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Abstract: Carbon fibre-reinforced polymer (CFRP) emerges as a viable solution for reinforcing unrein-
forced masonry (URM) walls subjected to shear loads. While masonry structures are straightforward
to construct, the complexity of the construction materials, especially in terms of their mechanical
properties, poses challenges for numerical studies of their structural behaviour. Walls, being funda-
mental components in masonry construction, play a crucial role in transferring both horizontal and
vertical lateral forces. This study investigates the enhancement of masonry wall behaviour through
the reinforcement of CFRP. CFRP reinforcement increases ductility and strength, reducing the risk
of failure under shear conditions. Additionally, CFRP composites present a practical solution to
strengthening masonry structures compared to traditional reinforcement. However, brick, mortar,
and CFRP have not been thoroughly investigated. Experimental tests on the bond behaviour of
different configurations of CFRP-retrofitted masonry triplets have not been performed before and are
therefore presented in this paper. Triplet specimens, comprising three bricks and two mortar joints,
both with and without CFRP strengthening, were subjected to bond testing. The study affirms that
masonry triplets strengthened with CFRP under shear loads exhibit strength levels at least four to six
times greater than those without CFRP. The experimental work was carried out with eight different
CFRP configurations on triplet masonry, and each test was repeated four times. Further, the bond
stress-slip relationship in the case of masonry triplets with and without CFRP was predicted with
new mathematical equations based on the conducted test results. These equations were included in
the commercial finite element software ANSYS and used to conduct simulations of CFRP-reinforced
masonry triplets. The numerical results indicate good agreement between the finite element model
and the test results. The outcome of this research improves the current knowledge on the use of CFRP
to reinforce masonry walls with brick and mortar, which will contribute to the understanding of the
effect of CFRP on masonry structures.

Keywords: unreinforced masonry; fibre-reinforced polymer; bond stress-slip; interface behaviour;
masonry triplets; shear load; finite element modelling; bricks; mortar joints

1. Introduction

According to Ehsani and Saadatmanesh [1–3], a significant percentage of existing
buildings are made from masonry, where the mechanical properties of brickwork are more
complex than other structure materials. Failure in URM structures due to in-plane or out-
of-plane loads is one of the major reasons for human injury. Strengthening and repairing
the existing buildings is one of the main challenges in the field of civil engineering. The
strengthening and reinforcement of masonry components can be carried out based on
traditional materials such as steel and concrete. Reinforced concrete (RC) jackets are a
technique for strengthening masonry constructions that involves placing jackets on one or
both sides of masonry walls. The steel-reinforced brick masonry consists of brick masonry
with steel reinforcement or mild steel iron mesh or bars embedded in the mortar. According
to Ferretti et al. [4], from the mechanical point of view, masonry is a heterogeneous,
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nonlinear, and anisotropic material, consisting of masonry units, mortar, and masonry
unit-to-mortar interfaces. Also, masonry is characterized by its very low tensile strength,
substantial strength in compression, and weak performance in bending and shear. Indeed,
it is well known that masonry buildings are weak against horizontal actions. Tensile and
shear bond strengths are quite low and highly variable. Thus, masonry walls fail mostly
through masonry unit-to-mortar interfaces, known as planes of weakness.

Ehsani and Saadatmanesh [5] concluded that traditional methods of strengthening
often add extra load to structures, making them riskier. The interface behaviour of brick and
mortar in masonry composites has been investigated by Mohammadipour [6]. Pavan and
Nanjunda [7] studied the effectiveness of FRP composites in improving the brick–mortar
interface. They studied two types of masonry assemblies to investigate the interfacial
behaviour of brick–mortar joints in masonry triplets. The samples were bonded with
glass and carbon FRP in strip form. According to their experimental tests, in the case
of masonry triplets bonded with GFRP and CFRP composites, the percentage increases
in shear strength covering the full triplet face and strips were approximately 165% and
185%, respectively. Many researchers have studied the behaviour of FRP-strengthened
triplet masonry with one or two FRP configurations. Reinforcing masonry walls with
fibre-reinforced polymers (FRP) was considered to increase strength and ductility and
thus reduce the risk of failure under severe loading conditions. Fibre-reinforced polymer
(FRP) composites may provide technically and economically viable solutions, as stated
by Tumialan et al. [8–11]. El Malyh et al. [12] studied the effect of CFRP wrap on the
strength and stiffness of URM walls. An experimental programme was set up to investigate
the in-plane behaviour of the standardized specimens following ASTM E-519-02 [13].
The test included testing clay brick panels of 1200 × 1200 × 100 mm fixed at the ends.
In all cases, the reinforced panels improved the shear strength and deformations of the
samples before failure. According to their study, the retrofitting system restrains the
URM wall from shear failure and shear sliding. It enhanced their strength by up to
319%, and all CFRP configurations significantly improved the load-bearing capacity of the
specimens by 2.5 to 4.2 times. Babatunde [14] studied glass and carbon fibre-reinforced
polymers (GFRP and CFRP) to reinforce masonry walls. The experimental tests showed
that externally bonded FRP systems improve flexural strength and ductility and increase
strain capacity and stability. Near-surface-mounted FRP systems improve out-of-plane
bending and lateral resistance. The FRP strip strengthening technique for in-plane loading
improves strength, ductility, and lateral load resistance by up to four times that of the
unreinforced walls, and for out-of-plane loading, it minimizes displacement. According to
Hamrat et al. [15], the restoration and reinforcement of cracked structural members with
externally bonded (CFRP) sheets has become one of the greatest challenges confronting
civil engineers. CFRP composites bonded to damaged structural members can significantly
improve their mechanical behaviour and reduce crack propagation by increasing the load
capacity. Luccioni and Rougier [16,17], indicated that CFRP improves the strength of
bed joints under compression and increases ductility and failure mode. Depending on
the dimensions and orientation, retrofitting with CFRP increases ductility under in-plane
shear, prevents the joints from sliding, and increases the ultimate strength. According to
Hernoune et al. [18], in order to extend the life of masonry structures, strengthening or
repairing by employing new techniques has been developed. Many of these strengthening
techniques, including the use of fibre-reinforced polymer (FRP) composites, have aided in
reinforcing masonry structures. These composites are manufactured with different features
depending on the fibre material type, such as carbon fibre (CFRP), glass (GFRP), and aramid
(AFRP). FRP strips offer the possibility of application by glueing on externally bonded
elements using the near-surface-mounted (NSM) technique. Hamid et al. [19] studied the
shear behaviour of FRP-glued masonry composed of hollow concrete blocks. The study
demonstrated the effectiveness of FRP in preventing the brittle failure modes exhibited by
URM and improving the shear strength and deformation ability of masonry.
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Saingam et al. [20] studied the flexural capacity of cement–clay interlocking (CCI)
brick walls using ferrocement jackets with an expanded wire mesh. Their experimental
results showed that the reinforced walls exhibited improved peak load capacity, notably
in dual-sided reinforcement cases. With plastering on both sides and supplemented with
anchors, an improvement of up to 221% in flexural capacity was obtained. The strengthened
walls significantly improved CCI brick wall performance, increasing peak capacity by up
to 46%. Specifically, one-sided strengthening enhanced peak capacity by 28.60%, while
two-sided strengthening boosted it by 64.29%. Joyklad and Hussain [21] indicated that
the diagonal compression capacity of cement–clay interlocking (CCI) brick walls was
significantly improved by the addition of grout in the openings of CCI bricks. An increase
of up to 418% in the diagonal compressive capacity was observed by the addition of
grout, whereas the same improvement jumped to 567% after the addition of steel bars.
Rashid et al. [22] investigated the bearing capacity performance of Kenaf fibre geotextile
laid on inside the sand layer. A rigid footing was used to replicate a strip footing during the
loading test, and sand was prepared based on 50% of the relative density in a rigid testing
chamber for ground model preparation. In order to treat the soil, Kenaf fibre geotextile was
laid at four different locations, which are on the soil surface and underneath the ground
model surface at 50, 75, and 100 mm deep. It was found that the use of the Kenaf fibre
geotextile has improved the bearing capacity of the sandy soil up to 414.9% as compared
to untreated soil. Saidi et al. [23] developed an empirical model for predicting the bond
strength between natural fibre-reinforced polymer (NFRP) sheets and concrete. The NFRP
was produced from fabric using four different types of fibres, including jute, silk, and
pineapple, as well as dense and non-dense abaca fibres. Moreover, three different types
of bonding adhesives were applied to bond the NFRP composite produced from abaca
fibre to the concrete surface, and these include standard epoxy resin, polyester resin, and
thixotropic epoxy resin. The size of the specimens was 100 mm × 100 mm × 300 mm, with a
single longitudinal reinforcing bar with a diameter of 10 mm in the centre of its cross-section
and a pre-existing crack in the middle of its length on two opposite sides. NFRP composites
with a size of 50 mm × 240 mm were subsequently applied to both sides containing a
crack. They discovered that the fibre type used in producing NFRP affected the bonding
strength between NFRP and concrete. Abaca was found to have the highest contribution,
followed by jute and silk, while pineapple fibres have the smallest contribution. The use of
two and three layers of fabrics enhanced the initial stiffness by 143–276% and 257–691%,
respectively; bond strength by 118–350% and 312–400%, respectively; and toughness by
136–440% and 199–667%, respectively, depending on the fabric and bonding adhesive
types. The behaviour analysis of strengthened concrete beams with natural fibre-reinforced
polymer (NFRP) based on abaca fibre using the finite element method was investigated
by Amalia et al. [24]. Based on the results of the study, the results of numerical analysis
using ATENA V534 showed a lower maximum load value, higher stiffness, and lower
deflection at maximum load compared to experimental results on all reinforced concrete
beams analysed in their study. Based on the results of numerical analysis using ATENA
V534 software (ATENA 3D Version 5.4.1) and experimental results in the laboratory, NFRP
reinforcement with a vertical configuration was recommended because it can increase the
maximum load, which is higher than the diagonal configuration.

Enhancing the resistance of masonry structures significantly relies on the integrity
of the bond between the masonry unit and the mortar, impacting their shearing strength.
Consequently, prioritizing improvements in the shear performance of these buildings be-
comes crucial. Typically, mortar joints constitute the weakest link within masonry, and
their nonlinear response to tension and shear greatly influences the overall behaviour of
the composite structure. Accurately predicting the load-bearing capacity of unreinforced
masonry buildings when subjected to combined compression and shear demands a precise
understanding of masonry strength and its broader response to bond stresses. Previous
studies attempted to evaluate the bond stress-slip relationship of the brick–mortar interface
for un-strengthened specimens. These relationships in the presence of FRP strengthen-



Buildings 2024, 14, 257 4 of 32

ing have not been fully evaluated yet. In this study, an extensive set of experiments
was conducted for two main categories: 1—unreinforced masonry triplet specimens and
2—masonry triplets reinforced with carbon fibre-reinforced polymer (CFRP). The purpose
of the tests is to evaluate the bond stress-slip behaviour of FRP-strengthened masonry
triplets. These triplets were specifically built using mortar M4 and subjected to testing
with varying configurations of CFRP. Based on the test results, mathematical models of
the bond stress-slip were developed for each configuration and coded into a finite element
(FE) platform. This FE model looked into bond-slip and normal separation occurring at
the brick–mortar interface using a detailed micro-modelling approach. Furthermore, the
numerical analysis was able to simulate the initiation and propagation of cracks within
the mortar layer. Subsequently, the outcomes of these numerical simulations were com-
pared with the results obtained from the experiments. A few researchers have studied the
behaviour of FRP-strengthened triplet masonry with one or two FRP configurations. In
this paper, the strength and bond stress-slip relationship of URM for eight different CFRP
configurations were studied to fill this gap and provide accurate constitutive models for all
practical cases.

The present research objectives are as follows:

1. To study the effect of different CFRP configurations on unreinforced triplet masonry
(URTM) and investigate the behaviour of triplet specimens when failure occurs
through the brick–mortar interface.

2. To evaluate experimentally the bond behaviour between brick and mortar in the
presence of different configurations of CFRP, which has not been previously studied.

3. To develop mathematical equations for the bond stress-slip relationships identified
in (2) to be used for accurate numerical simulation of FRP-strengthened masonry
specimens.

2. Experimental Design, Material, and Methods

Small-scale specimens were used in an experimental test. This information was
used to calibrate formulas for the design and computation of masonry retrofitted with
composite materials. The mechanical properties of brick and mortar have an impact on the
performance of masonry walls under stress. As a result, multiple tests were designed in
the current study to assess the elastic modulus of brick, mortar, and masonry triplets. The
elastic modulus and compressive strength of mortar cylinders with a diameter of 150 mm
and a height of 300 mm were measured. The masonry and mortar samples were made using
Portland cement and mortar M4 (1:4: Cement:Sand), which was produced in accordance
with the UK National Annex Classification BS EN 998-2 (2003) [25] requirements. The
mortar between the bricks was approximately 10 mm thick. Sand and cement were mixed
with the appropriate amount of water (the water–cement ratio was 1:3).

2.1. Application of FRP

Rahman and Ueda [26] concluded that the shear strength of the reinforced walls is
significantly improved by using FRP. According to Secondin [27], fibre-reinforced polymer
(FRP) is a relatively new composite factory-made material from fibres and resins that is
effective and economical for the repair of weak structures. Glass and carbon are connected
by a matrix to form strong composite materials. The fibres provide stiffness and strength,
while the matrix transfers the load between the fibres, stabilizing the composites. The results
of the experimental tests showed an increase in the bending capacity due to out-of-plane
loads and in-plane shear loads, as reported by Derias and El-Hacha [28].

In this study, the carbon fibre-reinforced polymer composites (CFRP) with a resin
epoxy matrix were attached to the masonry triplets (Figures 1 and 2). In the current research,
the use of these composites was based on the manufacturer’s technical report. The thickness
of CFRP was 0.3 mm. The characteristics of CFRP and resin are presented in Tables 1 and 2.
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Table 1. The characteristics of CFRP.

CFRP technical data C-Sheet 240

Tensile strength 4700 MPa

Elongation 2%

E-modulus 240 GPa

Thickness, mm 0.22–0.35

Weight, g/m2 300 400 600

Standard width, cm 20 30 50

Standard length of rolls, m 50 50 50
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Table 2. The characteristics of resin.

Technical data Type 70–75

Sp. Gr 1.2 gr/cm3

Hardening starts at 20 ◦C 6/7 h

Hardening completes at 20 ◦C 7 h

Resistance to compressive stress 83 MPa

Resistance flexural/tensile stress 45 MPa

Adhesion to concrete >2.5 MPa

Minimum temperature for use ≥10 ◦C

2.2. Mechanical Properties of Brick, Mortar, and Triplets

The controlling factor of brick is its compressive strength. Bricks with various strengths
are available, depending on architectural necessities. For low-rise buildings, bricks of
5.2 N/mm2 should be sufficient. For damp-proof courses, low-absorption engineering
bricks are usually required. For reinforced and pre-stressed brickwork, it is highly unlikely
that brick with a strength lower than 20 N/mm2 will be used in the United Kingdom. The
sand for mortar must be clean, sharp, and free from salt and organic contamination. Most
natural sand contains a small quantity of silt or clay. A small quantity of silt improves
workability. Loam or clay is moisture-sensitive and, in large quantities, causes the shrinkage
of mortar. Marine and estuarine sand should not be used unless washed completely to
remove magnesium and sodium chloride salts, which are deliquescent and attract moisture.
Masonry cement is a mixture of approximately 75% ordinary Portland cement, an inert
mineral filler, and an air-entraining agent. The mineral filler is used to reduce the cement
content, and the air-entraining agent is added to improve the workability. Mortar made
from masonry cement will have lower strength compared to a normal cement mortar of
a similar mix. The main elements influencing the performance of masonry buildings are
their mechanical characteristics, such as the triplets, mortar, and bricks’ elastic moduli (also
known as Young’s modulus). Experimental tests were created for this study in order to
determine the masonry and mortar samples’ elastic moduli. Furthermore, the samples’
compressive strength was determined due to the strong association between them and
the elastic modulus. Cylinder specimens were built in order to assess the compressive
strength and elastic modulus of mortar. The masonry specimens were built using solid
London bricks and mortar M4 with a thickness of 10 mm between each brick layer. The
horizontal surfaces of all samples were checked for bubble levels. After the construction of
each sample, it was cured, and its design capacity developed for more than 28 days. The
axial compression test was conducted with an average load application rate of 0.6 kN/s,
according to the compressing test machine manual, and each test lasted 15 to 20 min.

2.3. Measurement of the Elastic Modulus of Triplet Masonry Samples

Overall, three full-scale specimens were constructed with a nominal dimension of
215 mm × 104 mm × 65 mm (height, length, and thickness). The masonry triplets were
built with solid clay bricks, and the thickness of mortar for each layer of the triplets was
approximately 10 mm (Figure 3A). Due to the high water absorption capacity of bricks, the
bricks were soaked before building the specimens so that the rapid absorption of mortar
water, which leads to degradation of mortar and thus degradation in the joint (bonding)
between bricks and mortars, could be prevented. When the brick wall construction was
finished, for curing, the walls were wetted twice a day for three days. The horizontal
surface of all specimens was checked for bubble level. The axial compressive load at a rate
of 0.6 kN/s was applied to each sample, and after loading, the deformation was measured
using the universal testing machine called Advantest 9, MCC 8—Multifunctional Control
Console, and three mechanical strain gauges attached to the sample. This test was repeated
six times (Figure 3B,C).
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2.4. Measurement of the Elastic Modulus of London Solid Brick Samples

In this study, the bricks were tested under compression to find the modulus of elasticity
and compressive strength. Six bricks were tested with an average size of 220 mm × 104 mm
× 65 mm. The specimens were tested under load control in the universal testing machine.
Based on compressive strength, stress, and strain, the average modulus of elasticity of the
bricks was calculated. To measure the elastic modulus of brick samples according to the
testing machine manual, a compressive load with a rate of 0.6 kN/s was applied to the
sample (Figure 4A,B). The distributed load was applied to the surface of the sample, and
after loading, the deformation was measured by a mechanical strain gauge in the machine.
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2.5. Measurement of the Elastic Modulus of Mortar M4 Samples

Twelve mortar cylinders were constructed with mortar M4 (1: ordinary Portland
cement and 4: natural river sand, and the water–cement ratio was determined to be 1:3).
To mix and prepare all the mortar specimens, regular tap water was used and mixed with
an electric mixer. Mortar specimens were first cleaned of any loose material leftover from
the previous test. To measure the elastic modulus of mortar samples, three strain gauges
were attached to each sample, and an axial compressive load with a rate of 0.6 kN/s was
applied to each sample, according to the testing machine manual (Figure 5A). All mortar
specimens failed immediately after reaching the ultimate failure load. The failure mode of
mortar specimens is presented in Figure 5B. All mortar specimens showed similar failure
modes, expressed by crushing the specimen over the whole height at the end of loading.
The deformation was measured using a mechanical strain gauge attached to the sample.
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Figure 5. Compression tests on mortar before test (A), and after failure (B).

Figure 6 illustrates the comparative elastic modulus of brick, mortar M4, and triplet
masonry, emphasizing variations in their resistance to deformation under stress. As
expected, bricks exhibited a higher elastic modulus compared to mortar. Furthermore,
Figure 7 displays the test outcomes of the stress-strain curves for triplet masonry, mortar,
and bricks, including comparative curves. The stress-strain curve data indicates that the
solid London brick exhibited a higher maximum compressive strength compared to mortar
M4. This difference in strength between the brick and the weaker mortar joint contributed
to a reduction in the overall compressive strength of the masonry.
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Figure 7. Comparison of stress-strain curves for mortar, brick, and URM samples.
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3. Experimental Study on the Bond Behaviour of Strengthened Triplets under Shear
Loading with Different CFRP and CFRP Net Configurations

Masonry can present different failure modes depending on the geometry, material,
and load factors. According to Zimmermann et al. [29] and EN 1052-3 [30], the initial
shear strength of masonry must be derived from the strength of small masonry speci-
mens tested to destruction. The tests were conducted on specimens with dimensions of
220 × 103 × 215 mm prepared from solid clay bricks and mortar. All specimens had three
brick units and a 10 mm joint thickness in between. The specimens were cured in the
laboratory under controlled environmental conditions. Each specimen was tested at the
age of 40 days. Bond stresses in the unit–mortar interface were introduced by gradually
increasing the applied forces until failure. The experimental tests of masonry triplets
were carried out with one-layer CFRP to evaluate the brick–mortar bed joints and bond
stress-slip relationships of CFRP-strengthened triplet masonry. Additionally, the main goal
of the present study was to evaluate how externally bonded CFRP composites improved
the bond strength and deformation capacity of brick–mortar joints. For this reason, loads
were applied to the triplet masonry assemblage in the current investigation, parallel to the
bed joint. The loading has to be applied to the mortar joint interfaces between the centre
brick and the side bricks in order to achieve the aforementioned goal. In order to do this,
the side bricks were supported at the bottom, and the central brick was loaded at the top
(Figure 8). Moreover, each experimental test was repeated on four specimens.
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Figure 8. Modelling for shear analyses: (A) reinforced masonry prism (cover with CFRP on two
sides), (B) reinforced masonry prism with two vertical CFRP on two sides, and (C) unreinforced
masonry prism.

3.1. Triplet Masonry Test without CFRP

A pre-compression test was carried out on unreinforced masonry triplets constructed
with mortar M4 to evaluate the main brick–mortar interface characteristics. These specimen
prisms are placed longitudinally under the load that applies to the head of the middle brick
masonry unit. This experiment can be done with or without a lateral pre-compression
load. Four URTM specimens were constructed without FRP as control samples. The
samples suddenly failed at 10 kN, 10 kN, 12 kN, and 13 kN. The mode of failure under
in-plane loading was sudden and brittle in all specimens. The specimens failed due to the
development of cracks along the interface between brick and mortar, followed by complete
collapse, as shown in Figure 9A,B. The failure (cracking) in the mortar joints was either
confined to one of the interfaces (Figure 9A) or to the inner-to-outer interface (as viewed in
the direction of loading), as shown in Figure 9B (the upper interface of the specimen on the
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right side cracked horizontally). As expected, low bond strength of masonry specimens was
obtained, and all triplets failed in the brick–mortar interface by shear sliding. This failure
is one of the valid failures established by EN 1052-3 [30]. The stiffness of the stress-slip
behaviour increases in the early portion of the curve, as seen in Figure 10. This phenomenon
can be attributed to the effect of dilatation; the control triplet specimens’ average ultimate
displacement was 2.0 mm. The maximum load and final displacement of the control triplets
in this study and the ones tested by Mojsilovic [31] are comparable. Failures in the mortar
layer were the primary source of the failure modes. As the load increased, a diagonal crack
appeared in the mortar layer and spread throughout the mortar. As a result, the specimen
split into two separate parts that came from either the outer or inner brick, or from both.
No considerable damage was seen on the brick sides. A similar failure mode was similar to
that reported by Prakash [32] and Bompa et al. [33]. All triplet specimens failed similarly,
and failure occurred mainly in the mortar joints. The specimens demonstrated failure in
the joint with the relative movement of the middle brick.
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3.2. Reinforcement with One Layer of CFRP on Two Sides

Four samples were constructed and strengthened with one layer of CFRP sheet on
two sides of triplet masonry. CFRP composites were attached to masonry triplets. Before
applying CFRP, minor imperfections, such as small pieces of mortar, were removed to
gain a flat surface by scrubbing the specimens with sandpaper. Epoxy resin was mixed
with a hardener, according to the manufacturer’s manual. The resin was applied to the
prism’s surface, followed by the application of FRP to the masonry triplets. The sliding
was measured by a mechanical gauge in the testing machine. The ultimate load was
approximately 84 kN, and the mode of failure was ductile. Debonding also occurred just
before failure; the FRP ruptured at mid-span, followed by shearing of the sheets at the
bottom. Debonding occurs when stresses transferred by the CFRP composite exceed the
tensile strength of the substrate material. This causes the CFRP to peel off from the brick.
The failure in the unit–mortar interface is shown in Figure 11. Figure 12 illustrates the
stress-sliding curve. In this test, the triplet masonry with one layer of CFRP sheets on two
sides was seven times stronger than the URM samples.
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Figure 12. Stress-slip curve for CFRP on two sides.

The CFRP reinforcement stopped the micro-cracks from expanding through the mortar
layer and prevented the early shear failure of the triplet. This demonstrated how the CFRP
reinforcement supported the bed joints’ tensile load. The primary cause of the failure of
CFRP-strengthened triplet masonry was the debonding of CFRP from triplet; this failure
generally happens when the bonding between the reinforcement composite and masonry
interface is lost. Reinforced triplets, as compared with URM walls, remained stable after
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failure. Before the masonry cracked and the stress dropped, it was found that the triplet
had a nearly linear stress-slip relationship.

3.3. Strengthening with One Layer of CFRP Net on Two Sides of Triplet

These samples were strengthened with one layer of CFRP net on two sides of the
triplets. The mode of failure was observed to be ductile, and the ultimate load was
approximately 71 kN. These triplets also displayed the propagation of cracks, as did the
previous test. Delamination before failure and failure in the unit–mortar interface also
occurred, as shown in Figure 13. Figure 14 illustrates the stress-slip curve; the initial slope
of the load-displacement curves for a CFRP net on four sides and CFRP on two sides of
triplet specimens were almost equal. In this test, the triplet masonry with one layer of
CFRP net on two sides was six times stronger than the URM samples, and the ultimate load
capacity of CFRP net glued on four sides and two sides was almost equal. Shear cracks in
the mortar layer began to appear at the brick–mortar interface, which is where the cracking
in the specimen reinforced with CFRP net on two sides occurred. Before the mortar cracked
and the stress dropped, it was found that the triplet had an almost linear stress-sliding
behaviour.
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Figure 13. CFRP net on two sides.
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Figure 14. Stress-slip curve for strengthening with CFRP net on two sides.

3.4. Strengthening with One Layer of CFRP Strip on Two Sides of a Triplet

The samples were reinforced with one layer of CFRP, a 50 mm wide strip on two
sides of triplets. The mode of failure was ductile, and the ultimate load was approximately
57 kN. These triplets also displayed the propagation of cracks, as did the previous test.
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Delamination also occurred before failure. The failure in the unit–mortar interface is shown
in Figure 15. Figure 16 shows the stress-sliding curve; the triplet masonry with one layer
of CFRP strip on two sides was four times stronger than the URM samples. The presence
of the CFRP improved the performance by changing the brittle failure to a ductile failure.
In the strengthened triplets, the failure occurred due to the loss of bonding between the
CFRP and the masonry units. The crack was formed by the debonding of the brick from the
mortar until the debonding of the epoxy from the masonry units. At this point, the triplet
failed because the tensile stresses were no longer transferred to the CFRP.
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Figure 15. CFRP strips on two sides.
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Figure 16. Stress-slip curve for strengthening with CFRP strips on two sides.

3.5. Strengthening with One Layer of CFRP Net Strip on Two Sides

These samples were strengthened with one layer of two CFRP net strips, 50 mm wide,
on two sides of the triplet. The mode of failure was observed to be ductile, and the ultimate
load was approximately 52 kN. The triplets also displayed the propagation of cracks as per
the previous test, and delamination occurred before failure. Figure 17 illustrates failure in
the unit–mortar interface, and Figure 18 shows the stress-sliding curve. In this test, the
triplet masonry with one layer of CFRP net strip on two sides was four times stronger than
the URM samples. The debonding of CFRP from triplet was the main reason for the failure
of the CFRP-strengthened triplet masonry.
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Figure 17. CFRP net strips on two sides.
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Figure 18. Stress-slip curve with CFRP net strips on two sides.

3.6. Strengthening with One Layer of CFRP Wrapping on Four Sides

Samples were strengthened with one layer of CFRP on four sides of the triplet. The
mode of failure was observed to be ductile, and the ultimate load was about 88 kN. These
samples also displayed the propagation of cracks as did the previous test, and delamination
also occurred before failure. The shear failure in the unit–mortar interface is shown in
Figure 19. Figure 20 shows the stress-sliding curve. In this test, the triplet masonry with one
layer of CFRP on four sides was six times stronger than the URM samples. The maximum
load capacity of CFRP sheets on four sides and two sides is nearly the same, but reinforced
triplets on four sides showed less displacement.
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Figure 19. Strengthening with CFRP wrapping on four sides.
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Figure 20. Stress-slip curve for strengthening with CFRP on four sides.

3.7. Strengthening with One Layer of CFRP Net on Four Sides of Triplet

These samples were strengthened with one layer of CFRP net on four sides of triplet
masonry. The mode of failure was observed to be ductile, and the ultimate load was
approximately 78 kN. Debonding occurs when stresses transferred by the CFRP composite
exceed the tensile strength of the substrate material. This causes the CFRP net to peel off
and cause damage to the triplet specimen. The shear failure in the unit–mortar interface
is shown in Figure 21. Figure 22 displays the stress-sliding curve, and in this test, the
triplet masonry was six times stronger than the URM samples. The failure in the specimens
occurred through the development of sliding on the brick–mortar interface. The debonding
of CFRP from triplet was the main reason for the failure of CFRP-strengthened triplet
masonry, which mainly occurs when the bonding between the reinforcement composite
and masonry interface is lost. In contrast to URM walls, reinforced triplets were stable
after failure.
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Figure 21. CFRP net on four sides.
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3.8. Strengthening with One Layer of CFRP Strip on the Four Sides of a Triplet

These samples were strengthened with one 50 mm wide layer of CFRP strip on four
sides of triplet masonry. The mode of failure was ductile, and the ultimate load was
approximately 57 kN, which was slightly stronger than CFRP strips on two sides of the
triplet. The propagation of cracks and delamination also occurred before failure. Figure 23
presents the shear failure in the unit–mortar interface. Figure 24 displays the stress-sliding
curve; triplet masonry with one layer of CFRP strip on four sides was five times stronger
than the URM samples. The failure in the specimens occurred through the development of
sliding on the brick–mortar interface; debonding of CFRP from the triplet was the reason
for the failure of the CFRP-strengthened triplet.
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Figure 23. CFRP strips on four sides.
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Figure 24. Stress-slip curve for a triplet with one layer of CFRP strip on four sides.

3.9. Strengthening with One Layer of CFRP Net Strip on Four Sides

The samples were strengthened with one layer of two CFRP net strips, 50 mm wide,
on four sides of the triplet. The mode of failure was ductile, and the ultimate load was
approximately 60 kN. These triplets displayed the propagation of cracks and delamination
that occurred prior to failure. The shear failure in the unit–mortar interface and brick is
shown in Figures 25 and 26, which illustrate the stress-sliding curves. Furthermore, it was
observed that the shear triplet presented an almost linear shear stress–strain relationship
before cracking of mortar, followed by a drop of shear strength. In this test, the triplet
masonry with one layer of CFRP net strip on four sides was five times stronger than the
URM samples.
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Figure 25. CFRP net strips on four sides.
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Figure 26. Stress-slip curve of CFRP net strips on four sides.

Table 3 illustrates a comparison of bond stress and sliding from the experimental tests
at failure points for the different CFRP configurations. The tests demonstrated that four
sides covered with FRP and FRP strips resulted in stronger bonds and less displacement in
triplet masonry. In addition, the FRP wrap performed better than the FRP strips.

Table 3. Comparison of bond stress and sliding from the experimental test.

No CFRP Configurations on Triplet
Masonry (One Layer) Load: KN Stress: MPa Maximum Sliding in Experimental

Tests at Failure Point: mm

1 URTM 10 1.59 2.5
2 CFRP on two sides 90 14.33 6.2
3 CFRP on four sides 90 14.33 5.6
4 CFRP strips on two sides 62 9.85 5.3
5 CFRP strips on four sides 62 9.85 4.4
6 CFRP net on two sides 76 12.06 6
7 CFRP net on four sides 78 12.38 5.4
8 CFRP net strips on two sides 54 8.57 5.8
9 CFRP net strips on four sides 64 10.16 5.2

4. Equation for Shear Behaviour of Triplet Masonry
4.1. Empirical Equations for the Shear Strength of URM

The results of the standard shear tests on triplets are presented in this section to derive
empirical equations for the shear behaviour of unreinforced masonry elements. According
to EN 1052-3 [30], the shear stresses can be assumed to be uniformly distributed over the
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two-bed joints during the triplet test. The following method can be used to evaluate the
maximum value of the experimental shear stress τmax on the bed joints:

τmax =
Fmax

2A
(1)

where τmax is the maximum value of the experimental shear stress, Fmax is the maximum
shear force at failure, and A is the total area of the bed joint. Based on the experimental tests
in the current study, the above equation demonstrated extremely low shear stress compared
to experimental tests and was therefore unreliable. Thus, this equation was improved for
maximum shear strength of triplet masonry with solid brick and mortar M4 as follows:

τmax =
0.70 × Fmax

A × ρ
(2)

where ρ = 0.20 for mortar M4, A is the total area of the bed joint, and Fmax is the maximum
shear force at failure. The coefficient of 0.70 was obtained based on experimental tests
through trial and error. In this new equation, τ can be calculated at any shear load point.
Table 4 and Figure 27 show the comparison of the experimental tests and the results from
Equation (2).

Table 4. Comparison of the experimental shear tests and the results from Equations (2) and (3) and
EN 1052-3:200 [30].

Test Maximum
Load: KN

τmax= Fmax
2A

(MPa)
EN 1052-3:2002

τmax= 0.70×Fmax
A×ρ

(MPa)
New Equation

Experimental Shear Tests
(MPa)

1 4 0.087 0.612 0.64

2 6 0.13 0.918 0.95

3 8 0.18 1.23 1.27

4 10 0.22 1.53 1.59

5 12 0.26 1.84 1.88

6 14 0.31 2.1 2.15Buildings 2024, 14, x FOR PEER REVIEW  19  of  32 
 

 

Figure 27. Comparison between results  from EN 1052-3:2002  [30],  the experimental  test, and  the 

new equation (URTM). 

Table 4. Comparison of the experimental shear tests and the results from Equations (2) and (3) and 

EN 1052-3:200 [30]. 

Test 
Maximum 

Load: KN 

τmax  ൌ
 𝐅𝐦𝐚𝐱

𝟐𝐀
 

(MPa) 

EN 1052-3:2002 

max  ൌ
𝟎.𝟕𝟎ൈ 𝐅𝐦𝐚𝐱

𝐀ൈ
 

(MPa) 

New Equation 

Experimental Shear Tests 

(MPa) 

1  4  0.087  0.612  0.64 

2  6  0.13  0.918  0.95 

3  8  0.18  1.23  1.27 

4  10  0.22  1.53  1.59 

5  12  0.26  1.84  1.88 

6  14  0.31  2.1  2.15 

4.2. New Equations for Strengthened Triplet Masonry with CFRP 

As per codes of practice,  information about  shear  tests on unreinforced and  rein-

forced triplet masonry with CFRP is limited. 

Therefore, the combined resistance offered by the FRP and the brick–mortar joint can 

be used to express the shear strength of masonry that has been strengthened with FRP. 

Sm = Sm0 + Sfrp  (3)

where 

Sm = reinforced masonry shear strength with FRP 

Sm0 = shear resistance of the unreinforced masonry 

Sfrp = additional resistance offered by FRP confinement 

Sm0 can be calculated using formulas found in design guidelines such as IS: 1905 (BIS 

2002a). In this research, Sm0 for solid London brick and mortar M4 was obtained from the 

shear tests performed on control triplet specimens (Equation (4)). 

Sm0 = τmax ൌ
଴.଻଴ൈ୊୫ୟ୶

୅ൈ஡
  (4)

The expressions that quantify Sfrp needed to be developed. Below, the results of the 

experimental tests used to calibrate new expressions for Sfrp are presented. 

Tensile stress  in CFRP was caused by the centre brick slipping during the  loading 

process. As the middle brick slipped further, the compressive stress on the bed joint grew 

until the specimen broke as a result of the FRP composite rupturing or debonding from 

the masonry. Consequently, a new equation (Equation (5)) could be used to express the 

maximum shear strength of CFRP: 

Sfrp = σfrp × Af//At × K ×µf  (5)

0

5,000

10,000

15,000

0 0.5 1 1.5 2 2.5

Lo
ad

: N

τmax : MPa

Comparission of URTM experimental test, new equation and EN 1052‐3:2002 
(Average of 4 specimens)

τmax With New Equation τmax with Experimental test

τmax  = ( Fmax)/2A: EN 1052‐3:2002

Figure 27. Comparison between results from EN 1052-3:2002 [30], the experimental test, and the new
equation (URTM).

4.2. New Equations for Strengthened Triplet Masonry with CFRP

As per codes of practice, information about shear tests on unreinforced and reinforced
triplet masonry with CFRP is limited.
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Therefore, the combined resistance offered by the FRP and the brick–mortar joint can
be used to express the shear strength of masonry that has been strengthened with FRP.

Sm = Sm0 + Sfrp (3)

where
Sm = reinforced masonry shear strength with FRP
Sm0 = shear resistance of the unreinforced masonry
Sfrp = additional resistance offered by FRP confinement
Sm0 can be calculated using formulas found in design guidelines such as IS: 1905 (BIS

2002a). In this research, Sm0 for solid London brick and mortar M4 was obtained from the
shear tests performed on control triplet specimens (Equation (4)).

Sm0 = τmax =
0.70 × Fmax

A × ρ
(4)

The expressions that quantify Sfrp needed to be developed. Below, the results of the
experimental tests used to calibrate new expressions for Sfrp are presented.

Tensile stress in CFRP was caused by the centre brick slipping during the loading
process. As the middle brick slipped further, the compressive stress on the bed joint grew
until the specimen broke as a result of the FRP composite rupturing or debonding from
the masonry. Consequently, a new equation (Equation (5)) could be used to express the
maximum shear strength of CFRP:

Sfrp = σfrp × Af//At × K ×µf (5)

where σfrp is the tensile strength of the CFRP, which is given by the factory. The average
tensile strength of the CFRP and CFRP net was 3500 MPa.

Sfrp is the maximum shear strength of masonry with CFRP; At is the area of triplet
masonry; Af is the area of triplet masonry covered by CFRP; k = 1, for one layer of CFRP
on two sides; k = 0.7, for one layer of CFRP on four sides; µf is the coefficient for CFRP; and
µf = 0.007 for CFRP.

Table 5 shows a comparison of the maximum shear strength of different configurations
of the experimental triplet masonry strengthened with CFRP and the results from the new
Equations (3) and (5).

Table 5. Comparison of the shear strength of different configurations of experimental triplets with
CFRP and results from the new equation.

Test CFRP Configurations on Triplet
Masonry Af/At

Sfrp = σfrp × Af/At × K × µf
Sm = Sm0 + Sfrp (MPa)

Experimental
Shear Tests

(MPa)
Error %

1 One-layer CFRP on two sides 0.51 14.10 14.33 2

2 One-layer CFRP on four sides 0.75 14.45 14.33 1

3 One-layer CFRP strips on two sides 0.23 7.3 9.53 25

4 One-layer CFRP strips on four sides 0.35 10.1 9.53 6

5 One-layer CFRP net on two sides 0.51 14 11.75 16

6 One-layer CFRP net on four sides 0.75 14.45 12.06 17

7 One-layer CFRP net strips on two sides 0.23 7.3 8.57 17

8 One-layer CFRP net strips on four sides 0.35 7.6 9.57 20

Sm0 = τmax = 1.59 (MPa)
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4.3. New Equations for Bond Stress-Slip of Strengthened Triplets with CFRP

In this study and based on the database of the experimental results, if the slid-
ing/slipping distance is known, the bond stress for all CFRP configurations of triplet
masonry can be calculated with the newly developed equations shown in Table 6. More-
over, bond stress can be calculated at any sliding point, and the failure point is predictable.
To find a reliable equation, a quadratic formula with a trial-and-error coefficient was used
to develop equations that were validated against experimental tests. The bond stresses
predicted by the equations were compared with the experimental tests. They are shown
in Figures 28–36. The bond stress and sliding curves are in good agreement with the
experimental results. In all diagrams, L denotes the CFRP layer, and S represents the side of
the triplet. By using the new equations, it was possible to predict the correct bond stress at
any sliding distance for solid London brick and mortar M4 reinforced with eight different
CFRP configurations as well as for unreinforced triplet masonry. The equations in the
present study are an advancement directly benefiting engineers in predicting the correct
bond stress-slip resistance. (L represents layer, and S denotes side).

Table 6. The newly developed formula for predicting bond stress.

CFRP Configurations on
Triplet Masonry (One Layer)

Equation
Number

Bond Stress
σb = f (S)

1 URTM (6) σb = 0.075S2 − 0.65S + 0.075S
√

S2 − 20S + 73.33

2 CFRP on two sides (7) σb = 0.14S2 − 2.1S + 0.14S
√

S2 − 30S + 210.71

3 CFRP on four sides (8) σb = 0.14S2 − 2.1S + 0.14S
√

S2 − 30S + 210.71

4 CFRP strips on two sides (9) σb = 0.10S2 − 1.5S + 0.14S
√

S2 − 30S + 205

5 CFRP strips on four sides (10) σb = 0.11S2 − 1.65S + 0.11S
√

S2 − 30S + 206.68

6 CFRP net on two sides (11) σb = 0.12S2 − 2.3S + 0.12S
√

S2 − 30S + 208.33

7 CFRP net on four sides (12) σb = 0.125S2 − 1.875S + 0.125S
√

S2 − 30S + 209

8 CFRP net strips on two sides (13) σb = 0.075S2 − 1.125S + 0.075S
√

S2 − 30S + 198.33

9 CFRP net strips on four sides (14) σb = 0.105S2 − 1.575S + 0.105S
√

S2 − 30S + 205.95

S represents sliding (mm), and σb is bond stress (MPa) for any sliding.
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Figure 28. Comparison of bond stress and sliding of URTM (equation and test).
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Figure 29. Comparison of bond stress and sliding from the experimental test and equation (CFRP on
two sides).
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Figure 30. Bond stress and sliding from the experimental test and equation (1 L, 2 S, and CFRP strips).
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Figure 31. Comparison of bond stress and sliding from the experimental test and equation (1 L, 2 S,
and CFRP net).
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Figure 32. Comparison of bond stress and sliding from the experimental test and equation (CFRP on
four sides).
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Figure 33. Comparison of bond stress and sliding from the experimental test and equation (1 L, 4 S,
and CFRP strips).
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Figure 34. Comparison of bond stress and sliding from the experimental test and equation (1 L, 4 S,
and CFRP net).

Buildings 2024, 14, x FOR PEER REVIEW  22  of  32 
 

Figure 31. Comparison of bond stress and sliding from the experimental test and equation (1 L, 2 S, 

and CFRP net). 

 

Figure 32. Comparison of bond stress and sliding from the experimental test and equation (CFRP 

on four sides). 

 

Figure 33. Comparison of bond stress and sliding from the experimental test and equation (1 L, 4 S, 

and CFRP strips). 

 

Figure 34. Comparison of bond stress and sliding from the experimental test and equation (1 L, 4 S, 

and CFRP net). 

 

0

5

10

15

20

0 2 4 6 8 10 12

St
re
ss
: M

P
a 
(N
/m

m
2
)

Sliding: mm

Comparison of bond stress and sliding from 
experimental test and equation (CFRP on four sides)

Bond Stress, Equation

Stress : Lab Test, MPa

0

5

10

15

0 2 4 6 8 10 12

St
re
ss
: M

P
a 
(N
/m

m
2
)

Sliding: mm

Comparison of Bond Stress and Sliding from Experimental 
Test and Equation (1 L, 4 S,  CFRP Strips)

Bond Stress, Equation

Stress : Lab Test, MPa

0

5

10

15

0 5 10 15

St
re
ss
: M

P
a 
(N
/m

m
2
)

Sliding: mm

Comparison of Bond Stress and Sliding from 
Experimental Test and Equation (1 L, 4 S, CFRP Net)

Bond Stress, Equation

Stress : Lab Test, MPa

0

5

10

15

0 2 4 6 8 10 12

St
re
ss
: M

P
a 
(N
/m

m
2
)

Sliding: mm

Comparison of Bond Stress and Sliding from Experimental Test 
and Equation (1 L, 4S,  CFRP Net Strips)

Bond Stress, Equation

Stress : Lab Test, MPa

Figure 35. Comparison of bond stress and sliding from the experimental test and equation (1 L, 4 S,
and CFRP net strips).
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5. Finite Element Simulation and Verification via Results from an Experimental Study 

The interaction of bricks and mortar is critical in the nonlinear analysis of masonry 

structures. The use of interface elements in the micro- and simplified micro-models ena-

bles the identification and analysis of potential failure mechanisms occurring within the 

mortar joint. These failure mechanisms encompass brick/mortar decohesion and cracking 

across the mortar layer. As a result, interface elements have a wide range of applications 

in the analysis of masonry structures, and ongoing research is being conducted to further 

their development. Page  [34] was  the pioneer  in endeavouring  to  incorporate  interface 

elements within masonry walls. D’Altri et al. [35,36] introduced a new 3D micro-model 

that depicts the response of masonry walls under both in-plane and out-of-plane loading 

scenarios. This model comprises textured units that are composed of a single brick and 

mortar layer. To address the limitations of the detailed micro-modelling approach, a sim-

plified micro-modelling technique was developed. The use of simplified micro-modelling 

is prevalent in the numerical analysis of masonry due to its straightforwardness and sub-

stantial decrease in analysis duration in comparison to intricate micro-modelling, as evi-

denced by various studies, such as those by Doran et al. [37–39]. Micro-models, according 

to Lourenco et al. [40–43], are probably the best tools available for understanding masonry 
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5. Finite Element Simulation and Verification via Results from an Experimental Study

The interaction of bricks and mortar is critical in the nonlinear analysis of masonry
structures. The use of interface elements in the micro- and simplified micro-models enables
the identification and analysis of potential failure mechanisms occurring within the mortar
joint. These failure mechanisms encompass brick/mortar decohesion and cracking across
the mortar layer. As a result, interface elements have a wide range of applications in the
analysis of masonry structures, and ongoing research is being conducted to further their
development. Page [34] was the pioneer in endeavouring to incorporate interface elements
within masonry walls. D’Altri et al. [35,36] introduced a new 3D micro-model that depicts the
response of masonry walls under both in-plane and out-of-plane loading scenarios. This model
comprises textured units that are composed of a single brick and mortar layer. To address the
limitations of the detailed micro-modelling approach, a simplified micro-modelling technique
was developed. The use of simplified micro-modelling is prevalent in the numerical analysis
of masonry due to its straightforwardness and substantial decrease in analysis duration in
comparison to intricate micro-modelling, as evidenced by various studies, such as those by
Doran et al. [37–39]. Micro-models, according to Lourenco et al. [40–43], are probably the best
tools available for understanding masonry behaviour. The advantage of using this method
is that it takes into account all of the different failure mechanisms, such as (a) cracking
and sliding along the bed or head joints, (b) cracking of the units in direct tension, and
(c) masonry crushing, which is commonly identified as the splitting of units in tension
as a result of mortar at high normal stress values. Ravi et al. [44] carried out a numerical
investigation that provided detailed information on masonry behaviour that could be
compared to the actual behaviour of masonry structures. Masonry is anisotropic due to
the presence of nonlinear and non-homogeneous mortar joints. The finite element method
can be used to perform nonlinear analysis of unreinforced brick masonry. Prakash and
Alagusundaramoorthy [45] have demonstrated that micro-modelling of triplet masonry is
an effective approach to identifying the behaviour and shear transfer mechanism across the
mortar joint. The shear transfer mechanisms at joints can be categorized into three types,
namely sliding, interlocking, and overriding.

5.1. Modelling by ANSYS and Verification via Experimental Studies

In this study, the shear and bond behaviour of FRP-strengthened triplet masonry was
investigated analytically through the use of the commercial software ANSYS versions 18
and 19.2 [46,47]. Different strengthened specimens were analysed, and the behaviour of
the samples was compared with results from the experimental studies. The analytical
modelling process was based on the following set of assumptions:

1. The cross-sectional area and the modulus of elasticity remain unchanged throughout
the loading process.

2. Masonry samples are regarded as consisting of a material that is both non-homogeneous
and isotropic in nature.

Researchers prefer employing homogeneous modelling and linear elastic behaviour
in order to simulate masonry walls. However, in this study, non-homogeneous micro-
modelling and nonlinear elastic behaviour were assumed for the URM triplets. The
compression and shear behaviour of strengthened masonry could be compared together,
particularly since the displacement of triplet masonry was one of the main objectives of the
present research.

5.2. Formulation of the Model (Micro-Modelling of the Brick Masonry)

Brickwork strength is reliant on the physical features of the masonry unit, the mortar,
and the bond among them. In the current study, models with two different materials
are presented, which are brick units and mortar joints. The brick unit was modelled
using solid 185. Solid 185 is used for the 3-D modelling of structures and is defined by
eight nodes. Each node has three degrees of freedom: translations in the nodal x, y, and
z directions. The element considers large deflection, large strain, plasticity, creep, and
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stress stiffening capabilities. Deformations of nearly incompressible elastoplastic materials
and fully incompressible hyperelastic materials can also be simulated, as it has mixed
formulation capabilities. This is available as a homogenous structural solid element and a
layered structural solid element. The mortar joint was modelled using solid 65; solid 65
is used for 3-D modelling of solids with or without reinforcing bars (rebar). Solid 65 is
capable of cracking in tension and crushing in compression. The element is defined by eight
nodes having three degrees of freedom at each node: translations in the nodal x, y, and z
directions. Up to three different rebar specifications may be defined. The most important
aspect of this element is the treatment of nonlinear material properties.

To predict the mechanical performance of masonry, finite element models of specimens
have been developed. The current study attempted to develop a finite element model to
predict the shear strength of masonry prisms subjected to shear loading. The micro-level
models consider the units and mortar joints separately. Thus, the structural analysis was
performed, taking into consideration each element of the masonry material. The stack-
bonded brick masonry prism was built with three solid London clay bricks measuring
220 mm × 104 mm × 65 mm in 10 mm thick cement mortar with a 1:4 (M4) ratio. Separate
layers of elements represented the bricks and mortar joints. Each element type was repre-
sented by its properties as well as its initial modulus of elasticity. The loading was applied
to the model’s top surface. The micro-modelling approach was used to represent brick and
mortar joints as continuum elements. The bond between brick and mortar was modelled
using contact elements. The constitutive behaviour of the contact elements was based on
the aforementioned Equations (6)–(14) given in Table 6.

5.3. CFRP Configurations for Analytical Study by ANSYS

This study on finite element analysis (FEA) provided evidence that the enhancement in
resistance to triplet load was a result of the augmentation in fibre-reinforced polymer (FRP)
composite material. The experimental results showed that retrofitting CFRP composites
increased the load resistance of masonry triplets. CFRP retrofitting increased the strength
and deformation capacity of triplets. Until the point of failure, the bond between the
CFRP and the triplet surface remained unbroken. In the present investigation, modelling
was conducted on triplet specimens to find the strength of the brick masonry. The study
also examined the performance of three sets of triplet samples that were retrofitted using
various arrangements of CFRP composites. The retrofitted triplets’ test results were used to
validate the micro-modelling. The FE modelling consisted of nine different triplet masonry
configurations with one-layer CFRP and CFRP net as follows: (1) CFRP on two sides,
(2) CFRP on four sides, (3) CFRP strips on two sides, (4) CFRP strips on four sides, (5) CFRP
net on two sides, (6) CFRP net on four sides, (7) CFRP net strips on two sides, and (8) CFRP
net strips on four sides of triplet masonry and unreinforced triplet masonry (URTM); they
were analysed under shear loading.

5.4. Loading, Boundary Conditions, and Load-Deformation Behaviour

It was assumed that an ideal connection existed between the surface of the triplet and
the CFRP composite. The load was applied to the upper part of the central brick, while the
lower parts of the side bricks were considered to be fixed, allowing no movement in any
direction. The software employed a surface-to-surface contact algorithm to simulate the
interface between brick and mortar. In this simulation, the brick surface was designated
as the target surface owing to its higher modulus of elasticity, while the mortar surface
was identified as the contact surface. According to the experimental data, significant stress
was transferred to the FRP around the cracked elements, and the CFRP retrofitted triplet
exhibited nonlinear load resistance-displacement behaviour. After cracking through the
bed joints, the CFRP began to resist the load.
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6. Finite Element Analyses for Masonry Triplets with and without CFRP

The FE modelling demonstrated that the effect of CFRP increased the load resistance
of the samples. The experimental results showed that retrofitting masonry triplets with
CFRP composites increased their load resistance. The bricks and mortar were represented
as separate elements with their properties using the initial modulus of elasticity from
the experimental tests, and the brick and mortar joints were modelled using the micro-
modelling approach. Figures 37a, 38a, 39a, 40a, 41a, 42a, 43a, 44a and 45a present a
comparison of the experimental tests and developed finite element simulations for all CFRP
configurations. Figures 37b, 38b, 39b, 40b, 41b, 42b, 43b, 44b and 45b depict the localized
increase in stress at the interfaces of the brick-and-mortar surfaces. The failure started at
the peripheral edges of the interface layer, gradually progressing towards the middle of
the specimen. The mortar with a lower modulus of elasticity experienced higher stress
and cracks compared to the brick. The deformation experienced by the entire mortar was
relatively high, pointing towards the possibility of interface delamination. Based on the
FE analysis of masonry triplets, it was observed that the stress is effectively transferred
to the CFRP composite, leading to a stronger connection between the brick and mortar.
As shown in Figures 37b, 38b, 39b, 40b, 41b, 42b, 43b, 44b and 45b, the stress transferred
from mortar and bricks to CFRP and the failure of all triplets began in the brick-and-mortar
interface layer, sweeping to the CFRP on the specimen. The cracks observed in both the
mortar layer and the brick during the experimental test were similar to the ones anticipated
by the suggested model. In experimental tests and also in finite element analyses, the
debonding of CFRP from triplets was the main reason for failure; the loss of bonding
between the reinforcement composite and masonry interface is primarily responsible for
the occurrence of this failure. The occurrence of failure indicated that the crack originated
from the separation of the masonry units from the mortar and propagated across the entire
thickness until there was the detachment of the epoxy and CFRP from the masonry units.
At this point, the triplet failed because the tensile stresses were no longer transferred to the
CFRP, confirming that the developed numerical model can simulate the failure modes of
triplets with sufficient accuracy.
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Figure 38. (a) Comparison of laboratory test FE simulation. (b) Shear stress at the failure point.
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Figure 39. (a) Comparison of laboratory test and FE simulation. (b) Shear stress at the failure point.
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Figure 40. (a) Comparison of laboratory test and FE simulation. (b) Shear stress in FE simulation.
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Figure 41. (a) Comparison of laboratory test and FE simulation. (b) Shear stress at the failure point.
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Figure 42. (a) Comparison of lab test FE simulation (b) Shear stress at the failure point.
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Figure 43. (a) Comparison of laboratory test and FE simulation. (b) Shear stress in FE simulation.
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Figure 44. (a) Comparison of laboratory test and FE simulation. (b) Shear stress at the failure point.
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Figure 45. (a) Comparison of laboratory test and FE simulation. (b) Shear stress at the failure point.

The ultimate displacement predicted by the numerical modelling for all CFRP con-
figurations on triplet masonry was much lower compared with the results obtained in
the experimental test. It is normal to find disagreement between analytical finite element
modelling and experimental tests. In this study, the comparison of the load-displacement
graphs from the theoretical modelling with the results from the experimental tests showed
significantly low displacement and were not accurate, thus the user-defined functions for
finite element modelling were developed.

The reason for lower sliding in FE modelling than in the experimental tests is that the
finite element program in Ansys assumes a perfect bond between brick and mortar. The
perfect homogeneous material is the other assumption in finite element analysis. Therefore,
this error can be corrected by using the developed functions in Table 6 as a user-defined
function (UDF) to create correct sliding and 3D modelling for eight CFRP configurations.
By using the UDF functions, it is possible to predict correct sliding in 3D modelling at any
load or stress point. The FEM stress in mortar and sliding of the middle brick in this study
is similar to the results obtained by Hernoune, et al. [18].

According to the diagrams from the FE modelling, interface stresses and sliding failure
propagation initiated at the brick-and-mortar interface layer spread to the CFRP and brick
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interface on the specimens. The failure of interface elements commenced at the middle
brick interfaces, which might have been due to the boundary conditions on the left and
right ends of the specimen’s outer bricks and the direction of loading. Full cracking was
only observed at the inner interfaces, starting at the maximum load.

7. Discussion and Conclusions

Overall, reinforced triplet masonry shear tests play a significant role in ensuring the
safety, reliability, and longevity of masonry constructions by providing valuable insights
into the behaviour of materials under shear stress. Engineers and construction professionals
can use the test results to select the most effective reinforcement method for masonry walls
in earthquake-prone regions. The findings can influence building codes and construction
practices to enhance the seismic resilience of structures.

In the strengthened triplets, the failure was caused by the loss of bonding between the
CFRP and the masonry units. The mode of failure for all configurations was ductile, and
delamination occurred just before failure. FRP ruptured at mid-span, followed by shearing
of the sheets in the middle of the sample being observed. It was also observed that the
presence of the CFRP improved the triplets’ performance by changing the failure from
brittle to ductile.

In summary, the experimental data yielded the following observations:

1. All types of reinforced triplets increased bond strength by up to four to six times
compared with triplets without CFRP, and the extent of reinforcement effectiveness
varied based on the configuration employed.

2. The shear failure of brickwork commenced with cracking and sliding through the mortar
joints. The failure occurred along the interface between the brick-and-mortar joints.

3. The highest ductility in terms of maximum sliding at the ultimate load was observed
for all samples.

4. The retrofitting of shear triplets with CFRP composites reduced the interfacial shear
stress concentrations between the brick-and-mortar surfaces, and in contrast with
URM triplets, the strengthened samples were stable after failure.

5. The bond strength in reinforced triplets with the same amount of CFRP and CFRP net
was found to be almost equal. The main reason for this could be comparable values
of the modulus of elasticity.

6. A debonding failure pattern was observed in reinforced triplets with CFRP sheet and
CFRP strip configurations.

7. Comparison of the finite element analyses using the newly developed equations with
experimental tests for reinforced triplet masonry with different CFRP configurations
showed good agreement, resulting in a high level of accuracy.

8. Suggestions for Further Investigations

The effectiveness of the FRP composites for reinforcement of the masonry structures
has been proven in this study, but further investigations are needed to clarify the behaviour
of FRP-strengthened masonry walls. Some of the areas that need to be investigated are
indicated below:

1. Further information about the durability of composite materials used in the reinforce-
ment of URM walls under different environmental conditions would be very beneficial.

2. Investigation of surface preparation methods and the amount of impregnating resins
are also needed.

3. An investigation of the coupled behaviour of compression forces and FRP strengthen-
ing of masonry specimens is needed.

4. Since debonding of FRP from the masonry surface is the main reason for failure
and has a direct relationship with the porosity of the masonry unit and mortar, the
different types of masonry units and mortar should be investigated.

5. A numerical investigation of the different parameters affecting the behaviour (e.g.,
masonry properties, CFRP properties, and thickness) needs to be performed.
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6. Investigation of strengthened masonry specimens under high temperatures.
7. Investigation of large-scale strengthened masonry walls with different CFRP configu-

rations under combinations of in-plane and out-of-plane loadings.
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