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Abstract The preliminary findings of cyclic tests
conducted on a series of half-scale unstrengthened and
strengthened masonry walls are presented. Reinforced
walls were strengthened by (i) non-prestressed near
surface mounted (NSM) glass fibre reinforced poly-
mer (GFRP) bars and (ii) prestressed NSM GFRP.
Walls were strengthened symmetrically by vertical
bars passing through both mortar and bricks. The
structure was subjected to concurrent sustained uni-
formly distributed vertical loads and static cyclic
horizontal loads. Each reinforcement method was
evaluated for its loading capability and ductility
efficiency. The experimental results showed a consid-
erably higher ultimate load-carrying capability and
ductility of strengthened walls compared to the
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unstrengthened wall. This was more pronounced for
walls reinforced with prestressed GFRP bars. The
ultimate strength of the strengthened walls compared
to the un-reinforced masonry (USM) wall was 38% for
the wall strengthened with the non-prestressed NSM
technique and 58% for the wall strengthened with the
prestressed NSM technique. The horizontal failure
displacement was improved by about 64% in the non-
prestressed NSM technique and 127% in the pre-
stressed NSM technique compared to the USM wall.

Keywords Masonry - FRP - Retrofitting -
Strengthening - Near-surface mounted - NSM -
Prestressed NSM

1 Introduction

Due to the rapid advancements in strengthening, it is
critical to create innovative approaches that take
advantage of the current Fiber Reinforced Polymer
(FRP) composites. FRP offers significant advantages,
including a high strength-to-weight ratio and excep-
tional resistance to corrosion [1-5]. Additionally,
there is minimal loss of usable space due to the
strengthening with FRP, as the application process is
relatively simple and non-intrusive to traditional
strengthening methods, such as steel plate bonding,
external post-tensioning, or concrete jacketing [6, 7].
However, it is worth mentioning that applying FRP to
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strengthen masonry structures can be particularly
challenging, especially when dealing with uneven
surfaces or the application on vault intrados. In
addition to the benefits listed above, FRP reinforce-
ment will prevent crack growth. By applying FRP
composites, the tensile strength of the reinforced
sections is significantly enhanced, thus inhibiting the
propagation of cracks and minimising the risk of
structural failure. This crack prevention mechanism
plays a vital role in enhancing the overall performance
and longevity of the strengthened structures [8].
Externally-bonded prestressed (EBP) fibre-rein-
forced polymer plates/bars and near-surface mounted
(NSM) FRP strips/bars are two important techniques
for strengthening concrete and masonry structures
with FRP materials. However, there are considerable
limitations to these two techniques, i.e. EBP and NSM.
Although strengthening with externally bonded FRP
composites significantly improves the flexural beha-
viour of strengthened beams [9], numerous research
detected their premature debonding failure, limiting
their ability to use the FRP composites’ high-strength
properties [10, 11]. Because this technique lacks strain
compatibility between concrete/masonry sections and
FRP, it presents numerous challenges in terms of
analysis and design [12]. Additionally, environmental
exposure increases the potential damage to FRP bars
during the construction stage and their service life
[13, 14]. Indeed FRP composites have displayed
varying levels of degradation in their mechanical
properties when subjected to environmental condi-
tions such as hygrothermal, alkaline, acidic, and UV
radiation exposures [15-17]. The NSM method
demonstrated remarkable results in increasing beams’
ultimate flexural capacity, but no substantial improve-
ment in the pre-cracking stage was observed [18-20].
The lack of substantial improvement in the pre-
cracking stage with the NSM method could be
attributed to several factors. The NSM method
primarily focuses on enhancing the load-carrying
capacity of the members by providing additional
reinforcement within the structure. While this method
effectively increases the overall strength of the beams,
it may not significantly improve the structure beha-
viour in terms of cracking initiation and propagation.
Furthermore, the NSM method may not provide
sufficient reinforcement in the critical regions of the
members where cracking is most likely to occur. The
distribution and arrangement of the NSM

reinforcement might not effectively control the tensile
stresses in the pre-cracking stage, leading to limited
improvement in crack resistance. Also, the behaviour
of the members in the pre-cracking stage is influenced
by various factors such as the concrete/masonry’s
tensile strength, the geometry of the members, and the
applied loading conditions. These factors can interact
in complex ways, and the NSM method alone may not
be able to completely overcome the limitations
imposed by these factors.

Using prestressed NSM FRP strips/bars can com-
bine the advantages of these two strengthening
methods, and it thus becomes very attractive to
promote further FRP applications in strengthening
concrete and masonry structures [21]. This newly
designed strengthening approach was introduced to
maximise the techniques’ effectiveness. This tech-
nique is presently being investigated to incorporate
into design guidelines as an alternative to conventional
strengthening methods [22].

Hong and Park [23] used a prestressed NSM
strengthening method utilising carbon fibre-reinforced
polymer (CFRP) laminates. Their research focused
mostly on the influence of the initial prestressing level.
The cracking, yielding, and ultimate loads of the
strengthened beams were improved as a result of the
strengthening. Recently, Sokairge et al. [22] investi-
gated the efficacy of using basalt fibre-reinforced
polymer (BFRP) bars for strengthening reinforced
concrete (RC) beams using non-prestressed NSM and
prestressed NSM techniques. Based on the results
conducted on beams with varying initial prestressing
levels and placements of NSM bars, it was determined
that strengthening RC beams with the prestressed
NSM technique provides a superior enhancement in
the pre-cracking stage compared to the non-pre-
stressed NSM technique, while reducing a significant
portion of the beam’s ductility.

Unstrengthened masonry (USM) structures can fail
due to a lack of wall strength under lateral in-plane or
out-of-plane loading, insufficient diaphragm stiffness,
or weak wall-diaphragm connections [24-26]. USM
structures are extremely sensitive to damage from
earthquake loading due to their large seismic mass,
poor tensile strength, and low ductility. FRP strength-
ening is gaining attraction as a cost-effective seismic
strengthening option for USM walls [27]. Similar to
RC structures, several techniques, such as externally
bonded reinforcement (EBR) and NSM, have been



Materials and Structures (2023) 56:112

Page 3 of 17 112

implemented to strengthen masonry structures with
FRP plates/sheets and bars. For example, Jafari et al.
[28] investigated the in-plane behaviour of USM walls
using CFRP and glass FRP (GFRP) sheet arrays and
NSM GFRP bars. They found that all strengthening
methods greatly increased the loading capability and
ductility of wallettes. Li et al. [29] conducted diagonal
tests on large-scale wallettes constructed with block
units and strengthened with near-surface mounted
GFRP bars and found a 28—-123% increase in strength
compared to control specimens. They observed both
diagonal shear and sliding shear cracks. Turco et al.
[30] conducted a similar experiment with different
details and observed a 70-123% strength increment.
Santa-Maria et al. [31] conducted diagonal tests on
1100 x 1060 mm brick wallettes strengthened with
CFRP sheets and observed an incremental strength
gain of up to 70%. Hamid et al. [32] also conducted
diagonal compression tests on wallettes constructed
with blocks in a grid array and strengthened with
GFRP sheets. They reported the highest strength, with
a 358% increase in strength. Due to the simplicity,
most studies have focused on monotonic static testing
of FRP-strengthened masonry structures [33-35].
However, few studies investigated the performance
of such structures under static cyclic and dynamic
loadings. For example, Konthesingha et al. [36]
evaluated the bond strength of NSM FRP strips to
modern clay brick masonry prisms during cyclic
loading. They found that the bond strength is approx-
imately 20% lower under cyclic loading than under
monotonic loading. The static cyclic in-plane shear
response of damaged masonry walls strengthened with
NSM CEFRP strips was examined by Konthesingha
et al. [37]. They reported that strengthening at greater
pre-compression levels did not increase ultimate
loads. On the other hand, the reinforcement restored
the ultimate loads to those recorded in the undamaged
USM state. ElGawady et al. [38] examined the
efficacy of EBR GFRP and Aramid FRP (AFRP) in
strengthening damaged masonry wall panels subjected
to cyclic loads.

Prestressing can help address issues such as crack-
ing, deformation, and load capacity limitations that are
commonly associated with masonry structures. It
allows for the redistribution of stresses within the
masonry assembly, effectively reducing tensile stres-
ses and enhancing the load-bearing capacity. More-
over, masonry prestressing techniques can be applied

to both new and existing structures, making it a
versatile and valuable approach for structural rehabil-
itation and strengthening projects. Although the
impact of masonry prestressing is extensively dis-
cussed in the literature [39-46], very few studies
investigated the in-plane shear performance of USM
strengthened with prestressed NSM FRP bars using a
static in-plane diagonal compression test. For
instance, Yu et al. [47] investigated the in-plane shear
performance of USM strengthened with prestressed
NSM GEFRP bars placed horizontally and tested under
a static diagonal compression test. It was demonstrated
that reinforcing USM walls with prestressed GFRP
bars are suitable for closing/repointing wide cracks in
existing masonry structures. Additionally, research
findings indicated that prestressed bar- strengthened
walls had a greater shear capacity than unstrengthened
control walls or walls reinforced with non-prestressed
bars. However, to investigate the efficiency of such a
method during earthquakes, cyclic testing should be
considered. Moreover, placing FRP bars vertically
while passing through bricks and mortar rather than
only mortar seems an appropriate technique that could
be studied.

However, to the author’s knowledge, there is no
research study investigating the efficiency of the
prestressed NSM  strengthening technique on
unstrengthened masonry structures using cyclic load-
ing with vertical bars. Therefore, the present study
addressed such a strengthening technique and evalu-
ated its efficiency using static cyclic loading.

2 Experimental program
2.1 Materials

It is well established that the mortar strength and
masonry unit (brick) contribute significantly to the in-
plane resistance of unstrengthened masonry (USM)
walls. The bricks used in the study had dimensions of
200 x 100 x 50 mm. The average compressive
strength and elastic modulus of the 10 tested bricks,
determined in accordance with ASTM C67-00 [48],
were found to be 3.7+ 021 MPa and
1120 + 63.9 MPa, respectively.

The mortar employed in the study is a composition
of Portland cement, sand, and water. Five 50 mm
cubes were tested to determine the mechanical
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properties of mortar and if they fulfil the minimal
requirements of current standards. The mortar was
prepared with water-to-cement and sand-to-cement
ratios of 0.5 and 0.25 by weight, respectively. This test
was carried out following ASTM C109 [49]. The
average strength and modulus of elasticity of the
mortar were 18 = 1.31 MPa and 3.3 + 0.24 GPa,
respectively. The mortar is categorised as medium-
strength. Compression tests were also performed on
ten randomly selected bricks following ASTM C67-00
[50].

The commercial 4 mm GFRP bars used in this
study consisted of 70% E-glass and 30% vinyl ester
resin by volume. GFRP bars had an average ultimate
tensile strength of 600 + 50 MPa, tensile elastic
modulus of 55 £ 5 GPa, and ultimate tensile strain
of 1.2 + 0.1% according to the manufacturer.

HIT-RE 500 V3 injection mortar Hilti Anchorage
adhesive was used to strengthen NSM GFRP bars. The
adhesive’s tensile, flexural, and compressive strengths
were 43.5 MPa, 12.4 MPa, and 82.7 MPa, respec-
tively, after seven days of curing, as per the manufac-
turer’s datasheet.

2.2 Specimen

Three half-scale 1200 x 1200 x 200 mm walls,
including one USM wall, one strengthened with non-
prestressed NSM technique and one strengthened with
prestressed NSM techniques, have been prepared and
tested under static cyclic loading. A mortar thickness
of 30 mm was applied for each layer of the wall.

2.2.1 USM wall

Masonry walls were constructed with inner mortar
between bricks and sat on a 250 x 500 x 1400 mm
rectangular concrete reinforced foundation. Walls
were connected to the foundation by a single layer of
mortar. Walls were cured for 42 days in an ambient
laboratory environment before testing. Figure 1 shows
the USM and foundation configurations.

2.2.2 Non-prestressed NSM strengthened wall

The second wall was strengthened with non-pre-
stressed NSM GFRP bars. Wall was strengthened
symmetrically on both sides. To prepare for the
installation of the GFRP bars, the wall surfaces were

cleaned and dust was removed. Then, using a disc
grinder slits 10 mm wide and 10 mm deep was carved
into each side of the wall. Dust was removed from
these gaps using an air blower. Then, almost half of
each slit was filled with HILTT adhesive (Sect. 2.1).
GFRP bars with a diameter of 4 mm were positioned
and slits were filled with HILTT adhesive. After 7 days
of adhesive curing, the wall was tested. The steps for
applying near surface mounted bars reinforcement are
shown in Fig. 2.

2.2.3 Prestressed NSM strengthened wall

The third wall was strengthened with prestressed NSM
GFRP bars. An initial prestressing level of 20% of the
ultimate tensile strain of GFRP bars was considered in
this study. The determination of prestressing level in
strengthening masonry structures depends on several
factors, including the specific requirements of the
project, the structural condition of the masonry, and
the desired level of improvement. The prestressing
level is typically determined through engineering
analysis and design considerations. GFRP bars were
prestressed according to the following steps:

(1) The bottom end of the GFRP bars The bottom
end of the bars was embedded inside the
foundation for a 70 mm embedment length
(Fig. 3a). To place GFRP bars in the concrete
foundation, the following steps were taken:
First, the area where the GFRP bar would be
placed was cleaned from any dirt to provide a
clean bonding surface for the bar. Then a groove
was created in the concrete to accommodate the
bar. Then the GFRP bar was carefully inserted
into the prepared area, by pushing it into place,
ensuring it is fully embedded in the concrete.
Finally using HILTT adhesive, the surrounding
space between the bar and the concrete was
filled to provide further anchorage.

(2) The top end of the GFRP bars In this step, the
top end of the GFRP bars is prepared for
prestressing. A steel tube is used to house the top
end of the bars. Before inserting the bars, the
inner surface of the steel tube is grooved. These
grooves provide additional friction and help
prevent slippage between the GFRP bar and the
tube. Once the tube is prepared, it is filled with
HILTI adhesive (Fig. 3b). The adhesive acts as
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Fig. 1 USM and foundation configurations: a Actual wall; b Schematic drawing
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Fig.2 Non-prestressed NSM strengthened wall: a USM wall; b Creating slits on the wall surface; ¢ Filling half of the slit with mortar;
d Placing GFRP bar inside the slit; e Filling the whole slit with glue; f final view of the non-prestressed NSM wall
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Fig. 3 Prestressed NSM
strengthened wall: a GFRP
bar embedded inside the
foundation; b Tope end
anchoring; ¢ Prestressed
GFRP bars; d final view of
the prestressed NSM wall;
e Attaching strain gauges;
f Applying grout on the top
of the wall to enable vertical
loading
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a bonding agent, ensuring a strong connection
between the GFRP bar and the steel tube. The
adhesive also helps to transfer the prestressing
force from the steel tube to the GFRP bar. The
top end of the GFRP bar is then carefully
inserted into the steel tube, ensuring that it is
fully seated and securely held in place by the
adhesive. The bar should be positioned prop-
erly, and aligned with the desired direction of
prestressing force.

(3) Pulling the bars and fixing the prestressing
system After the GFRP bars are properly placed
in the foundation and inside the steel tube, the
bars are subjected to tension to induce pre-
stressing. In this step, the bars are pulled to
achieve a specific elongation. Steel shackles are
used to connect GFRP bars on each side of the
wall (Fig. 3c). The shackles are connected to the
top end of the bars, which are secured inside the
steel tube. The bars are gradually pulled by
turning the steel anchorage nut. During the
prestressing level employed in this study, no
indications of masonry crushing were detected.
However, it is crucial to take into account the
possibility of crushing at the top portion of the
wall should be considered if higher levels of
prestressing load are contemplated.

A strain gauge was connected to each GFRP bar to
continuously record the bar strain (Fig. 3e). The nut
was tightened until the strain in the GFRP bar reached
20% of its ultimate strain. This level of strain
corresponded to a vertical deformation of 3.9 mm, as
measured. After installing the prestressing system on
the wall, strain gauges were used to monitor the strains
in the GFRP bars for any potential relaxation.
However, due to the immediate testing of the
prestressed wall after prestressing, the observed strain
relaxation was found to be negligible. After the
prestressing of the bars was completed, it is important
to note that the upper section of the GFRP bars,
embedded inside the steel tube, was cut (approxi-
mately 50 mm from the top surface of the wall).
Subsequently, a 100 mm layer of grout was applied to
the top part of the wall. This step was taken to embed
the upper portion of the bar and facilitate applying of
vertical load (Fig. 3f).

2.3 Test set-up

Walls were tested under sustained vertical load and
static cyclic horizontal loads. A vertical load of 75 kN,
equivalent to 10% of the basic ultimate axial capacity
of the URM wall, F, (Eq. 1), was applied uniformly
on top of the wall through a steel I-section profile.

Fo = F /A, (1)

In Eq. 1, F,/ is the characteristic compressive
strength of the masonry and A, is the bedded area.

A vertical hydraulic jack and load cell were placed
on top of the I beam to apply and record the applied
load. It is worth noting that to avoid any interaction
between the wall and the I beam, the top surface of the
prestressed NSM stretched beam was flattened with
mortar.

Lateral static cyclic loads from both sides were
applied to the top height of the beams through two
steel angles. Horizontal load cells were affixed at a
height of 1000 mm from the surface of the foundation.
Horizontal hydraulic jacks and load cells were
attached to angles to apply and record the loads. A
2 mm displacement was added to the previous step in
each lateral static cycle until the wall collapsed. The
displacement-controlled loading regime was applied
at a 1 mm/min rate. Figure 4 shows the horizontal
cyclic loading protocol used in this study.

It should be noted that the vertical jack was
designed to move along its axis to avoid any
misalignment of the vertical load due to the horizontal
movement of the walls. Two I-beams laterally sup-
ported all beams at their mid-length to avoid any out-
of-plan movement. In addition, the foundation was
fixed to the ground by welding it to a steel frame to
avoid lateral movement and uplifting.

Figure 5 shows the test set-up and the location of
the LVDTs, hydraulic jacks, and load cells used in this

40

Displacment (mm)

Number of cycles

Fig. 4 Horizontal cyclic loading protocol

PIEM
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Steel I-profile

Hydraulic Jack

Fig. 5 Test set-up

study. Five linear variable differential transformers
(LVDTs) were attached horizontally to the walls to
measure the wall’s horizontal displacements during
the tests continuously. Specifically, two LVDTs were
positioned at the mid-height of the wall, precisely
600 mm from the surface of the foundation. Addi-
tionally, another two LVDTs were placed at a level
150 mm above the foundation surface. The fifth
LVDT was attached at the topmost section of the
wall, precisely 1200 mm from the foundation surface.
An automatic data logger was used to record the data
produced by LVDTs and load cells.

3 Results and discussion

Table 1 summarises the experimental results of tested
walls in terms of the maximum horizontal loads
(Fpmax) and the maximum horizontal displacements
(dmax) for left and right directions, initial stiffness (K;)
and failure modes. The initial stiffness of specimens
was determined by dividing the maximum load

-

\V
.Left su\lﬁ

experienced during the first cycle by the correspond-
ing maximum displacement observed within the first
cycle. There are two significant differences between
the prestressed and non-prestressed strengthened
specimens that contribute to their distinct stiffness
behaviours. Firstly, in the non-prestressed wall, the
GFRP bars were embedded in adhesive, establishing
direct contact with the bricks. In contrast, the GFRP
bars in the prestressed wall were anchored at the top
and bottom without being covered in adhesive. This
disparity in bonding conditions influences the load
transfer mechanism between the GFRP bars and the
surrounding materials, resulting in variations in stiff-
ness. Secondly, the GFRP bars in the prestressed wall
were embedded in the concrete foundation, effectively
transferring the load to the foundation. Conversely,
this load transfer mechanism was absent in the non-
prestressed wall. The presence or absence of load
transfer to the foundation impacts the overall stiffness
response of the walls.

The following sections discuss walls failure mode,
load-deflection curves and stiffness variations in
detail.
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Table 1 Experimental results of tested walls

Wall Type Fh, max (kN) dmax left dmax‘ right Ki (kg/ Failure mode
m)
USM 38.3 20 20 1015 Diagonal shear crack
Non-prestressed 53 42 40 6000 Toe crushing
NSM
Prestressed NSM 60.6 56 46 3049 Bond failure (sliding) + diagonal shear crack + bar pull-

out

3.1 Failure modes

The in-plane failure modes of masonry walls can be
classified into four primary -categories (Fig. 6)
[38, 51]. These failure mechanisms can occur during
earthquakes and, depending on their severity along the
masonry wall, have the potential to cause complete
wall collapse [24]. These failure types begin with the
formation of narrow cracks. With increasing loading
or movement, the entire wall may collapse, or a
portion of the wall may fail.
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3.1.1 USM wall

Wall 1 (i.e. USM wall) failed due to the diagonal shear
crack, which led to the destruction and collapse of the
wall (Fig. 6a). Diagonal cracks may run through
bricks, mortar joints, or a combination of both,
depending on the strength of each component. In the
case of USM, the crack has propagated through the
mortar joists. The first crack started at the bottom
corner of the wall in the second cycle (drift of 4 mm
and maximum load of 3kN) (i.e. the first row of the
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Fig. 6 Typical in-plane failure modes of masonry walls: a diagonal shear failure; b Toe crushing; ¢ Sliding (bond failure); (d) Rocking
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Fig. 7 Failure mode
observed in USM wall

bricks on top of the foundation). It propagated upward
diagonally until the total collapse at the maximum
horizontal displacement of 20 mm. Figure 7 shows
the failure mode observed in the USM wall. It is
important to clarify that the marked line serves solely
to indicate the specific area that experienced cracking
or failure and it does not represent a crack or failure
mode itself.

3.1.2 Non-prestressed NSM strengthened wall

Non-prestressed NSM strengthened wall has failed
due to the crushing (Fig. 6b). Tension cracks form at
the wall’s tension bed joints as horizontal force or
lateral displacement of the top of the wall grows,
whereas the compression part carries both compres-
sion and shear loads. In the case of walls strengthened
with non-prestressed NSM GFRP bars, the applied
loads are transferred through the bars to the bottom
row of the wall. As a result, during the initial cycle
(drift of 2 mm drift and maximum load of 12 kN), the
first brick at the bottom corner starts to detach from the
mortar. In the fifth cycle (drift of 10 mm and
maximum load of 18 kN), initial cracks at the wall
corner appear. Eventually, at the eighteenth cycle
(drift of 36 mm and maximum load of 49 kN), due to
the high stiffness of the foundation (i.e. no rocking
failure), crushing of the corner (toe crushing) hap-
pened in a non-prestressed NSM strengthened wall.

-

Brick-mortar separation

The test was continued for three more cycles (drift of
42 mm and maximum load of 53 kN) until diagonal
cracking occurred and the wall completely collapsed.
However, 36 mm was considered the failure deflec-
tion of this wall since the wall has lost its functionality
at this cycle. Figure 8 shows the failure mode
observed in the non-prestressed NSM strengthened
wall. The analysis of Fig. 8 reveals the occurrence of
rocking at the initial stage of damage occurrence. This
rocking behaviour emerges as a consequence of
tension in the lower joint, leading to an opening of
the joint and subsequent rotation of the wall. It is
crucial to note that this initial rocking effect can have
significant implications on the damage sustained by
the wall with NSM strengthening. The observed
rocking phenomenon can trigger a chain reaction of
structural responses, potentially culminating in toe
crushing and eventual failure of the wall. As the
tension-induced rocking persists, the forces exerted on
the wall’s lower joint become intensified, imposing
high compressive loads on the toe region of the wall.
The concentrated stresses in this area can eventually
lead to localised crushing, compromising the integrity
of the wall.

3.1.3 Prestressed NSM strengthened wall

Due to the strengthening technique, this wall transfers
the highest load to the foundation among all three
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Fig. 8 Failure mode observed in non-prestressed NSM strengthened wall

types. During the third cycle (drift of 6 mm and
maximum load of 15 kN), cracks started at both the left
and right bottom corners (Fig. 9a). However, since
GFRP bars are embedded in the concrete foundation,
sliding has occurred at higher-level rows rather than
bottom rows. During the seventh cycle (drift of 14 mm
and maximum load of 22 kN), the sliding occurred at
the third row from the bottom (Fig. 9b). This failure
was observed during the sixth cycle. This failure mode
can occur when the bond strength between mortar
joints and bricks controls the wall capacity. This
occurred because the wall’s ultimate strength was
significantly enhanced due to the presence of pre-
stressed NSM bars, which failed to shift from diagonal
mortar cracking in USM and toe crushing in non-
prestressed NSM walls to bond failure (sliding) in
prestressed NSM strengthened walls. Diagonal shear
cracks were initiated after sliding failure at the end of
the eighth cycle (drift of 16 mm and maximum load of
24 kN) (Fig. 9¢). At the ninth cycle (drift of 18 mm
and maximum load of 26 kN), after foundation
cracking (Fig. 9d), one of the GFRP bars experienced
out-of-plane buckling and became dislodged from the
prestressing casing (Fig. 9e). However, all other bars
were still in place and transferring the applied loads.
At the end of the thirteenth cycle (drift of 26 mm and

maximum load of 30 kN), a GFRP bar is pull-out
together with concrete from the foundation (Fig. 9f).
From the subsequent cycles until the twentieth cycle
(drift of 40 mm and maximum load of 45 kN), pulling-
out failure was observed in all GFRP bars. Immedi-
ately after the last GFRP bar was pulled out from the
foundation, diagonal cracks were propagated, and the
wall collapsed at cycle 22 (drift of 44 mm and
maximum load of 60 kN). Figure 9g¢ shows the
combined failure modes observed in the masonry wall.

3.2 Load—displacement behaviour

This section will describe the behaviour of strength-
ened walls compared to the unstrengthened wall.
Figure 10 shows the USM and strengthened walls’ last
cycle displacement versus load curves. As is seen, the
ultimate loads of the strengthened walls were signif-
icantly improved compared to the USM (by 38% in the
non-prestressed NSM technique and 58% in the
prestressed NSM technique). The displacement capac-
ity improved by about 64% in the non-prestressed
NSM technique and 127% in the prestressed NSM
technique compared to the USM wall. Figure 11
compares the hysteresis curves of the three tested
walls. Comparing the hysteresis curves of

=
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Fig. 9 Failure modes
observed in prestressed
NSM strengthened wall:

a Crack initiation; b Brick-
mortar initiation; ¢ diagonal
shear cracking; d foundation
cracking; e GFRP bar
bucking; f GFRP bar pull-
out; g Different failure
modes observed
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Fig. 10 Last cycle displacement-load curves of tested walls
strengthened samples, one could observe that the wall

strengthened with prestressed NSM shows more
ductility than that of the wall reinforced with the
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non-prestressed NSM technique. It can also be seen
that the dissipated energy (i.e. the cumulative area
under the load—displacement curves) of the wall
strengthened with prestressed NSM GFRP bars is the
highest. The wall reinforced with non-prestressed
NSM GFRP bars showed lower energy dissipation
than the prestressed NSM method. However still much
higher than that of the USM wall.

Figure 12 shows the maximum load at each cycle
versus the maximum displacement at the correspond-
ing cycles of strengthened walls. As is seen in the wall
strengthened with non-prestressed NSM bars, due to
the mortar fractures and crack initiations, the wall
shows a drop in the maximum load at several cycles
compared to the previous cycle. However, the pres-
ence of the GFRP bars prevents progressive failure
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and crack propagation leading to a further increase in
the applied load during the test.

Since most of the applied loads are directly resisted
and transferred to the foundation by the GFRP bars,
such a phenomenon was not generally observed in the
wall strengthened with prestressed NSM GFRP, and

oYa¥

Non-prestressed NSM60

g
<
<
Q
2
s
= -40 6
S
1|
—-
5]
=
-60
Horizontal Displacemnet (mm)
URM -
60
— NSM
—_ 4
z | Prestressed NSM
=~
<
<
S ,,,,,,,,,,
— -0 [¢
I}
=
Q
N
-
]
=m -60

Horizontal Displacemnet (mm)

the maximum applied load at each cycle is continu-
ously increasing by increasing the number of cycles.
This behaviour is similar to reinforced concrete
structures. It is worth mentioning that a small drop
in the curve of the prestressed NSM reinforced wall is
due to the shear crack at the foundation.

The ultimate load and the corresponding horizontal
displacement, at which the initial significant failure
occurs in the wall, are compared to assess the
effectiveness of two distinct strengthening methods.
The wall strengthened with prestressed NSM GFRP
bars resisted almost 60 kN at 44 mm drift without
showing a major cracking, while the wall strengthened
with non-prestressed NSM GFRP resisted 50 kN at
41 mm drift before the major failure (i.e. toe crush-
ing). Therefore, one could conclude that in terms of
both ductility and load-carrying capacity, prestressing
FRP reinforcing bars are beneficial and improve the
strengthening capacity of the non-prestressed NSM
strengthening method for masonry walls. However, it
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should be noted that the effect of the prestressing level
of the FRP bar should be taken into account since it
can be limited by the (residual) load-bearing capacity
of strengthened masonry walls. Generally, the pre-
stressing level is determined based on a balance
between the desired structural improvement, the
available resources, and the technical feasibility of
implementing the prestressing method. It is typically
carried out by qualified structural engineers or
designers with expertise in masonry strengthening
techniques.

3.3 Stiffness

The stiffness of each specimen related to each cycle
was determined by dividing the maximum load
experienced during each cycle by the corresponding
maximum displacement observed within that cycle.
Figure 13 shows the stiffness changes of strengthened
samples with respect to the drift ratio. As mentioned
earlier, the non-prestressed wall exhibits a higher level
of stiffness in comparison to the prestressed wall,
primarily attributed to the presence of resin and
reinforcement bars in direct contact with the brick.
Remarkably, throughout the entire duration of the test,
the non-prestressed wall consistently demonstrates a
higher stiffness value when compared to the pre-
stressed wall. As is seen in Fig. 13, during some
cycles, the stiffness of the non-prestressed NSM wall
increases by increasing the drift ratio. This is because,
after each mortar fracture or mortar-brick detachment
(stiffness reduction), GFRP bars start to interact with
the system and resist the wall movement and crack
propagation (stiffness increment). These up-and-down

7000

6000 non-prestressed NSM wall

5000
4000

3000 \ Prestressed NSM wall

stiffness(kg/m)

2000

T T et -

Drift ratio

Fig. 13 Stiffness variation versus drift ratio of strengthened
walls
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steps continue until the total collapse of the wall. In
contrast, the third specimen behaves differently due to
the specific arrangement of the reinforcement bars.
The reinforcement bars in the third specimen effec-
tively transfer their force to the footing from the initial
stages of loading. As a result, there are no significant
fluctuations or notable changes in hardness observed
in the third specimen throughout the test. This
behaviour can be attributed to the immediate engage-
ment of the reinforcement bars in load transfer,
providing a more consistent and predictable response
in terms of stiffness variations.

To understand the permanent deformation of the
wall after each cycle, Fig. 14 depicts the wall’s
residual displacement versus drift ratio reinforced
with prestressed GFRP bars. Residual displacement is
calculated by the difference between the applied
deformation and the recorded value from the LVDT at
the end of each cycle. As expected, the residual
displacement has the lowest value (about 8 mm) in the
first cycle and the highest value (about 30 mm) in the
last cycle. Between those cycles, the residual dis-
placement remained constant (about 10 mm), which
confirms the efficiency of the strengthening method
used. In other words, the absence of a significant
increase in residual displacement with increasing
cycles signifies that there is no substantial damage or
significant nonlinear behaviour occurring until the last
cycle. Therefore, the constant residual displacement
throughout the cycles serves as evidence of the
method’s efficiency in preventing excessive residual
displacement in the masonry structure.
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Fig. 14 Residual displacement versus drift ratio of prestressed
NSM wall
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4 Limitations and recommendations for future
studies

In this study, there is a limitation regarding the number
of experimental specimens utilised, with only one
specimen of each type being tested. This limited
sample size prevents a comprehensive statistical
evaluation of the obtained results, and therefore, the
results and conclusions should be considered indica-
tive rather than definitive.

To overcome this limitation and enhance the
reliability of the findings, conducting further experi-
mental and numerical studies with an increased
number of specimens is recommended. By expanding
the sample size, a more robust dataset can be obtained,
allowing for more rigorous statistical analysis and
validation of the results. This will provide a solid
foundation for drawing concrete conclusions and
making more reliable inferences.

Furthermore, future studies should focus on explor-
ing additional variables and parameters to gain a
deeper understanding of the subject matter. By
investigating a wider range of conditions, such as
different loading scenarios or variations in material
properties, the generalisability of the results can be
improved. Moreover, incorporating more advanced
numerical modelling techniques, such as finite ele-
ment analysis, can complement the experimental
investigations and provide a comprehensive under-
standing of the behaviour under consideration.

Another recommendation for future study could be
to consider embedding the prestressed bars into
adhesive-filled grooves. While the current study did
not fill the grooves with adhesive, this alternative
approach could potentially enhance the prestressing
effect and alter the failure mode of the wall. Embed-
ding prestressed bars into adhesive-filled grooves
would provide a more uniform distribution of pre-
stressing forces along the height of the wall. This
could lead to improved load transfer and potentially
change the failure behaviour of the strengthened wall.

The long-term relaxation behaviour of prestressed
bars can impact the performance of the strengthened
structure. For future studies, it is recommended to
consider monitoring the relaxation of the prestressed
bars over time and taking its effects into account when
evaluating the effectiveness of the proposed strength-
ening method.

In order to advance the understanding and optimi-
sation of prestressed NSM strengthening in masonry
structures, it is recommended that future studies
explore the effects of different prestressing levels.
The investigation of various prestressing levels can
provide valuable insights into the behaviour of the
strengthened masonry walls. The outcomes of such
studies will provide essential guidance for engineers
and practitioners in selecting the appropriate pre-
stressing forces to achieve optimal performance and
reliability in prestressed NSM strengthening of
masonry structures.

5 Conclusion

Static cyclic tests were carried out on three half-scale
masonry walls, including one USM wall, one strength-
ened wall with non-prestressed NSM GFRP bars, and
one with prestressed NSM GFRP bars. Based on the
experimental test results, the following are some
conclusions:

e USM walls’ ultimate load caring capacity
increased by 38% for the wall strengthened with
the non-prestressed NSM technique and 58% for
the wall strengthened with the prestressed NSM
technique. The observed results confirm the effi-
ciency of prestressing FRP bars for strengthening
techniques.

e The horizontal failure displacement of USM walls
increased by about 64% for the wall strengthened
with the non-prestressed NSM technique and
127% in the prestressed NSM technique compared
to the USM wall. This further confirms the
significance of the proposed strengthening method.

e Non-prestressed NSM and prestressed NSM GFRP
strengthening methods significantly improve the
energy dissipation of USM walls. Wall strength-
ened with non-prestressed NSM bars and pre-
stressed NSM bars failed after 18 and 22 cycles,
respectively, while the USM specimen failed after
only ten cycles.

e USM fails due to the propagation of diagonal shear
crack passing through mortar, while non-pre-
stressed NSM GFRP and prestressed NSM GFRP
walls fail due to the toe crashing and sliding,
followed by GFRP bars pull-out from the concrete

foundation, respectively.
m;
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e Using a foundation with higher compressive
strength (to avoid or delay bar pulling-out failure)
would further enhance the efficiency of the
prestressed NSM FRP strengthening method.
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