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This paper presents detailed experimental and analytical investigations into the influence of textile-reinforced
mortar (TRM) strengthening on the in-plane and out-of-plane response of unreinforced heritage masonry
(URM) elements. The URM wall elements consist of hydraulic lime mortar and fired-clay bricks, and the TRM
reinforcement employs mortar-embedded layers of alkali age-resistant glass meshes. Apart from the material
characterisation tests on mortars, bricks, and TRM coupons, the experimental programme includes axial
compression tests on wallettes, diagonal compression tests on square panels, as well as four-point bending tests
on rectangular panels. In the latter, the bending loads are applied either parallel or perpendicular to the bed
joints in order to assess the joint layout effect on the behaviour. With the aid of digital image correlation, the in-
plane and out-of-plane enhancement in stiffness, strength, and ductility of the masonry elements due to the TRM
strengthening is quantified, while the TRM influence on the crack patterns and failure modes is also examined.
The results show that the number of mesh layers has a significant influence on the behaviour for the out-of-plane
bending tests but plays a less pronounced role in the in-plane shear cases. Modified analytical models for the in-
plane shear and out-of-plane bending capacities of reinforced masonry elements, of the type examined in this
study, are also proposed and assessed alongside existing codified procedures. The application of current code
provisions results in overly conservative estimates. In contrast, the proposed analytical approaches for deter-
mining the in-plane and out-of-plane strength provide close prediction of the experimental capacities from this
study as well as those from a wider collated database of previous tests, and are therefore suitable for imple-
mentation in practical assessment and rehabilitation guidelines.

10]. URM in-plane response is largely characterised by shear sliding,
diagonal cracking, or compressive crushing, commonly defining
shear-compression limit state domains [11]. Depending on the boundary
conditions, out-of-plane URM mechanisms broadly involve either a
crack at mid-span or a simply supported cantilever response [12].

To prevent failure, URM walls are typically strengthened by inserting
reinforcement within the bed joints or by surface strengthening [13].
The latter includes the adoption of fibre reinforced polymers (FRP)
bonded with epoxy to the masonry substrate, or reinforcement meshes

1. Introduction

Heritage unreinforced masonry (URM) structures are characterised
by simplistic structural typologies, irregular bearing elements and high
material heterogeneity, as well as time-dependent degradation [1-3].
Their structural performance depends on multiple factors such as the
boundary and loading conditions, bond pattern, aspect ratio, and ma-

terial properties, among others [4,5]. Such buildings are typically able
to withstand gravity loads and are susceptible to substantial damage
under lateral loading [6]. Irregular component geometry and insuffi-
cient connections between horizontal and vertical elements can lead to
the formation of out-of-plane instabilities [7,8]. Material heterogeneity,
permanent moisture, and environmental degradation also influence the
in-plane stiffness, strength, and deformation capacity of the masonry [9,

embedded in mortars laid on the substrate. In the latter case, the meshes
can be made of steel, or natural fibres [14,15]. FRPs have the drawback
of limited mechanical compatibility between the masonry and
strengthening materials [16,17]. Thus, reinforcing meshes, particularly
glass, carbon, and basalt fibre-based, are more suitable for strengthening
heritage URM. These are typically referred to as fibre/fabric reinforced
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Notation

Latin uppercase

Ag shear-effective area of fibres per side of the wall
Ef elastic modulus of fibres

Em elastic modulus of masonry

E, elastic modulus of overlay mortar

F force from the actuator

F, ultimate (peak) force from the actuator

G shear stiffness modulus

Ka stiffness of masonry tested parallel to the bedding joints

) &) stiffness of masonry tested perpendicular to the bedding
joints

Ly distance between supports for specimens tested in bending

Ly distance between load application points for specimens
tested in bending

M moment capacity according to the proposed approach

Macr moment capacity according to the American code

Mcnr moment capacity according to the Italian code

Mgc moment capacity according to the European-based
approach

Mexp moment capacity from testing

My, URM bending resistance

N axial force in section (positive for tension)

Vexp shear capacity from testing

Vi URM shear resistance

Ve masonry crushing shear resistance

Viac TRM contribution to shear capacity according to the

American code

Vi.cNr TRM contribution to shear capacity according to the Italian
code

Veexp TRM contribution to shear capacity from testing

Vi TRM contribution to shear capacity according to the

proposed approach

Latin lowercase

b correction factor for the shear stress distribution in the
middle section of the wall

d effective thickness of the wall in bending

fo compressive strength of brick unit

Sou compressive strength of brick unit parallel to the testing
bed

Souz compressive strength of brick unit perpendicular to the
testing bed

fi compressive strength of joint mortar

fm masonry compressive strength

fr compressive strength of overlay mortar

f diagonal tensile strength of masonry

fer overlay mortar tensile strength

Sr.rRM TRM tensile strength

fx flexural tensile strength of masonry

h height of the wall

l width of the wall

L length of horizontal virtual gauge

I length of vertical virtual gauge

Iy design dimension of the reinforcement perpendicular to
the shear force

g number of fibre layers on one side of the wall

ng number of sides of the wall that are strengthened

t thickness of the wall

tofr effective thickness of a fibre layer

tr thickness of overlay mortar layer per side of the wall

tyr equivalent thickness of a fibre layer

x neutral axis depth according to the proposed approach

Xacl neutral axis depth according to the American code

XCNR neutral axis depth according to the Italian code

XgC neutral axis depth according to the European-based
approach

Wq water absorption rate

Greek letters

o coefficient that considers the reduction in the fibres tensile
strength when loaded in shear

B reduction factor applied to the neutral axis depth for the
stress block diagram

P factor accounting for the confinement that the TRM
provides to the wall

y reduction factor applied to the compressive strength of
masonry for the stress block diagram

Yu ultimate shear strain

S corrected mid-span displacement considering relative
displacement at the supports

Sy ultimate (peak) displacement

Sx displacement recorded from horizontal virtual gauge

by displacement recorded from vertical virtual gauge

£ design axial fibres strain

£f extreme axial fibres strain

£y ultimate axial fibres strain

€limcony  conventional strain limit for failure due to end debonding

51(1‘21 oy conventional strain limit for failure due to intermediate
debonding

Emd design yield strain

Eme extreme axial strain at masonry

Emu ultimate masonry axial strain

Em1 masonry vertical crushing strain

Ema masonry lateral crushing strain

&r strain at overlay mortar

€4 TRM ultimate axial strain of TRM

or stress at overlay mortar

00 precompression stress

Ty ultimate shear stress

cementitious mortars (FRCM) or textile-reinforced mortars (TRM).
Compared to other traditional strengthening techniques, TRM offers
advantages through its high tensile strength-to-weight ratio, providing
deformability to masonry by restricting crack widening both for in-plane
and out-of-plane actions [18].

In plane, under diagonal tension, the textile contribution is limited at
the pre-cracking stages due to strain compatibility in the composite, and
the mortar overlay acts as a stiffness enhancer [19,20]. After cracking in
the TRM, the deformation is mainly carried by the textile mesh [21,22].
The in-plane response is typically assessed through panel tests in diag-
onal compression [23]. TRM incorporating high strength meshes

provides an increase in both strength and ductility. Previous tests
showed that panels strengthened on one or both faces with glass TRM
had an average of 131 % and 463 % higher strength than their
non-strengthened counterparts [23]. Similar strengthening configura-
tions led to shear strength enhancements above 400 % [24]. The
in-plane shear capacity, however, is limited by the diagonal crushing of
the masonry [25].

For out-of-plane bending, the thickness of the mortar has limited
influence, as the failure is consistently governed by mesh rupture at the
tension side of the wall [26]. Weaker meshes provide lower strength
increase but higher deformation capacity, whilst stronger meshes
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provide more strength, but less deformation capacity [27]. Moreover,
textile mesh epoxy-resin coating increases the masonry capacity
compared with uncoated cases [28]. With respect to performance
enhancement, out-of-plane strengths of glass TRM reinforced panels
were shown in earlier studies to be 3.7 times greater than those of URM
fired clay brick masonry walls [26]. On the other hand, carbon TRM
increased the out-of-plane strength and deformability of the URM walls
by 10 and 4 times, respectively, compared to a counterpart with only
render mortar [17]. The use of GFRP mesh allowed the resistance of
out-of-plane bending moments 4-5 times higher than those of URM
counterparts, enabling deflections more than 25 times greater by
effectively limiting crack openings [29]. Coated basalt TRMs provided
strength enhancement of 1.9 and 1.5 times in single- and double-leaf
walls, respectively [28]. These previous studies also showed that the
strength increases with the number of layers, but there is typically an
upper threshold imposed by other limiting failure conditions in
masonry.

Whilst research has been carried out on both in-plane and out-of-
plane response of TRM-strengthened masonry, most studies have not
consistently investigated both actions for the same specimen configu-
ration. There is also a need for more detailed assessment into the in-
fluence of TRM strengthening and the effect of multilayer textile
arrangements on the masonry response. Importantly, there is a lack of
standardised and consistent approaches to quantify the benefits of TRM
systems on the performance of masonry, and existing analytical models
are unable to estimate the strength properties effectively. Moreover,
existing design expressions are validated on a specific test series or
datasets of a limited range of parameters, which may not be suitable for
heritage structures.

This paper presents an experimental and analytical study into the in-
plane and out-of-plane response of URM with material properties
characteristic of existing structures in Historic Cairo and other thirteen
century masonry buildings [9,30,31]. The investigation focuses on the
influence of TRM-strengthening on the behaviour. After describing the
experimental procedures, the results from material and wall element
tests are presented. These include tests on bricks, mortars, and TRM
coupons, as well as compression wallettes, panels in diagonal
compression, and walls in bending perpendicular and parallel to the bed
joint direction. The test results from this paper, combined with those
from a collated database, are used for validation of design expressions
under in-plane and out-of-plane actions. A modified approach which
adopts consistent ultimate strain limits for the shear and bending design
of TRM-strengthened masonry is proposed, as current guidance is shown
to result, on average, in either overly conservative or unsafe results.

2. Experimental methods
2.1. Constituent materials

A hydraulic binder (NHL5), containing calcium hydroxide, calcium
aluminates, and silicates, was employed in the lime mortars. NHLS5 is
produced by firing crushed marl limestone in kilns [32]. Following this
process, the limestone undergoes slaking also referred to as hydration.
This process involves controlled addition of water and subsequent
grinding into powders [33]. These binders possess unique characteris-
tics, combining hydraulic properties with air settings that are achieved
through carbonation with atmospheric CO2 [34]. The NHL5 binder has a
specific gravity of 2.70, and a content of free lime exceeding 15 %, while
the content of sulphates remains below 2 % [32,35]. Soft sand was used
as aggregate for the composition of bed joint and overlay mortars. In
contrast to sharp sand, this type of sand has rounded particles of size
below 1.0 mm, ensuring improved mix workability [36]. The specific
gravity of the sand was 2.65, and its moisture content around 5 %.

With the aim of replicating the properties of heritage buildings in Old
Cairo, NHL5 was combined with bricklaying sand at a 1:3.25 ratio for
bed joint mortars. The overlay mortars had equal quantities of cement
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and lime, and a binder-to-aggregate ratio of 1:4.5, while no additives
were included. The cement ensures high strength and stiffness,
providing mechanical compatibility with the masonry substrate, whilst
the lime ensures deformability. In all mortars, the water-to-binder ratio
was around 1.0. The water quantity was adjusted to ensure workability,
with a targeted flow diameter of 180-190 mm. The mortars were pre-
pared in batches of 20 litres with a 40 litres rotary mixer, in the
following order: 180 s mixing of the dry constituents, addition of water
and mixing for another 180 s, and removal from the mixer and either
used in bed joints or overlays, or as samples for assessment of material
properties. All samples were kept in laboratory conditions and covered
in plastic sheets to ensure adequate curing conditions. Around 120 x
50 mm cube tests were carried out to evaluate the compressive strength
of the mortars used in the bed joints and overlays, with a minimum of
three samples per masonry specimen.

Solid bricks of 229 x 108 x 66 mm and a specific weight of 17.1 kN/
m® were used for the construction of all walls. These were fired-clay
bricks with physical and mechanical properties closely resembling
those of the bricks found in the Mausoleum of Fatima Khatun (Umm al-
Salih) in Cairo [30,31,36]. They had a nominal compressive strength (f,)
of 21 MPa when tested parallel to the bed face as described in Section 3,
and a water absorption rate (w,) of 10 % [37,38]. Prior to testing, to
ensure planeness and parallelism, the faces in contact with the suppor-
t/loading plates or bearings were ground.

For strengthening purposes, an alkali and age-resistant coated glass
fibre reinforcing mesh (CT325) was used [39]. The mesh had a 4.0 x
4.0 mm grid, a cross-sectional area of 31 mm?/m, and a nominal tensile
strength of 2075 N/5 c¢m in the warp direction, and 2180 N/5 cm in the
weft direction. Although the grid spacing was dense compared to typical
commercial spacings reported in ACI 549.6 [40], it was selected based
on similar grid spacings in previous studies [41,42] and it was ensured
that adequate adhesion between the grid layers and the substrate was
achieved during construction of the specimens, using high-density
polyethylene anchors. The mesh (glass fibres with coating) had a
weight of 160 g/m2 and elongation at failure of 3 %. The elastic
modulus of the glass fibres was 72 GPa and their density was
2.58 g/cm?.

A total of 6 x 50 mm wide and 450 mm long prismatic TRM samples
(3 samples with one layer and 3 samples with two layers of textile mesh
in lime-cement mortar) were prepared and tested in direct tension
following EN 13934-1:2013 [43], to assess the full deformational
response of the TRM overlay. The mesh was embedded at the two ends
into 75x50x10 mm (length x width x thickness) lime-cement mortar
tabs. The non-embedded mesh region had a length of 300 mm. The
samples were fabricated in plastic moulds by adding the mortar and
textile meshes gradually, following guidance available in the literature
[44,45]. Additionally, 6 bond tests between TRM overlay and masonry
substrate, with 3 samples incorporating one layer and another 3 incor-
porating two textile layers, were carried out on single-brick single-lap
systems to assess the likelihood of substrate-to-TRM debonding. This
configuration was considered as opposed to masonry prisms, as
single-brick single-lap tests provide a lower bound of the bond strength,
considering that bed joints have a positive effect on the TRM in-plane
bond strength [46,47]. As in the tension TRM coupons, the width of
the mortar component was 50 mm, and was bonded to the substrate over
a length of 200 mm. Prior to placing the first layer of mortar, the surface
was brushed, cleaned with compressed air, and painted with a thin film
of cement slurry. All TRM samples were covered in plastic sheets to
maintain a controlled environment and ensure the same conditioning as
in the case of mortar cubes. Apart from direct tension and bond tests on
TRM coupons, 3 mesh-only tension tests were also performed, with a
single layer of mesh. Further information on these tests can be found in
previous work by the authors [48].
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2.2. Masonry specimens

Four types of masonry panels, as shown in Fig. 1, were investigated
in this study: namely, wallettes tested in axial compression, square
panels tested in diagonal compression, and rectangular panels tested in
four-point bending with the loading applied parallel or perpendicular to
the bed joints. The last two types of tests are referred to as ‘bending
parallel’ and ‘bending perpendicular’, respectively, in this paper. All
tests were performed in displacement control for obtaining a detailed
insight into the crack initiation and propagation, as well as the overall
failure kinematics.

Axial compression tests on twelve URM wallettes of average
measured dimensions [ x h x t =460 x 377 x 108 mm were carried out
to assess the compressive strength of masonry (where [ is the width, h is
the height, and t is the thickness), following the guidelines in EN
1052-1:1999 [49]. These were separated into groups of four specimens,
with each group tested at the same time while each of the groups of
square panels in diagonal compression, the bending parallel, and the
bending perpendicular tests were conducted. More specifically, the test
of Wallettes WDa-WDd (Group WD) were carried out simultaneously
with the diagonal compression tests, Wallettes WBPRa-WBPRd (Group
WBPR) were tested at the same time as the bending parallel walls, and
Wallettes WBPPa-WBPPd (Group WBPP) were tested along with the
bending perpendicular walls. Details of these specimens are given in
Table 1.

A total of nine square panels of I x h x t = 688 x 688 x 108 mm were
tested in diagonal compression, based on the recommendations in ASTM
E519-07 [50]. These tests aimed to investigate the influence of mesh
thickness on strength, validate expressions for diagonal tension strength,
and assess the practicality of multi-layer mesh overlays. They comprise
three URM panels (Group DO, with Wall Specimens DOa, DOb, and DOc),
three panels with one mesh layer at each side (Group D1, with Wall
Specimens D1a, D1b, and D1c), and three panels with two layers of mesh
at each side (Group D2, with Wall Specimens D2a, D2b, and D2c). The
TRM thickness for each side was on average 13 mm and 15 mm for one
and two mesh layers, respectively. Details of the walls in each group are
given in Table 2.

Nine walls of average measured dimensions [ x h x t =460 x 917 x
108 mm were tested in bending with the mortar joints running parallel
to the direction of loading, along the width of the specimen. Three of
these were URM (Group BPRO, with Wall Specimens BPROa, BPROb, and
BPROc), two had one mesh layer at each side (Group BPR1, with Wall
Specimens BPR1a, and BPR1b), and four had two mesh layers at each
side (Group BPR2, with Wall Specimens BPR2a, BPR2b, BPR2¢c, and
BPR2d). The measured TRM thickness for each side was on average 12
and 15 mm for one and two mesh layers, respectively. Details of the
specimens are provided in Table 3.

To investigate the effect of the brick arrangement on the bending

© anchors
[®) [®) 1 7
()
| | o o |3
| | | ©
B B
I o o | |
460 . 688 ,

(@) (b)

Construction and Building Materials 448 (2024) 138152

performance of masonry walls, a series of nine wall specimens of
average measured dimensions I x h x t = 450 x 932 x 108 mm were
subjected to four-point bending tests with the mortar joints being
perpendicular to the loading direction, running along the height of the
specimens. Three groups of walls were defined: URM without mesh
(Group BPPO, with Wall Specimens BPPOa, BPPOb, and BPPOc), with one
mesh layer at each side (Group BPP1, with Wall Specimens BPP1la,
BPP1b, and BPP1c), and with two layers of mesh at each side (Group
BPP2, with Wall Specimens BPP2a, BPP2b, and BPP2c). The measured
TRM thickness for each side was on average 15 and 16 mm for one and
two mesh layers, respectively. Details of the walls in each group are
given in Table 4. The bending tests with both brick arrangements were
carried out based on EN 1052-2:2016 [51].

All masonry elements were constructed with lime mortar bed joints
measuring approximately 10 mm in thickness. Before testing, the spec-
imens were hydrated by sprinkling water and then covered in plastic
sheets until testing. For the strengthened specimens, the procedure
included applying a primer film, drilling anchor holes without inserting
epoxy resin, applying a base overlay, inserting the textile mesh, inserting
anchors, and then applying the final coat. For the multi-layer specimens,
a thin layer of mortar, approximately 4+1.0 mm thick, was added be-
tween each textile layer. To improve the shear connection and prevent
debonding between the textile and the substrate, eight, eleven, and
twelve anchors were symmetrically positioned, as shown in Fig. 1. The
anchors had 8 mm diameter and 52 mm length, and featured a disc with
a 60 mm diameter at the top. The thickness of the overlay varied
depending on the number of mesh layers as described above. The curing
period of masonry members was approximately 60 days, which allowed
the bed joint mortar to develop sufficient strength. The rendering of the
strengthened specimens was completed 14 days before the start of
testing, which lasted approximately one month. Hence, the age of the
TRM overlays varied between 14 and 40 days. Tests on mortar overlay
and bed joint samples were carried out on the day of testing of the
corresponding wall elements.

2.3. Testing arrangements and instrumentation

During each test, the response of the specimens was measured using
transducers. Additionally, displacement recordings were obtained from
the loading actuators, and data from the digital image correlation (DIC)
system was also collected. The DIC system, which offers a high level of
accuracy and practicality compared to traditional mechanical in-
struments [52,53], consisted of two lightweight CMOS cameras with a
resolution of 2.3 Megapixels. They were connected to a controller that
served as a data acquisition system. As part of the preparation process,
the specimens were painted in white and then speckled with 0.5-2.0 mm
black dots.

Before conducting the tests, a calibration procedure was performed.
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Fig. 1. Schematic representation of: (a) wallettes for axial compression tests, (b) square panels for diagonal compression tests, (c) rectangular panels for bending

parallel tests, and (d) rectangular panels for bending perpendicular tests.
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Table 1

Main test results from compression tests on URM wallettes (W specimens).
ID F, (kN) &y (mm) fm (MPa) em (%) Ema (%) En (MPa) fj (MPa)
WDa 323.91 4.50 6.53 0.47 0.29 1650.32 1.76+0.27
WDb 319.99 3.97 6.46 0.64 0.37 1468.82 1.77+0.21
WDc 322.07 4.83 6.50 0.51 0.81 1584.55 1.77+0.16
WDd 293.37 5.10 5.92 0.40 0.22 1389.27 1.734+0.15
WD (avg) 314.83 4.60 6.35 0.51 0.42 1523.24 1.76
WD (stdev) +14.40 +0.49 +0.29 +0.10 +0.27 +116.64 +0.2
WD (COV) 4.57 10.65 4.57 19.61 64.29 7.66 11.36
WBPRa 360.81 4.91 7.28 0.80 0.33 1294.78 1.11+0.26
WBPRb 345.39 4.86 6.84 0.63 0.52 1452.52 1.11+0.26
WBPRc 320.25 4.47 6.46 0.61 0.39 1909.66 1.37+0.37
WBPRd 340.83 4.43 6.78 0.66 0.48 1266.04 1.63+0.27
WBPR (avg) 341.82 4.67 6.84 0.68 0.43 1480.75 1.3
WBPR (stdev) +16.73 +0.25 +0.34 +0.09 +0.08 +297.46 +0.29
WBPR (COV) 4.89 5.35 4.97 13.24 18.60 20.09 22.31
WBPPa 366.92 5.10 7.40 0.51 0.08 2066.78 1.85+0.32
WBPPb 334.05 4.29 6.71 0.69 0.45 1327.06 2.08+0.19
WBPPc 339.78 4.32 6.88 0.47 0.50 1920.54 2.08+0.19
WBPPd 347.47 4.31 6.96 0.62 0.28 1234.79 1.76+0.27
WBPP (avg) 347.05 4.50 6.99 0.57 0.33 1637.29 1.94
WBPP (stdev) +14.34 +0.39 +0.29 +0.10 +0.19 +417.51 +0.24
WBPP (COV) 4.13 8.67 4.15 17.54 57.58 25.50 12.37

Table 2

Main test results of URM and TRM-strengthened panels in diagonal compression (D specimens).
D ng (-) F, (kN) 8y (mm) 7, (MPa) 7u (%) G (MPa) fj (MPa) fr (MPa)
DO0a 0 52.77 2.15 0.51 0.11 515.72 0.97+0.13 -
DOb 0 48.06 2.59 0.46 0.12 527.63 1.08+0.13 -
DOc 0 36.77 2.11 0.36 0.11 390.72 1.28+0.17 -
DO (avg) 45.87 2.29 0.44 0.11 478.02 1.11 -
DO (stdev) +8.22 +0.27 +0.08 +0.00 +75.84 +0.15 -
DO (COV) 17.92 11.79 18.18 0.00 15.87 13.51 -
Dla 1 170.35 5.36 1.33 0.10 2105.86 1.14+0.15 8.29+0.38
D1b 1 178.84 5.44 1.37 0.08 2673.58 1.37+0.22 7.00+0.89
Dlc 1 173.38 5.11 1.38 0.06 3654.00 1.47+0.16 8.74+0.81
D1 (avg) 174.19 5.30 1.36 0.08 2811.15 1.33 8.01
D1 (stdev) +4.30 +0.17 +0.02 +0.02 +783.18 +0.18 +0.69
D1 (COoV) 2.47 3.21 1.47 25.00 27.86 13.53 8.61
D2a 2 203.31 5.57 1.51 0.11 2500.20 1.45+0.21 11.79+0.89
D2b 2 194.97 5.35 1.50 0.05 3295.31 1.49+0.23 8.75+1.07
D2c 2 190.56 5.60 1.40 0.06 3069.48 1.21+0.36 9.63+1.29
D2 (avg) 196.28 5.51 1.47 0.07 2955.00 1.38 10.06
D2 (stdev) +6.48 +0.14 +0.06 +0.03 +409.73 +0.27 +1.08
D2 (COV) 3.30 2.54 4.08 42.86 13.87 19.57 10.74

This involved adjusting the aperture, ambient lighting, and camera focus
through iterative adjustments while capturing photos of a calibration
plate placed next to the surface of the specimen. A data recording fre-
quency of 0.5 Hz was selected during the tests to ensure a sufficiently
large dataset and minimize potential variations. Subsequently, the DIC
data obtained from the tests were subjected to further processing in
order to obtain deformation vector fields. From these fields, surface
strains or deformations were evaluated using virtual gauges with
different lengths, as detailed below.

The cubic mortar samples were tested in an Instron machine with a
capacity of 100 kN at a displacement rate of 1 mm/min, whilst the
bricks were tested in a Control Automax machine at a loading rate of
0.6 MPa/s. The mesh and TRM coupon tensile tests were carried out in
an Instron 250 kN machine under displacement control at a rate of
0.25 mm/min in the elastic regime and at a rate of 1.0 mm/min in the
cracked stage. The single-lap bond tests were carried out in the same
machine at a displacement rate of 0.1 mm/min, and the brick was tied to
the machine bed by means of steel plates and threaded rods, to ensure
alignment of the mesh central to the axis of the machine. To facilitate
gripping during testing, in the direct tension and bond tests, the ends of
the TRM samples were provided with 1 mm thick aluminium tabs glued
with a 2-part epoxy resin. The mesh and TRM tensile tests and the single-

lap bond tests were conducted using a purpose-made rig depicted in
Fig. 2, which was design based on available guidance [44,54]. The DIC
system was used to record the sample behaviour and the machine was
used to record the force corresponding to the applied displacement.

The wallettes were tested in axial compression in an Instron 3500 kN
machine at a rate of 0.5 mm/min, as shown in Fig. 3a. The arrangement
included a steel transfer plate between the actuator and the specimen. A
thin timber panel was used to ensure uniform contact between the base
of the machine and the wallette. Two displacement transducers were
positioned around the specimen to record its axial shortening. Two
vertical virtual gauges of 150 mm, and one horizontal virtual gauge of
240 mm length were also defined during postprocessing of the DIC data,
as illustrated in Fig. 3b. These were used to obtain axial and horizontal
strains, respectively.

The diagonal compression tests were conducted at a rate of 0.5 mm/
min using a modular steel frame which was provided with a 1000 kN
Instron actuator and associated load cell, as shown in Fig. 4a. To transfer
the load from the actuator, steel V-shaped supports were positioned at
the top and bottom of the square panel. Thin timber panels were added
between the steel supports and masonry specimen to ensure uniform
contact. At the top, a hinge was provided to avoid any out-of-plane
loading. Two external transducers were used to measure the axial and
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Table 3
Main test results of URM and TRM-strengthened wall elements tested in bending
acting parallel to the bed joint (BPR specimens).
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Table 4
Main test results of URM and TRM-strengthened wall elements tested in bending
acting perpendicular to the bed joints (BPP specimens).

D ny Fy Su Ky (kN/ fi (MPa) £, (MPa) D ny Fy Su Ky (KN/ f; (MPa) £, (MPa)
O] (kN) (mm) mm) O] (kN) (mm) mm)
BPROa 0 1.04 0.17 12.82 1.81 - BPP0a 0 3.43 0.41 16.00 1.27
+0.18 +0.14
BPROD 0 1.77 0.20 7.39 2.04 - BPPOb 0 3.81 0.66 11.38 1.63
+0.26 +0.40
BPROC 0 0.92 0.14 11.88 1.63 - BPPOc 0 3.73 0.66 12.98 2.00
+0.42 +0.16
BPRO 1.24 0.17 10.70 1.72 - BPPO (avg) 3.65 0.57 13.45 1.63
(avg) BPPO +0.20  +0.15 +2.35 +0.23
BPRO +0.46  +0.03 +2.90 +0.3 - (stdev)
(stdev) BPPO 5.48 26.32 17.44 14.11
BPRO 37.10  17.65 27.13 17.44 - (cov)
(cov) BPPla 1 12.87  1.14 43.69 1.81 10.58
BPR1a 1 11.63  1.74 24.88 2.09 10.00 +0.17 +2.65
+0.39 +2.16 BPP1b 1 12.46  0.58 50.71 1.65 9.65
BPR1b 1 11.95  3.45 34.85 1.96 12.16 +0.23 +1.92
+0.33 +2.14 BPP1c 1 13.81 1.46 47.23 2.21 11.87
BPR1 11.79  2.60 29.87 2.03 11.08 +0.26 +1.59
(avg) BPP1 (avg) 13.05  1.06 47.21 1.89 10.7
BPR1 +0.23  +1.21 +7.05 +0.36 +2.15 BPP1 +0.69  +0.45 +3.51 +0.22 +2.05
(stdev) (stdev)
BPR1 1.95 46.54 23.61 17.73 19.40 BPP1 5.29 42.45 7.43 11.64 19.16
(Cov) (Cov)
BPR2a 2 22.16  6.96 61.47 2.09 9.25 BPP2a 2 21.99  3.50 86.17 1.57 11.83
+0.34 +0.63 +0.15 +1.15
BPR2b 2 2473 4.81 60.61 2.34 5.96 BPP2b 2 21.70  3.50 50.61 1.86 10.43
+0.42 +0.63 +0.06 +2.11
BPR2c 2 22.84  4.84 44.06 1.92 6.73 BPP2c 2 22.23 281 40.56 2.55 5.85
+0.54 +0.66 +0.31 +1.04
BPR2d 2 2041 3.79 76.53 1.68 8.84 BPP2 (avg) 21.98  3.27 59.11 1.99 9.37
+0.17 +0.89 BPP2 +0.26  +0.40 +23.96 +0.17 +1.43
BPR2 2254  5.10 60.67 2.01 7.69 (stdev)
(avg) BPP2 1.18 12.23 40.54 8.54 15.26
BPR2 +1.78  +1.33 +13.27 +0.37 +0.70 (covy
(stdev)
BPR2 7.90 26.08 21.87 18.41 9.10
(coV) joints had a relatively more ductile response with a gradual softening.

transverse strain, whilst two virtual gauges of length 885 mm were also
defined, as shown in Fig. 4b.

Four-point bending tests were performed in a testing arrangement
that included a loading transfer frame with a 1000 kN Instron actuator
and load cell, under displacement control at a rate of 0.5 mm/min. The
rigs are shown in Figs. 5a and 6a, for the parallel and perpendicular
cases, respectively. The specimens were placed on a timber panel and
pin-supported at the top and bottom. The load was applied from the
actuator by means of two hinges, which were located at a distance equal
to one-third of the specimen height from its ends. This symmetrical
configuration resulted in a constant bending moment between the load
application points. Six external transducers were used to measure the
displacements at the supports and load application points, as shown in
Figs. 5b and 6b for the bending parallel and bending perpendicular tests,
respectively. During the postprocessing of the data from DIC, four vir-
tual gauges of 50 mm length were defined along the critical crack.

3. Test results
3.1. Uniaxial response

The average strengths for the joint mortars varied within
£fj=1.27-1.91 MPa as follows: wallettes fj=1.67+0.24 MPa, BPR speci-
mens f;=1.91+0.34 MPa, BPP specimens fj=1.8440.21 MPa, and D
specimens fj=1.27+0.20 MPa. The average strengths for the overlay
mortars were within f,=9.03-10.03 MPa, as follows: BRP specimens
fr=9.24+1.21 MPa, BPP specimens f,=10.03+1.74 MPa, and D speci-
mens f,=9.03+0.89 MPa. The mortar strengths specific for each spec-
imen are listed in Tables 1-4. The lower-strength mortars from the bed

Overlay mortars had comparatively higher strengths by a factor of
around 6, on average, but more brittle response.

The tests on brick units parallel to the testing bed showed an average
compressive strength of f;,;=21.30 MPa and a standard deviation of
2.27 MPa. These values were reduced to f,,,=11.52 MPa average
strength and 0.49 MPa standard deviation for bricks tested perpendic-
ular to the testing bed. The higher levels of strength obtained in the
former case are due to confinement effects related to the low aspect ratio
of the specimens, as opposed to those tested perpendicular to the bed
face [55]. Note that both fj,; and f;,» are nominal compressive strength,
obtained from bricks of average dimensions of 229 x 108 x 66 mm,
which were tested according to EN 772-1:2011 [56].

Close inspection of the deformational response showed that TRM
coupons were characterised by a trilinear response with an initial elastic
response to mortar cracking, and a post-cracking response, as depicted
in Fig. 7a. In the figure, the stresses are evaluated using the mesh cross-
sectional area. For textile with one layer, this was 1.4 mm?. The TRM
tensile strengths, calculated with respect to the area of the TRM mortar,
were f; ry=2.07+0.03 MPa and f; gy =3.78+0.02 MPa for samples
with one and two layers, respectively [48]. The respective strengths
based on the cross-sectional area of the mesh were 1851+31 MPa and
1800+88 MPa. The deformations at failure were &, gy =1.314+0.07 %
and &, mry =1.814+0.14 %, for one- and two-layer TRM coupons,
respectively, and they were obtained for a gauge length of 400 mm. The
cracked elastic modulus was 60953 MPa for samples with one layer and
61223 MPa for samples with two layers. Typical failure modes of the
TRM coupons tested in direct tension are shown in Fig. 7b.

The mesh stress-deformation response from bond tests is shown in
Fig. 8a, while a representative failure mode is shown in Fig. 8b. Most
deformation was concentrated in the mesh with minimal or no
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Fig. 2. Testing arrangement for: (a) mesh tensile coupon samples, (b) TRM tensile coupon samples, and (c) single lap bond tests.
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Fig. 3. Wallette tests: (a) testing arrangement, and (b) schematic
representation.
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Fig. 4. Diagonal compression tests: (a) testing arrangement, and (b) schematic
representation.

deformations in the TRM, and no slip at the TRM-substrate interface.
The average stresses in the textile at rupture were 1193+326 MPa for
one layer and 1063+443 MPa for two layers, in both cases lower than
the mesh itself that exhibited an average stress of 1360+224 MPa [48].
The corresponding deformations at rupture were 2.39+0.24 % (one
layer) and 3.35+0.31 % (two layers), higher than the mesh itself, which
showed an average deformation at rupture of 2.19+0.30 % [48]. The
compressive strength of the mortar (f;) from the TRM coupons and bond
samples was 13.3+0.71 MPa [48].

The constitutive response of the masonry wallettes obtained from the
DIC processing is shown in Fig. 9. Note that the response during testing
was also recorded with transducers, which have been used to verify the
measurements from the DIC at specific points. The vertical strain,

computed as the average strain from the two vertical strain gauges, is
plotted on the positive axis, while the lateral strain is shown on the
negative axis. The black lines correspond to the average response from
the specimens in each figure panel. The post-peak response is plotted
until a stress drop of 20 % of the compressive strength. The masonry
compressive strength (f;,), the vertical (e,1) and lateral (e,2) strain at
crushing, and the elastic modulus (E,), determined at a range of 0-1/3
of the strength, are given in Table 1, along with their average, standard
deviation, and coefficient of variation (COV) for each group of speci-
mens. The ultimate (peak) load F, and the ultimate displacement &,
recorded during testing are also reported in Table 1. Evidently, the
strength of wallettes tested at the same time with the bending tests is
very similar (Groups WBPR and WBPP), while the strength is slightly
lower for the specimens tested during the diagonal compression tests
(Group WD). The mean vertical strain at crushing exceeds the corre-
sponding lateral strain for all groups of wallettes. Finally, the mean
elastic modulus is similar in all groups of wallettes and ranges from 1481
to 1637 MPa.

Fig. 10 shows the crack pattern and strain map at failure, obtained
from DIC, for Wallette WBPRa. Note that the crack pattern and strain
map do not correspond to the maximum load during testing, which is
attained before failure. As shown in Fig. 10, two main vertical cracks are
discerned at failure, running from the top to the bottom of the wall, near
the ends of the actuator. In Wallette WBPRa, the cracking was initiated
at mortar joints at the right-hand side and was gradually expanded along
the height of the specimen. The formation of the left-hand side crack
followed, while more cracks also developed with further application of
the load. Asymmetrical cracks were also observed in the rest of the
wallettes due to the inherent non-uniformity of the masonry.

3.2. In-plane response

The shear stress-shear strain curves of each group of diagonal
compression specimens are plotted in Fig. 11. Grey curves depict results
from each wall, while the mean response is shown in black colour. The
shear strength (r,), ultimate shear strain (y,), and shear stiffness
modulus (G), determined at a range of 0-1/3 of the shear strength, are
given in Table 2, for each specimen, along with the summarised statistics
for each group of square panels. The shear stress (7) and shear strain (y)
were evaluated using Eqs. 1 and 2, respectively. For the calculation of
the shear strain, virtual gauges as described in Section 2.3, were used.
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Fig. 5. Bending parallel tests: (a) testing arrangement, and (b) schematic representation.
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Fig. 6. Bending perpendicular tests: (a) testing arrangement, and (b) schematic representation.
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where F is the force recorded by the actuator, &, is the displacement
recorded by the horizontal virtual gauge, 8, is the displacement recorded
by the vertical virtual gauge, L, is the length of the horizontal virtual
gauge, l, is the length of the vertical virtual gauge, 1 and t are the
specimen width and thickness (including the thickness of TRM for
strengthened walls), respectively.

(b)

Fig. 7. Direct tension TRM coupon tests: (a) mesh stress-deformation curves, and (b) typical failure modes.

The ultimate (peak) load F,, and the ultimate displacement §, are also
reported in Table 2. The latter represents the vertical displacement
corresponding to the peak load and is effectively the same as the
displacement 5, when the peak load F, is attained.

The shear strength is shown to be significantly higher in TRM-
strengthened panels, compared to their URM counterparts, while the
specific number of layers of reinforcement appears to be a secondary
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Fig. 8. Bond tests: (a) mesh stress-deformation curves, and (b) typical failure modes.
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Fig. 9. Axial and lateral stress-strain curves of wallettes: (a) Group WBPR, (b) Group WBPP, and (c) Group WD. Black lines refer to the mean curves and grey lines

indicate individual specimens.

parameter, as the ultimate capacity is only slightly reduced when one
mesh layer is employed instead of two. More specifically, the shear
strength of TRM-strengthened panels is about 3 times higher than the
corresponding value attained for the URM panels. Using more layers of
textile mesh results in a more ductile response due to the formation of
multiple cracks before failure, as discussed below, thus resulting in
higher levels of shear strength. The shear stiffness modulus is also
considerably higher in TRM-strengthened panels, with average values of
about 2900 MPa, compared to their URM counterparts, where it de-
creases to approximately 500 MPa. Hence, an approximately fivefold
increase in the shear modulus may be achieved by textile mesh in ma-
sonry wall panels.

Figs. 12 and 13 show typical failure patterns for Specimens D2c and
DO0a, which are representative of walls with two mesh layers and without

mesh, respectively. It should be noted that the crack pattern and strain
map depicted in Figs. 8 and 9 correspond to the failure point, towards
the end of the test, and not to the peak load reached during testing. In
walls with two mesh layers, a more ductile failure was attained, with
multiple cracks being formed, until one of these opened, penetrating the
masonry substrate and leading to panel failure. As shown in Fig. 12, the
critical crack in Specimen D2c ran from the edge of the bottom loading
support to a point close to the top support of the specimen. A ductile
failure mode was also achieved at walls with one layer of reinforcement,
although not shown herein. On the other hand, in the case of URM
panels, the failure was due to a main critical stepped crack joining the
edges of the top and bottom supports (Fig. 13). Hence, when no mesh
was provided, the failure occurred early in a brittle manner, thus justi-
fying the lower ultimate shear strength and shear strain attained in URM



M. Liapopoulou et al.

Construction and Building Materials 448 (2024) 138152

[5%) 0% - 0@ U SssBASURLY

(b)

Fig. 10. Failure of Wallette WBPRa (Group WBPR): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst

blue colour indicates low strain levels.
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Fig. 11. Shear stress- shear strain curves of diagonals: (a) Group DO, (b) Group D1, and (c) Group D2. Black lines refer to the mean curves and grey lines indicate

individual specimens.

panels. This highlights the effectiveness of TRMs in improving the
response of masonry walls in diagonal compression, by contributing to
an enhanced deformation capacity.

3.3. Out-of-plane response

The force-displacement curves for each group of walls tested in
bending-parallel (Group BPR) are plotted in Fig. 14, whilst the main test
results are summarised in Table 3. Note that the individual specimen
response is shown with grey lines, while the black lines correspond to
the average response from the specimens in each figure panel. The post-
peak response is plotted up to a drop of 20 % of the peak axial force. The
ultimate (peak) force (F,) and displacement (5,) attained during testing,

10

and stiffness (K1), determined at a range of 0-1/3 of the peak force, are
presented in Table 3, along with the summarised statistics for each
group of specimens. The displacement &, is the corrected mid-span
displacement, after accounting for the relative displacement at the
supports.

As shown from the test curves in Fig. 14, the TRM-strengthened walls
exhibit significantly higher resistance, up to about 18 times higher than
their URM counterparts (BPRO), on average. A comparison of the
response of walls with one (BPR1) and two layers of mesh (BPR2) shows
that the force and deformation capacity is nearly doubled when two
mesh layers are provided. On the other hand, URM walls demonstrate
poor performance, reaching ultimate forces of only about 1.24 kN. The
average ultimate displacement is also considerably lower than the
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Fig. 12. Failure of Wall D2¢ (Group D2): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst blue

colour indicates low strain levels.

(a)

(%] O - XX3 UL SsIaASURL|

(b)

Fig. 13. Failure of Wall DOa (Group DO0): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst blue

colour indicates low strain levels.

corresponding displacement for strengthened walls. These results
highlight the benefits of using TRMs in improving the bending perfor-
mance of existing masonry elements, both in terms of ultimate force and
ductility. In addition, the stiffness of the walls is significantly enhanced
when textile meshes are employed, as indicated by the higher stiffness of
TRM-strengthened walls versus URM counterparts.

Fig. 15 shows the force-displacement curves of walls tested in
bending-perpendicular (Group BPP), where the individual specimen
response is plotted in grey and the average response in black. Similar to
the bending-parallel case, the response is plotted up to a force drop of
20 % from the peak. Table 4 provides the ultimate force and displace-
ment (F,, &,), and stiffness (K,2), determined at a range of 0-1/3 of the
peak force, along with the summarised statistics for each group of walls.
The ultimate force of TRM-strengthened specimens tested in bending
parallel is very similar to the corresponding force of walls tested in
bending perpendicular, suggesting that the presence of mesh rein-
forcement is the most significant parameter in determining the failure of
walls in bending, rather than the brick arrangement.

When one (BPP1) or two (BPP2) mesh layers are employed, the
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formation of cracks is delayed, and when these are formed, they mostly
follow a straight line on the surface of the specimens, regardless of the
mortar joint paths. On the other hand, the capacity of URM walls (BPP0)
is nearly tripled in the bending perpendicular tests compared to the
corresponding bending parallel tests (BPRO). Due to the brick arrange-
ment in the former case, the mortar joints along the width of the spec-
imens do not follow a straight line, thus resulting in a longer path of
cracks at failure, as discussed below. Therefore, in BPP tests of walls
with no mesh, more energy is required for the cracks to be formed
compared to BPR tests, and hence, higher ultimate force is attained.
Similar to the observations made in BPR specimens, the stiffness is
higher for TRM-strengthened walls in comparison with the URM
elements.

Figs. 16 and 17 depict the crack patterns and strain maps at failure
(after the peak load) from DIC for Specimens BPR2a and BPP2a, selected
to demonstrate the failure mode of TRM-strengthened walls tested in the
two arrangements. In BPR2a, the failure occurs with two horizontal
cracks that are formed at the points of load application, resulting in the
detachment of the outer part of the overlay mortar between these cracks.
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Fig. 14. Force-displacement curves of walls tested in bending parallel: (a) Group BPRO, (b) Group BPR1, and (c) Group BPR2. Black lines refer to the mean curves

and grey lines indicate individual specimens.

Note that the detachment of the TRM overlay in Specimen BPR2a
occurred after the end of the test, due to the formation of two horizontal
cracks at failure, while during testing there was sufficient cohesion be-
tween the textile and the substrate. In the rest of the TRM-strengthened
walls, with one or two layers of mesh, one horizontal crack was observed
at failure, as shown for Specimen BPP2a in Fig. 17 and Specimens BPR2b
and BPR1a in Fig. 18. The critical crack was formed through a mortar
joint, at any location between the load application points, where the
bending moment was maximised. In fact, multiple horizontal cracks
were formed, until one of those opened abruptly, signalising the failure.
Hence, the crack pattern was similar for all strengthened walls tested in
bending.

A single crack at failure was observed in walls that had no mesh
reinforcement (i.e., URM walls). In the case of URM BPR testing
(Fig. 19), this passed through a mortar joint between the load applica-
tion points. However, for URM BPP walls, the critical crack followed the
mortar joints line, thus deviating significantly from the horizontal di-
rection, as shown in Fig. 20. Hence, based on these observations, the
failure crack pattern of walls tested in bending perpendicular depends
on whether they are strengthened or not.

4. Analytical modelling

In this section, the test results are compared to analytical predictions,
based on codified and other proposed approaches. In particular, Amer-
ican [40] and European [57,58] standards are compared, whilst
improved models are also developed, aiming at ensuring more accurate
estimates of shear and bending capacities, based on experimental data.

In addition to the experiments carried out in this investigation, a
database with in-plane and out-of-plane tests on TRM-strengthened
masonry from the literature is also collated. With respect to the TRM
strengthening system, only glass, carbon, or basalt fibre reinforcing
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mesh were considered, as these materials exhibit comparable perfor-
mance. In addition, only studies that reported material tests on mortars
were included in the database. The main characteristics of the collated
diagonal compression tests [18,26,48,59] and bending tests [26,60,61]
are given in Tables 5 and 6, respectively. The values Ef and &, in Ta-
bles 5 and 6 are taken from manufacturer data sheets, or, if not provided,
from tests on the textile grid.

The in-plane and out-of-plane capacity of URM or TRM-strengthened
masonry walls may be evaluated as a function of key geometric and
mechanical properties of the masonry and TRM system. The main as-
sumptions adopted in the analytical models presented in detail below
are as follows: (i) plane sections remain plane during loading, (ii) the
tensile strengths of masonry and overlay mortar are ignored in textile-
reinforced masonry, and only the textile fibres are assumed to
contribute in tension, (iii) the compressive strength of the fibres is
neglected, (iv) perfect bond is assumed between the TRM and the ma-
sonry, thus ensuring strain compatibility, and (v) no end-debonding
mechanism occurs.

4.1. In-plane response

The shear capacity of strengthened masonry can be estimated as the
sum of the contributions from the URM and the TRM system. The focus
herein is on the latter, in order to assess the efficiency of TRM as a
strengthening option. TRM-specific expressions given in codes, as well
as a recently proposed approach, are reviewed below.

4.1.1. American code
According to the North American code ACI 549.6 [40], the shear
capacity enhancement due to TRM may be estimated from Eq. 3.

Viacr = nsAgEreq 3
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Fig. 15. Force-displacement curves of walls tested in bending perpendicular: (a) Group BPPO, (b) Group BPP1, and (c) Group BPP2. Black lines refer to the mean
curves and grey lines indicate individual specimens.
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Fig. 16. Failure of Wall BPR2a (Group BPR2): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst blue
colour indicates low strain levels.

The design axial fibre strain is limited to £z = 0.004, unless specific
experimental evidence supports the adoption of a higher limit. In this
study, the code-specified limit of 0.004 is adopted for the axial fibre
strain. Also, due to the lack of test data on TRM coupons in some of the

where ny is the number of sides of the wall that are strengthened; Ay is
the shear-effective area of the fabric reinforcement per side; E; is the
cracked TRM stiffness; ¢4 is the design axial fibre strain.
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Fig. 17. Failure of Wall BPP2a (Group BPP2): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst blue

colour indicates low strain levels.
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Fig. 18. Failure of: (a) Wall BPR2b (Group BPR2), and (b) Wall BPR1la
(Group BPR1).

studies in the collated database, the elastic modulus of the mesh grid is
employed for estimating the ACI-based shear capacity enhancement due
to TRM. Although this is not consistent with the code requirements, as
the aim of this study is to compare design-oriented predictive expres-
sions, the capacity predictions were based on manufacturer-provided
properties and pre-determined limits of failure strains, rather than
values obtained from testing (such as the cracked TRM stiffness that is
prescribed in the ACI model). Note that the design lateral capacity of
TRM-strengthened walls may be estimated as the sum of the TRM
expression and the URM capacity (which is the minimum of the in-plane
diagonal tension cracking and bed joint sliding capacity) and should not
exceed the toe crushing capacity of the wall.

4.1.2. Italian code
The Italian Code CNR-DT 215 [57] provides Eq. 4 below for the TRM
contribution to shear resistance.
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where 1 is the total number of layers on each side; t.y is the equivalent
thickness of a fibre layer; I is the design dimension of the reinforcement
perpendicular to the shear force (which typically covers the full length
of the wall); E is the fibre elastic modulus; a; = 0.8 is a reduction factor
that considers the reduction in the fibres tensile strength when they are
loaded in shear.

Eq. 4 is similar to the expression suggested in ACI 549.6 (i.e. Eq. 3),
considering that the product nst.l represents the total area of the fibres
per side (As). Although the recommended ultimate strain differs from
that used in the American code, for the purpose of comparisons in this
paper the same design strain limit of 0.004 is adopted in the Italian code
provisions.

4.1.3. Proposed approach

Recently, Elghazouli et al. [48] proposed an improved approach to
estimate the shear capacity of TRM-strengthened walls as the sum of
contributions from the URM, the textile mesh, and the mortar overlay.
The basic principles of this model are illustrated in Fig. 21. The shear
force due to the mortar overlay and the fibres are noted in the figure, for
a doubly reinforced masonry panel. Accordingly, the TRM contribution
can be determined from Eq. 5.

ngt,
b tr

Ve = TlsAfEfé‘fu + 5)
where ¢, is the strain at failure (obtained from tests); t, is the thickness
of overlay mortar layer per side of the wall; b is a correction factor for the
shear stress distribution in the middle section of the wall, defined in
Eurocode 8 [62]; f;, = 0.1f; is the tensile strength of the overlay mortar
(equal to 10 % of the compressive overlay mortar strength f;).

Note that the strain at failure may be obtained from TRM coupon
tests, while the tensile strength of the mortar overlay may be estimated
conservatively as 10 % of its compressive strength (f;, = 0.1f;) [55].

This model also incorporates the crushing strength, given in Eq. 6,
which limits the ultimate shear strength capacity.

Ve = 0.258, fnlt (6)
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Fig. 19. Failure of Wall BPROb (Group BPRO): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst blue

colour indicates low strain levels.
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Fig. 20. Failure of Wall BPPOa (Group BPPO): (a) crack pattern, and (b) strain map from DIC. Red colour indicates cracking or high strain concentration, whilst blue

colour indicates low strain levels.

The factor g, accounts for the confinement effect due to the TRM and
typically varies between 1.15 and 1.20 for cohesive brittle materials
[63]. A value of 1.15 is adopted in this study.

To facilitate the use of this model in the design, instead of using
experimental values for the strain of the fibre mesh at failure, a rec-
ommended value for e, is derived herein, based on the test results
included in both the shear and bending databases (Tables 5 and 6). This
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is given in Eq. 7 and is selected so that the average experimental-to-
predicted shear and moment capacity ratio is as close to unity as
possible, considering all tests in the shear and bending database,
respectively. Note that the studies in Tables 5 and 6 use coated glass
mesh for the TRM strengthened masonry, and the proposed limit is not
appropriate when uncoated textiles are employed. Also, the proposed
strain limit may be unconservative when a single mesh layer is added
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Table 5
Database of TRM-strengthened diagonal compression tests.
D Reference ny ng Textile  Ef & h 1 t fm Vexp Viexp Veacr Vicnr Ve (kN)
O] ) (GPa) (%) (mm) (mm)  (mm)  (MPa) (kN) (kN) (kN) (kN)

Dla This study 1 2 Glass 72.00 2.70" 688 688 125 6.35 170.35 120.52 12.29 9.83 71.74

D1b This study 1 2 Glass 72.00 2.70" 688 688 125 6.35 178.84 129.01 12.29 9.83 67.06

Dlc This study 1 2 Glass 72.00 2.70" 688 688 125 6.35 173.38 123.55 12.29 9.83 75.35

D2a This study 2 2 Glass 72.00 2.70" 688 688 125 6.35 203.31 153.47 24.58 19.66 129.05

D2b This study 2 2 Glass 72.00 2.70' 688 688 125 6.35 194.97 145.13 24.58 19.66 123.39

D2c This study 2 2 Glass 72.00 2.70" 688 688 125 6.35 190.56 140.72 24.58 19.66 123.06

DC-L1D- [48] 1 2 Glass 72.00 2.70 710 710 110 5.50 143.58 66.75 5.50 4.40 66.11
D1

DC-L1D- [48] 1 2 Glass 72.00 2.70 710 710 110 5.50 138.70 61.87 5.50 4.40 66.11
D2

DC-L1D- [48] 1 2 Glass 72.00 2.70 710 710 110 5.50 168.89 92.05 5.50 4.40 66.11
D3

DC-L1S- [48] 1 1 Glass 72.00 2.70 710 710 110 6.10 126.05 49.22 2.75 2.20 28.52
D1

DC-L1S- [48] 1 1 Glass 72.00 2.70 710 710 110 6.10 112.85 36.01 2.75 2.20 28.52
D2

DC-L1S- [48] 1 1 Glass 72.00 2.70 710 710 110 6.10 125.75 48.92 2.75 2.20 28.52
D3

DC-L2D- [48] 2 2 Glass 72.00 2.70 710 710 110 6.20 153.40 76.57 10.99 8.79 95.67
D1

DC-L2D- [48] 2 2 Glass 72.00 2.70 710 710 110 6.20 162.80 85.96 10.99 8.79 95.67
D2

DC-L2D- [48] 2 2 Glass 72.00 2.70 710 710 110 6.20 165.46 88.63 10.99 8.79 95.67
D3

TD1R [26] 1 2 Glass 67.00% 1.93% 1200 1200 250 3.28 213.58 128.01 18.80 15.04 143.29

TD2 R [26] 1 2 Glass 67.00% 1.93” 1200 1200 250 3.28 248.89 163.32 18.80 15.04 143.29

TD3 R [26] 1 2 Glass 67.00% 1.93” 1200 1200 250 3.28 223.68 138.11 18.80 15.04 143.29

MD1 R [26] 1 2 Glass 67.00% 1.93% 1200 1200 250 7.89 509.89 113.39 18.80 15.04 143.29

MD2 R [26] 1 2 Glass 67.00% 1.93% 1200 1200 250 7.89 586.55 190.05 18.80 15.04 143.29

MD3_R [26] 1 2 Glass 67.00% 1.93” 1200 1200 250 7.89 482.15 85.65 18.80 15.04 143.29

PS1 [59] 2 2 Glass 72.00 1.78 1030 1030 250 2.30 196.40 107.38 46.08 36.86 183.89

PS2 [59] 2 2 Glass 72.00 1.78 1030 1030 250 2.30 234.30 145.28 46.08 36.86 183.89

PS3 [59] 1 2 Glass 72.00 1.78 1030 1030 250 2.30 207.90 118.88 23.04 18.43 126.78

PS4 [59] 1 2 Glass 72.00 1.78 1030 1030 250 2.30 154.70 65.68 23.04 18.43 126.78

PT1 [59] 2 1 Glass 72.00 1.78 1030 1030 250 2.30 128.20 39.18 23.04 18.43 126.78

PT2 [59] 2 1 Glass 72.00 1.78 1030 1030 250 2.30 168.10 79.08 23.04 18.43 126.78

PT3 [59] 1 1 Glass 72.00 1.78 1030 1030 250 2.30 181.80 92.78 11.52 9.22 63.39

PT4 [59] 1 1 Glass 72.00 1.78 1030 1030 250 2.30 124.40 35.38 11.52 9.22 63.39

PR1 [18] 1 1 Glass 72.00 1.77 1230 1230 310 1.95 242.66 122.23 11.52 9.22 60.85

PR2 [18] 1 1 Glass 72.00 1.77 1230 1230 310 1.95 221.09 100.66 11.52 9.22 60.85

PRR1 [18] 1 2 Glass 72.00 1.77 1230 1230 310 1.95 382.86 262.43 23.04 18.43 121.69

PRR2 [18] 1 2 Glass 72.00 1.77 1230 1230 310 1.95 366.68 246.25 23.04 18.43 121.69

1 lowest specified elongation in the datasheet [39] (i.e., lateral elongation)
2 data from tensile tests on grid

with properties similar to those of the mesh materials used in this paper.
In the method presented herein, referred to as the proposed approach,
the TRM contribution to the shear capacity may be estimated from Eq. 6,
while the moment capacity of TRM-strengthened masonry may be
determined from Eqgs. 28-36 presented in Section 4.2.4, using the strain
at failure from Eq. 7 in both cases.

e = 0.018 @
4.1.4. Comparative assessments

The TRM contribution in shear capacity from tests carried out both in
this study and previous tests included in the collated database (see
Table 5), is compared to analytical predictions based on each of the
above-mentioned methods in Fig. 22. The average and standard devia-
tion of the experimental-to-predicted shear capacity ratios are noted at
each panel. Current codes tend to highly underestimate the TRM
contribution, providing overly conservative estimates. It is noteworthy
that not only are the average values of the experimental-to-predicted
shear capacity ratios much larger than one (9.49 with the ACI 549.6
and 11.86 with the CNR-DT 215), but all individual capacity ratios also
exceed unity, implying that the predictions are conservative for every
test included in the database. In contrast, when the proposed approach is
employed, the data points are symmetrically distributed around the
diagonal line, exhibiting a significant reduction in their average (1.30)
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and dispersion (0.45). The conservatism involved in current standards
can be attributed to the adoption of a fixed fibre strain limit (efg =
0.004), as suggested in ACI 549.6.

To investigate the effect of various parameters included in the pro-
posed model, the shear strength (computed based on Eq. 5) normalised
to the effective thickness (r/ty) is plotted against the masonry
compressive strength (f,) in Fig. 23. A 1000 x 1000 x 300 mm glass
fibre (Ef = 72GPa, &5, = 0.018) reinforced masonry wall is considered
as the reference case in Fig. 23a, assuming an effective fibre thickness
(tefr) of 0.04 mm and overlay mortar compressive strength (f;) equal to
30 MPa. Variations of this wall, considering increased section thickness
(t = 600mm) and applied precompression (69 = 0.3 MPa) are presented
in Figs. 23b and 23c, respectively. The lighter blue regions indicate the
shear resistance of URM and masonry with mortar overlays on both
sides, while the darker coloured contours correspond to TRM-
strengthened masonry with 1-4 layers applied symmetrically on both
sides of the panels. Assuming that diagonal cracking governs the
response, the URM shear resistance was evaluated from Eq. 8 [62],
adopting Eq. 9 [48] for the diagonal tensile strength of masonry f;.

)
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Table 6
Database of TRM-strengthened bending tests.
ID Reference  ny ng Textile  Ef £ h 1 t 6o fm Mexp Macr Mcnr Mgc M
(OO (GPa) (%) (mm)  (mm) (mm) (MPa) (MPa)  (kNm) (kNm) (kNm) (kNm)  (kNm)
BPR2a This 2 2 Glass 72.00 2.70" 917 461 142 0.00 6.84 3.49 3.37 3.40 3.41 4.57
study
BPR2b This 2 2 Glass 72.00 2.70" 918 459 138 0.00 6.84 3.80 3.26 3.28 3.30 4.42
study
BPR2c This 2 2 Glass 72.00 2.70" 919 460 138 0.00 6.84 3.51 3.26 3.29 3.30 4.44
study
BPR2d This 2 2 Glass 72.00 2.70" 914 458 135 0.00 6.84 3.11 3.18 3.20 3.22 4.34
study
BPR1a This 1 2 Glass 72.00 2.70" 915 460 133 0.00 6.84 1.78 1.60 1.61 1.61 2.22
study
BPR1b This 1 2 Glass 72.00 2.70" 915 454 136 0.00 6.84 1.84 1.62 1.62 1.63 2.22
study
BPR1c This 1 2 Glass 72.00 2.70" 915 460 128 0.00 6.84 1.46 1.54 1.55 1.55 2.15
study
BPP2a This 2 2 Glass 72.00 2.70" 932 451 142 0.00 6.99 3.43 3.30 3.32 3.34 4.55
study
BPP2b This 2 2 Glass 72.00 2.70" 932 450 140 0.00 6.99 3.39 3.24 3.27 3.28 4.41
study
BPP2c This 2 2 Glass 72.00 2.70" 931 449 138 0.00 6.99 3.45 3.19 3.21 3.23 4.33
study
BPPla This 1 2 Glass 72.00 2.70" 935 447 137 0.00 6.99 2.01 1.61 1.61 1.62 2.22
study
BPP1b This 1 2 Glass 72.00 2.70" 933 449 138 0.00 6.99 1.92 1.63 1.63 1.64 2.24
study
BPP1c This 1 2 Glass 72.00 2.70" 934 447 139 0.00 6.99 2.12 1.63 1.63 1.64 2.27
study
GFRCM_01 [60] 1 1 Glass 65.00 1.20 2700 1200 250 0.20 3.73 22.38 13.54 13.62 13.69 19.94
GFRCM_02 [60] 1 1 Glass 70.00 1.50 2700 1200 250 0.20 3.73 18.97 13.37 13.45 13.52 19.70
GFRCM_02 [61] 1 1 Glass 70.00 2.90 2700 1200 250 0.20 3.73 19.03 9.34 9.36 9.41 13.77
GFRCM_03 [61] 1 1 Glass 72.00 1.80 2700 1200 250 0.20 3.73 18.47 8.86 8.88 8.92 13.06
TB1.R [26] 1 2 Glass 67.00” 1.93% 1200 800 310 0.00 3.28 12.15 6.15 6.16 6.18 9.05
TB2_R [26] 1 2 Glass 67.00% 1.93% 1200 800 310 0.00 3.28 10.94 6.15 6.16 6.18 9.05
TB3 R [26] 1 2 Glass 67.00° 1.93° 1200 800 310 0.00 3.28 11.60 6.15 6.16 6.18 9.05
MB1 R [26] 1 2 Glass 67.00° 1.93% 1200 800 310 0.00 7.89 11.82 6.21 6.22 6.23 9.48
MB2R [26] 1 2 Glass 67.00% 1.93% 1200 800 310 0.00 7.89 12.63 6.21 6.22 6.23 9.48
MB3 R [26] 1 2 Glass 67.00% 1.93% 1200 800 310 0.00 7.89 10.30 6.21 6.22 6.23 9.48

1 lowest specified elongation in the datasheet [39] (i.e., lateral elongation)
2 data from tensile tests on grid

AfEfefqu% £,

AcEgeg, + % f,
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Fig. 21. Shear forces due to the contribution of the overlay mortar and textile
for a masonry panel subjected to shear loading, according to the pro-
posed approach.
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f = 0.0163f,,"*® 9)
where oy is the precompression stress.

The possible failure modes of TRM-strengthened walls are also
shown in Fig. 23. The blue regions and dashed blue lines refer to failure
due to rupture of the fibres, which is estimated as the sum of the URM
shear resistance (Eq. 8) and the TRM contribution (Eqg. 5), while the red
diagonal line corresponds to the crushing capacity of masonry (Eq. 6).
The latter failure mode dominates for low-strength masonry, trimming
the strength enhancement provided by each layer of reinforcement.
Hence, adding more reinforcement layers improves the shear resistance
only for masonry strength higher than the critical f, level at which
masonry crushing governs. This critical strength limit increases with
increasing number of layers and increasing precompression, while it
reduces as the section thickness increases.

It is worth noting that the contribution of each layer of reinforcement
is the same and considerably larger than the strength enhancement due
to the overlay mortar. This justifies the disregard of the overlay mortar
in current codified approaches, as its effect is negligible compared to the
influence of the mesh reinforcement. For the masonry wall considered
herein, increased section thickness results in reduced fibre contribution.
Applying initial precompression results in slightly enhanced capacities
both for URM and TRM-strengthened masonry.

4.2. Out-of-plane response

The out-of-plane flexural capacity of strengthened masonry walls
from this work and previous studies included in the database is
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Fig. 22. Experimental against predicted TRM contribution to shear capacity based on: (a) ACI 549.6 [40], (b) CNR-DT 215 [57], and (c) proposed approach.
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Fig. 23. (a) Normalised shear strength as a function of masonry compressive strength for a masonry wall, and effect of: (b) section thickness, and (c) precompression
stress. Lighter blue colours correspond to URM, while darker colours indicate increased resistance due to overlay mortar and 1-4 layers of mesh reinforcement
applied symmetrically on both sides of the walls. Blue lines indicate failure due to fibre rupture, while red line indicates failure due to crushing.
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analytically evaluated in this section using the ACI 549.6 [40] and
CNR-DT 215 [57] guidelines, as well as a European-based [58] and a
new proposed approach.

4.2.1. American code

In addition to the assumptions mentioned earlier, the American code
ACI 549.6 [40] also assumes that the contribution of the overlay mortar
in compression can be disregarded when evaluating the out-of-plane
resistance of TRM-strengthened masonry. Hence, only the masonry
acts in compression, while the fibres in the reinforcement mesh provide
the tensile resistance of the cross-section. A rectangular stress block is
considered to simplify the parabolic stress-strain constitutive represen-
tation for masonry, with length fxacr and stress yf,,, where f3, y are stress
block parameters, xa¢s is the neutral axis depth, and f;, is the masonry
compressive strength. The stress-strain relationship of the fibres is
assumed to be linear-elastic with a Young’s modulus E, as provided by
the manufacturer. The basic assumptions of the ACI 549.6 model are
shown in Fig. 24, which illustrates the strain and stress distribution for a
masonry panel, in addition to the forces acting on the section. An
external axial force N is assumed.

Two modes of failure are distinguished, namely, masonry crushing
and TRM rupture. The failure mode is identified by assuming that both
the masonry and the TRM reach their ultimate strain simultaneously and
comparing the value of the applied axial load to the total resistance from
the masonry and the TRM. If the total tensile axial force in the cross-
section exceeds the compressive axial force from the masonry, then
masonry crushing governs. In contrast, if there is a compressive force
surplus, then failure occurs by TRM rupture. Through strain compati-
bility and axial force equilibrium considerations, the depth to the
neutral axis (xac;) and the extreme strain at fibres (&) and masonry
(éme) may be evaluated from Eqs. 10-12, for the case of masonry
crushing, and Eqgs. 13-15 for TRM failure.

YhmBxacr® + (AsemuBs — N)Xacr — AgemuEpd = 0 (10)
d—
& = emu(d — Xsar) <& 11)
Xacr
Eme = Emu (12)
N+ Afé‘quf
_ 13
Xacr Yl 13)
Efe = Efuy (14)
EmX,
Eme = dﬁli Emu (15)
— Xacr

According to ACI 549.6 [40], the stress block parameters are defined
as f = y = 0.8 for masonry crushing, and =y = 0.7 for TRM failure,
while the ultimate masonry strain is, &,, = 0.035 and the ultimate fibre
strain is 5, = 0.012. After obtaining the neutral axis depth, the moment
capacity can be determined from Eq. 16.

neutral
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MACI = 0.5}’fmﬁXACIl(d — ﬂx,m) + 0.5Af8feEfd (16)
4.2.2. Italian code

According to the Italian code CNR-DT 215 [57], the flexural capacity
of TRM-strengthened masonry panels can be estimated based on the
structural properties of the masonry and the textile. The stress-strain
constitutive relationship for masonry is assumed as elastic-perfectly
plastic, with the strength increasing linearly up to the design strain
&md, then remaining constant and equal to the masonry strength f;, up to
the ultimate strain &, and finally dropping to zero for larger strains.

Similar to the ACI guidelines, two modes of failure are also discerned
in the Italian code. If failure at masonry occurs (&, = &my), the neutral
axis depth (x¢yr) and moment capacity (Mcyg) can be determined from
Egs. 17 and 18, respectively, by introducing the parameter k that rep-
resents the ratio of the design to the ultimate masonry strain, as shown in
Eq. 19.

N — ApequEr + Ap” € Ef* + N? — 2NAsem By +2(2 — k)fulAsemErd

onm = (2= k)fml
a7
Meng = AfEf€my(d+ 0.5kxeng — 0.5Xenr) + fulkx?(0.25 — 0.083k)  (18)
k = md (19)
Emu

If the failure strain is reached at the fibres and the masonry is in the
elastic range (en < €mq), the neutral axis and moment capacity may be
evaluated from Eqs. 20 and 21, respectively.

N+ AsenE
XeNR = —5r 1 s;flu ! (20)
X
Mo = AsEpe(d - %) (21)

In case of fibre rupture while the masonry is in the plastic range
(éma < €m < €my), the neutral axis and moment capacity are estimated
from Egs. 22 and 23, respectively, where the parameter k, introduced in
Eq. 24, is the ratio of the design masonry strain to the ultimate fibre
strain.

N +Af€quf + 05kdfml

XoNR = T 0.5kl (22)
Mcng = AgEgep[(1+0.5k)d — 0.5(1 + k)xong] — 0.5fulk(d — Xcnr)
(05 +5)xown @3
k = Emd (24)
&fu

The strain limit for masonry crushing is defined as &y, = 0.035,
while the ultimate fibre rupture limit ¢, is the conventional strain limit

(a)
&y

in the case of failure mechanisms due to intermediate debonding

m,conv

Em

—— ArEce;

| 1t

&

Fig. 24. Strain and stress distribution for a masonry panel subjected to bending and corresponding sectional forces, according to ACI 549.6 [40].
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or the conventional strain limit &y, cny in the case of end debonding
[57]. In the absence of experimental data and to ensure that the results
are comparable, the strain limit recommended by the American code
(0.012) is also adopted in the Italian code provisions. The yield strain of
masonry is taken as &,y = 0.001, assuming a value for the masonry
Young’s Modulus of E,, = 1000f,,, as suggested in Eurocode 6 [58].

4.2.3. European-based approach

In the absence of Eurocode-based provisions for TRM-strengthened
masonry members, an approach based on Eurocode 6 [58], is intro-
duced for the assessment of the out-of-plane strength of masonry walls.
Specifically, Eurocode 6 [58] only provides guidelines for singly rein-
forced masonry with steel reinforcement. This can, however, be adapted
for glass fibre reinforcement, adopting the strain limit of 0.012 proposed
in the American code [40].

According to Eurocode 6 [58], a rectangular stress distribution is
assumed to simplify the masonry response in compression, with strength
fm and length fxgc, where f is a reduction factor of the neutral axis depth
Xxgc. It is also assumed that both the masonry and the fibres reach their
ultimate strain simultaneously. The ultimate masonry strain is taken as
emu = 0.035, while the ultimate fibre strain is considered as &5, = 0.012,
adopting the limit proposed in ACI 549.6 [40], due to the lack of
European-based guidance.

The neutral axis and moment capacity can be evaluated from Egs. 25
and 26. Note that these have been modified from the equations in
Eurocode 6 [58] to include the axial force. However, they are only
applicable for members strengthened on one side, disregarding any
possible contribution of overlay mortar in compression for doubly
reinforced masonry panels.

(25)

_ _ N+ Af€quf _ N+ Afé‘quf
My = 0.5Nd (1 g ) tABrend(1-05=—TE ) (26)

4.2.4. Proposed approach

An improved analytical approach for evaluating the flexural resis-
tance of out-of-plane strengthened masonry walls is developed herein by
accounting for the contribution of the overlay mortar in compression
and adopting updated ultimate fibre strain limits for each TRM material
type, as given in Eq. 7. In addition, the stress-strain relationship for
masonry is simplified through a rectangular stress block with strength f;,
and length px, where g is a reduction factor of the neutral axis depth x.
The overlay mortar is assumed to exhibit elastic-perfectly plastic
response with elastic modulus E, and strength f,, obtained by fitting a
bilinear curve to the experimental results. The fibres are assumed to be
elastic with an elastic modulus E; as given by the manufacturer. In
Fig. 25, the assumed strain and stress distributions for a masonry panel
in bending are depicted, along with the sectional forces.

Similar to the ACI 549.6 [40] and CNR-DT 215 [57] provisions, a
distinction is made with respect to the failure mode. Assuming fibre

Construction and Building Materials 448 (2024) 138152

rupture, the neutral axis depth and moment capacity are evaluated from
Egs. 27-30. The strain at the extreme masonry fibre is then evaluated
from Eq. 31 and compared to the ultimate masonry strain (¢, = 0.035).
If the ultimate strain limit is reached at the masonry, masonry crushing
occurs, and the initial assumption of fibre rupture is invalid. In this case,
the neutral axis and moment capacity may be computed from Egs.
32-35, corresponding to failure due to masonry crushing.

ﬂfmbx2 + [ﬂfml(tr - d) - trlErgfu _AfEfgﬁl _N]x+ (N+AfEf€fu)(d - tr)

— ll}zEr&‘fu =0
27)
E‘fu(X—F tr)
=Xt l) 2
& d—x—t 28
_ Ergn&gr <fr/Er
o = {fr,& & > fi/Es (29)

M = N(0.5d — 0.50x — t,) + ArEyez(d — 0.5x — t,) + 6,1t (0.50x + 0.5t,)
(30)
EfuX

:d—x—t, GD

eme
Bfnl® + [t-Eremy + ArEgemy + N] X + (N + AgEpemy) (tr — d) + 0.5l *Erémy
=0
(32)

o Emu(x + tr)

o (33)
X

M = N(0.5d — 0.50x — t,) + AsEsez (d — 0.58x — t,) +5,1t,(0.5px + 0.5¢,)
(€D)]

Emu(d — X — t,)
X

Efe = (35)

4.2.5. Comparative assessments

The four approaches for estimating the out-of-plane moment ca-
pacity of TRM-strengthened masonry walls were applied to the bending
tests carried out in this research, as well as various tests from the liter-
ature (see Table 6). The predicted moment capacities, as obtained using
each approach and for each test, are plotted against the experimental
results in Fig. 26, with the average and standard deviation of the
experimental-to-predicted capacity ratios shown on the top left corner of
each figure panel. The ACI 549.6 [40] and CNR-DT 215 [57] codes, as
well as the European-based approach [58], result in very similar pre-
dictions, with an average of about 1.42 and a standard deviation of
about 0.41. This highlights the significance of the ultimate fibre strain
limit, which was defined as 0.012 in these approaches. These methods
showed considerable discrepancy from the test results, as indicated by
mean values not close to unity and the scatter of results around the
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Fig. 25. Strain and stress distribution for a masonry panel subjected to bending and corresponding sectional forces, according to the proposed approach.
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Fig. 26. Experimental against predicted moment capacity based on: (a) ACI 549.6 [40], (b) CNR-DT 215 [57], (c) Eurocode-based approach [58], and (d) pro-
posed approach.
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symmetrically on both sides of the walls. Blue lines indicate the actual failure mode attained, while the red dashed lines indicate failure due to masonry crushing.
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diagonal line. The most accurate estimates are obtained from the
method proposed in this study, in which case the average
experimental-to-predicted moment capacity ratio reaches unity, and the
standard deviation is comparatively lower, at 0.24.

In Fig. 27, the bending strength, evaluated using the proposed
approach (Egs. 27-35) and normalised to the effective thickness (¢/t.s),
is plotted against the masonry compressive strength (f,), for various
configurations of URM or TRM-strengthened walls, in a similar format to
Fig. 23. The same masonry wall that was used in Fig. 23 is also
considered herein, with the same variation of properties in panels a-c.
The contribution of mortar overlays in bending is negligible, as the
flexural tensile strength of masonry (f, = 0.1MPa, assuming lightweight
lime-mortar and clay bricks and following guidance in Eurocode 6 [58])
is lower than the tensile strength of the overlay mortar (f;, = 0.1f;
0.3MPa, assuming a compressive strength of the overlay mortar f;
30MPa). Hence, the masonry contribution is critical and dictates the
capacity of both URM and masonry with overlay mortar. Therefore, only
URM and the contributions from mesh layers are shown in Fig. 27. The
moment capacity of URM is estimated according to Eq. 36.

It
M, = fxg

(36)

The blue contours show the actual failure mode attained at each level
of f,,, while the red dashed lines indicate masonry crushing. Hence, in
regions where the blue contours follow the red dashed lines, failure is
due to masonry crushing, while fibre rupture occurs where the two
diverge. Masonry crushing governs for low-strength masonry, while the
critical strength limit that signalises the transition to fibre fracture
failure increases as the number of layers increases. When fibre fracture
governs, the capacity ultimately becomes independent of the masonry
compressive strength.

Each panel in Fig. 27 corresponds to a specific combination of section
thickness and precompression level. An increase in the section thickness
is shown to reduce the capacity, shifting all contours at lower levels of
normalised strength. A relatively smaller effect can be discerned with
respect to the level of precompression.

5. Concluding remarks

In this paper, the in-plane and out-of-plane response of URM and
TRM-strengthened masonry was assessed through a total of thirty-nine
specimens tested in axial compression, diagonal compression, and
bending with load application parallel and perpendicular to the bed
joints. The masonry included hydraulic lime mortars and fired clay
bricks, with properties selected to represent heritage structures in His-
toric Cairo. From the total number of tests, eighteen were strengthened
with one or two layers of alkali age-resistant glass fibre mesh applied to
each side and embedded in a cement-lime overlay mortar to ensure
sufficient connection to the substrate. Additional material tests were
carried out for the characterisation of bed joint mortars, overlay mor-
tars, bricks, and TRM coupons.

The main conclusions from the experimental programme are out-
lined below.

- Overlay mortars showed, on average, about six times higher strength
than the bed joint mortars. Bricks tested parallel to the bed face
exhibited nearly twice the strength of those tested perpendicular to
the bed face, which is attributed to their low aspect ratio and the
resulting higher levels of confinement. Increased tensile strength and
deformation at failure by factors of about 2.0 and 1.4, respectively
were obtained for TRM coupons with two layers, compared to those
with one mesh layer.

The compressive strength of masonry wallettes varied in the range of
5.92-7.40 MPa. Their cracking pattern at failure showed two main
vertical cracks on both sides, near the edge, that initiated from the
bed joints and propagated through the height of the specimens.
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- URM panels tested in diagonal compression failed in a brittle
manner, due to a main critical stepped crack joining the edges of the
top and bottom supports, reaching a shear strength of 0.44 MPa, on
average. This increased to approximately 1.42 MPa for TRM-
strengthened panels, in which a more ductile failure was achieved,
involving the formation of multiple cracks. The TRM strengthening
was shown to enhance the in-plane response of URM walls, yet an
increase in mesh layers had a minimal influence on the shear
resistance.

The ultimate force of URM walls tested in bending depended on the
brick arrangement, reaching a value of about 3.65 kN, on average,
for loading perpendicular to the bed joints, while this reduced to only
1.24 kN when the loading was applied parallel to the bed joints. In
contrast, the brick arrangement did not have a significant effect on
the resistance of TRM specimens. Walls with one mesh layer, tested
either in bending parallel or perpendicular, exhibited ultimate force
of about 12.42 kN, while those strengthened with two mesh layers
showed increased resistance, at 22.26 kN, on average. This distinct
response of URM and TRM walls was also reflected in their crack
patterns. For URM walls, the critical crack in bending parallel tests
developed horizontally through a mortar joint located at the region
of maximum bending moment, while in the bending-perpendicular
tests, the critical crack diverted from the horizontal orientation,
following the mortar joints path. TRM-strengthened walls typically
failed with one horizontal crack close to mid-height, where the
bending moment was maximum, for both the examined brick
arrangements.

The test results from this investigation, along with a series of tests
from the literature, were compared against existing and proposed
analytical approaches for the design of TRM-strengthened walls in shear
and bending. Expressions for the enhancement in shear resistance due to
TRM strengthening given in the American (ACI 549.6) and the Italian
(CNR-DT 215) codes, as well as an analytical approach that incorporates
the fibre strain limit proposed in this work, were assessed against the test
results. The American and Italian code predictions were shown to be
grossly overconservative, mostly due to the associated low design fibre
strain limit prescribed, whilst the proposed approach resulted in much
closer shear capacity estimates to those obtained experimentally and
with considerably lower standard deviation than for the code pre-
dictions. Sensitivity analyses based on the proposed approach revealed
that the precompression stress was a secondary parameter.

The bending resistance of TRM-strengthened walls was evaluated as
per the North American (ACI 549.6) and the Italian (CNR-DT 215) code,
a European-based approach, and a proposed approach that considers the
contribution of the mortar overlay in compression and a suggested fibre
strain limit. Comparative assessments indicated that the American and
Italian codes, as well as the European-based approach, resulted in overly
conservative predictions of the bending moment. The proposed
approach, on the other hand, provided a mean bending capacity esti-
mate that was very close to the mean test values and with relatively low
standard deviation compared to the code predictions. As for the in-plane
response, using this proposed approach, it was shown that the initial
precompression stress is of minor importance.

Overall, the proposed analytical approaches for determining the in-
plane and out-of-plane strength provide close prediction of the experi-
mental capacities from this study as well as those from a wider collated
database of previous tests. They are therefore suitable for implementa-
tion in practical assessment and rehabilitation guidelines.
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