Carbon Cantilever
Papanicolau et al., 2011 [43] Stones 85 800 1300 0.34–1.4 2 3.8, 20 4 Basalt Cantilever
Gattesco et al., 2015 [47] Rubble stone 350 1500 2000 0.9 1/2 19 30 Glass Shear-type
Mercedes et al., 2020 [48] Clay solid bricks 128 900 1000 0.22 2 39 10 Glass/Hemp/Cotton Shear-type
Garcia-Ramonda et al., 2021 [49] Clay solid bricks 310 1270 1270 0.3 2 13 10 Basalt Shear-type
Guerreiro et al., 2018 [50] Rubble stone 2 400 1250 1560 0.2–0.4 2 4.8 Carbon Cantilever/Shear-type
Hračov et al., 2016 [52] Adobe/Unfired clay solid bricks 240 1050 1367 0.32 2 3.2 0, 20 PET/PP Cantilever
Tomaževič et al., 2015 [53] Rubble stone 500 1000 1500 0.32 1/2 22 20 Glass Cantilever
Gams et al., 2017 [54] Clay solid bricks 250 1000 1500 1.23 1/2 22 5, 15 Glass/Carbon Cantilever

Türkmen et al., 2019 [55] Clay solid bricks 100
1000
2000
4000

2450 0.15–0.5 1 63 15 Carbon Cantilever

Torres et al., 2021 [56] Clay solid bricks 230 3000 2000 0.22 2 19 15 Glass Cantilever

Messali et al., 2017 [57] Clay hollow bricks 245 1310
2900

1310
1970

0.18
0.1 2 45 25 Steel Cantilever/Reversed T

Cyclic tests on masonry spandrels Spandrel dim.

Augenti et al., 2011 [58] Tuff solid blocks 310 1700 1000 0.38 2 16 10 Glass TT-shape
Ismail and Ingham, 2016 [9] Clay solid bricks 220 1230 940 0.17 1 1.2, 2 6 Aramid/Glass TT-shape
Gams et al. [59] Rubble stone 350 1050 1120 0.3 1/2 23 30 Glass H-shape

1 Compressive strength of the mortar coating, 2 “Equivalent” homogeneous material, replicating the mechanical characteristics of rubble stone.
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2.2. Out-of-Plane Loading

Based on post-earthquake surveys, the out-of-plane collapse of unreinforced masonry
walls is rather frequent, especially in buildings having relatively flexible floor diaphragms
or with high rooms. In laboratory testing (e.g., [60]), flexural failure generally occurs: it
is characterized by the cracking of the most stressed section, on the tensed side, and the
subsequent activation of the rocking mechanism due to the presence of axial load. The
TRM application proved effective in enhancing the out-of-plane performances of masonry
walls, contrasting the activation of the rocking mechanism. Depending on the geometry,
the material properties, as well as the loading and boundary conditions, the out-of-plane
failure of TRM-strengthened masonry typically occurs for the rupture or the debonding of
the TRM on the tensed side, for crushing on the compressed side, for shear failure or, in
very weak masonry, for leaf separation/disaggregation (Figure 5).
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Table 3 sums up the main features adopted in the literature for testing the TRM
effectiveness against out-of-plane failure. The tests concerned mostly one-dimensional
bending, according to a three-point [31,38,43,61–64] or four-point flexural scheme [65–69].
Alternative setups considered air-bag tests [9,70], uniform loading [71], eccentric com-
pression [72] and bi-dimensional bending with un-symmetric boundary conditions [73].
Samples were usually arranged horizontally (specimens length till about 1500 mm, width
range 100–440 mm), with bending perpendicular to the bed joints; however, bending par-
allel to the bed joints was also tested [61,68,69]. In addition, the vertical arrangement
was adopted for masonry walls up to 3670 mm tall [9,38,67,70,72–74] and, sometimes,
pre-loaded with an additional axial compression [31,71]. The bending action was applied
mostly monotonically or following loading–unloading procedures [66,70,71]; in addition,
cyclic tests were performed [9,43,61,65]. The results were reported in terms of applied load
at the varying of the mid-span deflection.

The TRM application generally improved the out-of-plane performances of the ma-
sonry in terms of both strength and displacement capacities. Strengthened specimens
typically presented multiple parallel cracks in the mortar matrix, due to the capability
of the embedded reinforcement in distributing flexural stresses, as clearly emerged also
from comparison with masonry samples provided by bare plaster [31]. The obtained
load-displacement curves showed an almost bilinear trend, according to an un-cracked
and a cracked stage; negligible benefits emerged from samples with TRM applied on the
compressed side only. The orientation of the masonry bed joints did not significantly
influence the results of strengthened samples due to the negligible contribution of the
masonry tensile strength. The combination of high-performance reinforcements with weak
interaction among the components tended to turn the failure mode from the TRM tensile
failure to delamination or debonding phenomena or to shear collapse [62,70].
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Table 3. Summary of out-of-plane experimental bending tests.

Reference Masonry Type Sample dim. TxWxL
[mm]

TRM
Side

Mortar fc
1

[MPa]
Thick
[mm] Embedded Grid Sample

Position 2
Load

Scheme Load Rate

Ismail and Ingham, 2016 [9] Clay solid bricks 220 1200 3670 1 1.2, 2 6 Aramid/Glass V, O Airbag Cyclic
D’Ambrisi et al., 2013 [31] Clay solid bricks 220 800 1600 2 7 20 Polymeric V, O 3-point bend. Monotonic 3

Donnini et al., 2021 [38] Tuff/Clay solid
bricks 250 800 1200 2 8.4 30 Glass V, O 3-point bend. Monotonic

Papanicolau et al. 2011 [43] Stones 95 400 1300 1 3.8, 20 5 Glass/Basalt/PES/PP H, O 3-point bend. Cyclic
Papanicolau et al., 2007 [61] Hollow bricks 85 400 1300 1/2 31 5 Carbon H, O/P 3-point bend. Cyclic
Bednart-Maso et al., 2014 [62] Clay solid bricks 132 280 540 1 5–42 10 Glass/Basalt/Carbon H, O 3-point bend. Monotonic
Valluzzi et al., 2014 [63] Hollow bricks 130 390 1310 1 35 5 Basalt/Glass H, O 3-point bend. Monotonic
Kariou et al., 2018 [64] Clay solid bricks 103 440 1340 1 40 3–13 Basalt/Carbon/Glass H, O 3-point bend. Monotonic

Haralij et al., 2010 [65]
Clay solid bricks 55 200

2 5.5–36 8 Glass/Basalt H, O 4-point bend. Monotonic/CyclicHollow concrete 200 100 300
Sandstones 200 400

Martins et al., 2015 [66] Clay hollow
bricks 150 620 1500 1 2, 3.6 20 Carbon/Glass H, O 4-point bend. Monotonic/Load–

unload

Gattesco and Boem, 2017 [67]
Clay solid bricks 250

1000 3000 2 6.3 30 Glass V, O 4-point bend. MonotonicRubble stones 400
Cobblestones 400

Sagar et al., 2017 [68] Clay solid bricks 78 200 550 1 20 6 Glass H, O/P 4-point bend. Monotonic
Padalu et al., 2018 [69] Clay solid bricks 230 480 1200 1 15 20 Basalt H, O/P 4-point bend. Monotonic
Babaeidarabad et al., 2014 [70] Clay solid bricks 92 1220 1422 1 22 10, 20 Carbon V, O Airbag Load–unload
Bellini et al., 2018 [71] Clay solid bricks 250 1200 2700 1 11, 13 6 Glass V, O Distributed Load–unload 4

Cevallos et al., 2015 [72] Clay solid bricks
120
250
250

250
510
250

335
660

1115
1 16.5 8, 10 PBO/Flax V, O Eccentric Monotonic

D’Ambra et al., 2018 [73] Clay solid bricks 120 1515 1755 1 6.6 8 Basalt V Double
bend. Monotonic

De Santis et al., 2019 [74] Rubble stone 250 1530 3480 2 14.5 10 Basalt V, O Distributed Dynamic
1 Compressive strength of the mortar coating, 2 V = vertical arrangement, H = horizontal arrangement, P = bending parallel to bed-joints, O = bending orthogonal to bed-joints,
3 Additional axial stress 0.5 MPa, 4 Additional axial stress 0.2 MPa.
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Considering that pseudo-static loading procedures tend to be more severe than seis-
mic action, De Santis et al. [74] tested the effects of dynamic loading on unreinforced
and damaged-repaired masonry samples. The shaking table tests evidenced the effec-
tiveness of the embedded reinforcement, even if some debonding occurred. Moreover,
the tests evidenced the fundamental role of transversal ties in preventing leaf separa-
tion/disaggregation and in ensuring stress transfer from the masonry to the fabric at
advanced damage levels.

3. Design Methods

Design methods for TRM-strengthened structures are aimed at providing simple,
practice-oriented correlations to be used by professionals. The available design methods
are mainly aimed at resistance estimation, while there is, in general, a lack of strategies
for the prediction of the deformation capacities. The main approaches concerning both
in-plane and out-of-plane loading are discussed in the following.

3.1. In-Plane Loading

The estimation of the in-plane shear resistance of TRM-strengthened masonry elements
is typically based on the sum of the contribution of the plain masonry and that of the TRM
layer(s). For this latter, the common approach (applied, e.g., in [17,22,27,41,68,75] when
analyzing diagonal compression tests) considers the embedded fiber-based reinforcement
only, as indicated in AC434 [76], CNR-DT 215/2018 [77] and ACI 549.6R-20 [78]. Thus, as
also evidenced by Ferrara et al. [10], it is assumed that the maximum capacity coincides with
the textile failure, while the masonry is exploiting its maximum resistance; but this could be
questionable in many cases. Moreover, depending on the guideline, the evaluation criteria
for the maximum allowable tensile stress of the textile may be reduced so as to account
for premature debonding; however, in general, these methods, derived from FRP systems
(based on organic matrices) and sometimes quite suitable also for TRM with thin mortar
matrices (≤10 mm thick), lead to extremely conservative evaluations of the maximum
resistance in case of thicker mortar coatings (>15 mm). As a result, some authors referred to
the tensile strength of the mortar, instead of that of the textile, for more accurate predictions
of the peak load [19,38], while the role of the textile was recognized as fundamental to
ensuring a pseudo-ductile behavior in the post-cracking stage. Gattesco and Boem [25]
also introduced a correction coefficient, empirically evaluated, considering that the peak
resistance of the masonry and that of the TRM may not be achieved simultaneously (it
depends on the stiffness and the brittleness of the coupled materials). In Angiolilli et al. [30],
the corrective factor accounted for the actual effectiveness of the bond between the mortar
coating and the masonry. Wang et al. [36] proposed to evaluate two different load levels for
the TRM-strengthened masonry: at the serviceability limit state, considering the mortar
matrix contribution, and at the ultimate limit state, considering the textile contribution.
Gams et al. [54], focusing on shear-compression tests, proved that, when the collapse is
governed by diagonal cracking, the lateral resistance can be evaluated by considering
the sole contribution of the textile crossing the diagonal crack, since masonry is largely
damaged at that stage; however, the premature TRM debonding can generally limit the full
fibers exploitation.

In regard to the in-plane bending resistance of TRM-strengthened masonry elements,
the common evaluation strategy, suggested by CNR-DT 215/2018 [77] and ACI 549.6R-
20 [78], is based on the well-known approach for RC beams subjected to combined axial
and bending. The contribution of the masonry in compression and that of the textile in
tension is typically considered [44,79]. When an effective anchoring of the TRM system is
ensured at the extremities of the masonry panel and the bond between TRM and masonry
is guaranteed, the collapse can generally be induced by the crushing of the masonry or by
the tensile failure of the TRM. Otherwise, a reduced ultimate stress/strain for the TRM
layer, accounting for premature debonding, should be considered.
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3.2. Out-of-Plane Loading

A similar approach was applied to the evaluation of the out-of-plane bending resis-
tance, although the results can differ for some modifications on the basic assumptions,
as observed by Sagar et al. [68] and Tripathy et al. [80]. For example, D’Antino et al. [81]
accounted for possible TRM delamination since its behavior was derived from TRM charac-
terization bond tests on masonry substrate; Padalu et al. [82] also accounted for the tensile
contribution of the masonry; Babaeidarabad et al. [70] and Gattesco and Boem [67] also
considered possible masonry failure in shear; Harajli et al. [65] applied a strain reduction
factor to account for the masonry shear failure and for TRM debonding. Based on analytical
equations, Belliazzi et al. [83] drew dimensionless interaction diagrams (axial load vs.
bending moment) useful for design purposes at the varying the masonry thickness and
reinforcement ratio; confined masonry panels under horizontal bending were also ana-
lyzed. A different approach, based on limit analysis, was proposed by De Santis et al. [74]:
it was assumed that both the masonry and TRM exploit their full strength at the same
time; premature debonding was accounted for by applying a correction coefficient to the
estimated resistance.

A few methods for the calculations of the ultimate bending deflection were also pro-
posed in the case of out-of-plane loading: the approach typically adopted for the estimation
of the RC cracked beams [84] was applied by Babaeidarabad et al. [70], combining the contri-
butions to deflection of uncracked and cracked cross sections. Meriggi et al. [85] considered
the mechanism of two rigid blocks rotating after a flexural cracking; the composite-to-
substrate relative displacement occurred uniformly over a calibrated development length
across the crack, in which the textile attained its ultimate strain.

4. Numerical Modeling

The numerical studies available in the literature on TRM mostly focused on the tensile
and bond behavior of TRM coupons, which have already been extensively analyzed by
the author [1]. Some numerical analyses were also performed to simulate the behavior
of TRM-strengthened masonry at the structural element level and to investigate deeper
the influence of the strengthening system characteristics on the in-plane and out-of-plane
element performances.

In the framework of the Finite-Element (FE) methods, the well-known, consolidated
modeling strategies developed over the past years for unreinforced masonry elements are
principally based on discrete elements approaches or on a continuum [86,87]. In the FE
discrete approach, the masonry units and the mortar joints are modeled separately by means
of distinct 2D or 3D elements, connected directly or through interfaces; simplified discrete
methods assume the masonry units bonded with interfaces accounting for both FE, the
mortar and the unit–mortar interaction. In the FE modeling approach based on a continuum,
masonry is treated as a homogeneous material, with an equivalent relationship between
average stresses and average strains. In FE methods, the behavior of the components is
expressed in the form of differential equations that relate to the mechanical field variables
(strain and stresses).

As an alternative to FE methods, the Discrete Element Method (DEM) uses distinct
particle entities for the masonry units, whose interaction is governed by contact detection
algorithms and contact models [88,89]. DEM implies a dynamic process in which the
unknowns are solved explicitly by the differential equations of Newton’s laws of motion,
making finite displacement simulations easy to perform with respect to FE methods. The
combined Finite–Discrete Element Method (FDEM) implements a finite element mesh
discretization of the particle [90,91]. DEM and FDEM methods are particularly useful for
the study of systems made of discontinuous media, such as masonry.

Extensive discussion on the different modeling approaches adopted for unstrength-
ened masonry can be found in [92]. In comparison, the FE discrete modeling approach
applied on TRMs implies distinct elements for the mortar matrix and for the embedded
fiber grid and interfaces between the grid and the matrix and the matrix and the masonry
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substrate. On the other side, according to an FE approach based on a continuum, interfaces
are replaced by perfect bond assumptions and the TRM equivalent characteristics are
calibrated on the bases of tensile and shear bond experimental characterization tests on
TRM coupons. Models based on a continuum are more time-efficient and thus suitable
also for the application at a larger scale (wide elements, entire walls and buildings) but
necessitate the definition of the equivalent material models; an issue not yet fully solved for
TRM since it requires extensive preliminary campaign in order to calibrate. Despite being
time-consuming, discrete models allow more detailed investigations of local interactions
among components as well as the calibration and validation of those based on a continuum.
Most of the simulations performed on TRM-strengthened masonry elements concerned
nonlinear static analysis, accounting for the components’ nonlinearities; typically, for both
the masonry and the mortar matrix, different behavior in compression and tension is as-
sumed (e.g., combining Rankine-type for tension and the Von Mises or Hill for compression
or applying the Concrete Damage Plasticity model). Generally, the textile is assumed as
elastic–brittle in tension, while the matrix–masonry and the textile–matrix interfaces are
mostly governed by nonlinear shear bond-slip laws.

To the author’s knowledge, the application of DEM or FDEM modeling approaches to
the simulation of TRM-strengthened masonry elements is, though promising, just in the
very early stages [93,94].

4.1. In-Plane Loading

For the modeling of diagonal compression tests, Basili et al. [34,95] applied a bi-
dimensional, continuum modeling approach (software Midas FEA) based on perfectly
bonded layers representing the masonry, the mortar matrix and the textile. The layers
were made of 8-node quadrilateral plane stress elements; a reduced resistance was set for
the textile to take debonding indirectly into account. This approach was also considered
by Garofano et al. [96] for modeling shear-compression tests (TNO Diana). Differently,
Wang et al. [97] modeled the embedded mesh through a grid perfectly bonded to the
matrix and the effect of fibers-to-mortar bond behavior was considered by calibrating an
appropriate tension softening for the mortar.

Corradi et al. [98] (by using Ansys) and Gattesco et al. [99] (by using Midas FEA)
simulated diagonal compression tests by adopting 8-node solid elements for the masonry
(treated as homogeneous material) and the mortar coating, combined with truss elements
for the embedded grid; perfect bond among the components was assumed. A similar
TRM modeling was also considered by Castori et al. [100] (Ansys), but with a discrete
approach for the masonry (bricks and mortar joints); the strength of the grid was reduced
so as to indirectly account for debonding. Lignola et al. [101] considered, for the TRM,
an equivalent homogeneous material accounting for both the contribution of the mortar
matrix and of the embedded fibers.

Ungureanu et al. [102] combined through interfaces the solid elements representing
the bricks and the mortar joints and the shell elements representing the TRM system.
Murgo et al. [103] (Diana Fea) used linear-elastic bi-dimensional elements for the masonry
bricks and the mortar render and truss elements for the embedded grid; the nonlinearities
of both the masonry and the plaster were lumped at the interfaces in correspondence with
the joints. In addition, the interactions between the fiber grid and the matrix were governed
by nonlinear shear interfaces, while a perfect bond was assumed between the coating and
the masonry substrate.

Bertolesi et al. [104] (Abaqus) modeled the masonry by means of rigid quadrilateral
elements linked by shear and normal nonlinear springs; the TRM was introduced by means
of equivalent truss elements perfectly bonded at the ends to the rigid bodies’ centroids,
provided with a behavior accounting for the fibers pull-out. Moreover, the same authors
applied a 3D discrete modeling strategy, based on 8-node solid elements and trusses. Both
models fitted reasonably to the experimental performances, despite more rough results
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from the simplified model, it resulted in being significantly more time efficient. In addition,
Lignola et al. [105] (TNO Diana) opted for a similar discrete modeling approach.

Parisi et al. [79] (Diana) modeled a piers-spandrel subassemblage: the discrete model
consisted of 8-node isotropic shell elements for the masonry units and the mortar joints (no
interfaces); the TRM reinforcement was modeled through equivalent trusses accounting for
different behavior in tension and compression.

Even concerning a strengthening system quite different from TRM (steel grids glued
to the masonry), it is worth mentioning the modeling approach adopted by Zizi et al. [106]
(Abaqus environment) to simulate cyclic shear compression tests by means of 4-node shell
elements: the Concrete Damage Plasticity material model considered for the masonry was
proved able to account for the material deterioration during the cyclic fracturing process
and to control the stiffness recovering during load reversals.

A different approach was adopted by Angiolilli et al. [94], who calibrated a lattice DEM
to simulate diagonal compression tests. The irregular stone masonry units were treated
as rigid bodies interacting with each other through appropriate constitutive equations;
frictional penalty constraints joined the mortar matrix particles and the masonry ones;
elastic beam elements were added to simulate the fiber strands, which were connected to
the mortar particles through penalty constraints.

4.2. Out-of-Plane Loading

In regard to the simulations of out-of-plane performances, Bellini et al. [71] (Diana)
developed a bi-dimensional model based on the plane stress hypothesis to study vertical
sections of masonry walls under nonlinear cyclic analysis (loading–unloading). The discrete
modeling approach was adopted for the masonry and the TRM was introduced by means of
three layers, the outers representing the mortar coating, the inner the embedded composite
grid; interface elements were introduced to account for grid debonding phenomena.

Even focused on mortar reinforced with short fibers, it is worth also mentioning
the model based on the continuum approach developed by Colombo et al. [107] (soft-
ware FEMIX 4.0): 8-node plane stress elements represented both the masonry and the
strengthening layer; the latter had an equivalent quadrilinear tensile softening.

To study unsymmetrical out-of-plane bending, D’Ambra et al. [108] (Diana) developed
a simplified discrete 3D model for the masonry (20-node elastic solid elements connected
through nonlinear quadrilateral interfaces); the homogenized behavior of the TRM layer
was represented by plane stress elements connected to the masonry substrate by means
of quadrilateral interfaces. The same tests were also simulated by Scacco et al. [109]
(Abaqus), who developed two different 3D numerical models for the masonry: the former
was a detailed discrete model using 8-node solid elements; the latter applied a so-called
“discretized homogenization” based on elastic triangular prism units linked by vertical,
horizontal and diagonal nonlinear joints. In both of the models, the mortar matrix was
considered through 8-node solid elements with embedded equivalent truss elements for
the reinforcement (a perfect bond was assumed). Through the less refined mesh, the second
approach led to comparable results, allowing the reproduction of the correct damage
pattern with less computational effort.

Noor-E-Khuda et al. [110] developed a Vumat subroutine, suitable for the Abaqus
explicit algorithm, capable of examining the out-of-plane behavior of TRM-strengthened
masonry elements through layered shells. The inner layer represented the masonry and
the outer layers the TRM (as an equivalent material). Moreover, 4-node membrane-strain
elements with a single Gaussian integration point at the element centroid were considered
and five Simpson’s integration points for each layer were used; the material nonlinearities
of the different layers were considered.

5. Conclusions

The wide scenario of the state-of-the-art concerning masonry elements strengthened
through Textile-Reinforced Mortar, extensively analyzed in this paper, evidenced the variety
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of experimental setups and revealed the burden of testing the reinforcement effectiveness
exhaustively since it strictly related to the selected configurations in terms of materials,
mutual interactions, geometry, load pattern and boundary conditions. Targeted experimen-
tations, however, allowed researchers to recognize the possible resistant mechanisms and to
develop simplified design strategies for the prediction of the performances; however, they
are still far away from being exhaustive, especially in terms of strain capacity predictions.
The analysis of the available numerical methods pointed out the lack of a comprehensive
approach, rather than models calibrated and applied for the reproduction of a specific test
setup and combination of materials.
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