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In this research work, the flexural behaviour of reinforced concrete (RC) beams strengthened with a new
type of strengthening material, namely wire mesh-epoxy composite, was investigated. The flexural
behaviour of RC beams strengthened using this new material was compared with RC beams strengthened
with carbon fibre reinforced polymer (CFRP) sheet. In addition, the structural performance of a beam
strengthened using a hybrid of wire mesh-epoxy and CFRP sheet was investigated. The results showed
that the use of wire mesh-epoxy composite provides considerable enhancement in the performance of

ﬁyword;:h strengthened beams. Compared to CFRP, the wire mesh-epoxy strengthened beams showed more
E‘;;:Ymes improvement in the first crack load, stiffness and yield strength. In addition, the use of hybrid wire
FRP mesh-epoxy-carbon fibre composite indicated better post-yield behaviour and prevented the debonding

of the CFRP sheet.
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1. Introduction

The strengthening and rehabilitation of reinforced concrete (RC)
structures are among the most challenging tasks in the civil engi-
neering field. The upgrading and retrofitting of structures is a
necessity for many reasons, such as increase in vehicle load, to
overcome original design or detailing errors and the deterioration
that occurs during the service life of structures. Over the last three
decades, significant research has been documented on the use of
different materials for the flexural strengthening of RC structures.

Steel plates bonded to the soffits of beams are among the earli-
est materials adopted and investigated [1,2]. Despite the improve-
ment in flexural capacity, stiffness and cracking behaviour of the
strengthened beams, the use of steel plates has shown some draw-
backs, such as the corrosion of steel and the difficulties of transpor-
tation and handling of long plates [3-5]. In order to resolve the
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problems associated with steel plates, fibre reinforced polymer
(FRP) was introduced. The use of FRP materials for strengthening
has gained considerable attention around the world due to the
good durability properties and high strength to weight ratio
[4,6]. However, FRP strengthened beams have shown a loss in duc-
tility compared to normal unstrengthened beams [7-12]. This
reduction in ductility is mainly attributed to the brittle behaviour
of the FRP material. In recent years, hybrid FRP materials were
introduced and investigated by a number of researchers to over-
come the problems of ductility [13-16]. However, the use of hybrid
FRP material for strengthening is still limited due to the small
number of reported studies and lack of proper design guidelines
[17,18]. In addition, the high cost of different FRP materials is
another concern.

However, the use of ferrocement laminates has been shown to
be an effective and economical method for structural strengthen-
ing and retrofitting. Ferrocement laminate consists of different lay-
ers of wire mesh embedded in cement mortar. Due to the relatively
low flexural strength of cement mortar, the flexural strength of fer-
rocement laminate is gained entirely from the wire mesh, which



has a ductile behaviour. The test results by Basunbul et al. [19]
showed that RC beams strengthened using ferrocement laminates
exhibited an increase in flexural strength and stiffness and an
improvement in cracking behaviour. The main problem associated
with the use of ferrocement is the separation of ferrocement lam-
inate from the beam soffit. This issue was investigated by Param-
asivam et al. [20,21]. The researchers used epoxy adhesive and
shear connectors at different spacing to bond the ferrocement lam-
inate to the tension face of beams. In addition, the amount of wire
mesh reinforcement in the laminate was varied. It was found that
the increase in the flexural capacity of strengthened beams is
mainly dependent on the amount of wire mesh reinforcement
and maintaining the composite action between the laminate and
beam until failure. Furthermore, a study by Al-Kubaisy and Jumaat
| 22] showed that the use of Hilti bolts and steel bars as shear con-
nectors together with epoxy adhesive maintains a full composite
action between the ferrocement laminate and the beam.

Xing et al. [23] used steel wire mesh with polymeric mortar for
strengthening reinforced concrete T-beams. A wire mesh with a
wire diameter of 3.2 mm was embedded in polymeric mortar and
bonded to the soffit of the beams. The strengthened beams showed
an improvement in the flexural capacity and stiffness. However,
debonding of the steel-mortar composite was the failure mode in
all the strengthened beams, which shows a similar problem to that
associated with the ferrocement laminates. Qeshta et al. [2425]
recently developed a new composite for strengthening and retro-
fitting. The composite consists of the wire mesh commonly used
for ferrocement laminates and the epoxy resin. The behaviour of
beams bonded with wire mesh-epoxy composite was compared
with beams bonded with FRP sheets. It was found that beams
bonded with the new composite had superior performance with
respect to flexural capacity and energy absorption compared to
FRP. In addition, a better ductile and gradual behaviour was
achieved with the use of hybrid wire mesh-epoxy-carbon fibre
composite. However, the researchers investigated the wire mesh-
epoxy composite on small-scale plain concrete beam specimens.
Thus, the aim of this paper is to study the behaviour of large-scale
RC beams strengthened using the wire mesh-epoxy composite. The
development of the wire mesh-epoxy composite requires a clear
understanding of the behaviour of strengthened RC beams at dif-
ferent loading stages. The type of strengthening material signifi-
cantly affects the behaviour of the strengthened beam. Therefore,
the work presented in this paper is the first step in investigating
the effectiveness of using the wire mesh-epoxy composite for
strengthening RC structural elements, which helps for further
development and making it more practically acceptable. The effect
of wire mesh-epoxy composite on load carrying capacity, service-
ability and cracking behaviour is investigated and compared with
the carbon fibre reinforced polymer (CFRP) and hybrid wire
mesh-epoxy-carbon fibre composite. In addition, this paper studies
the preparation and development of wire mesh-epoxy composite
as a laminate to examine the practical aspect of the application
of the composite on site.

2. Experimental programme
2.1. Material properties

2.1.1. Concrete and steel

One concrete batch was used to cast all beams. The 28-day average cube com-
pressive strength of concrete, according to BS EN 12390-3:2009 [26], was about
53 MPa. The flexural strength, according to BS EN 12390-5:2009 [27], was about
5.30 MPa. The splitting tensile strength was about 4.25 MPa. The splitting tensile
strength was obtained in accordance with ASTM C496/C496M-11 [28]. In addition,
the elastic modulus of concrete was about 39 GPa.

Three types of steel bar were used for the beam reinforcement. Deformed bars
with a diameter of 12 mm were used for flexural reinforcement while mild steel
bars of 8 mm diameter were used for the stirrup reinforcement. In addition,

Table 1
Mechanical properties of materials used for strengthening.
Material Ultimate Yield Ultimate strain Elastic
strength strength (Micro-strain) modulus
(MPa) (MPa) (GPa)
Welded 665.0 2704 12000 1142
wire
mesh
CFRP 4900.0 N/A® 21000 2300
Epoxy 30,0 N/A® 9000 4.5

* Not applicable.

deformed bars with a diameter of 10 mm were used as hanger bars for the stirrups.
The yield strengths for the 12, 10 and 8 mm bars were 529, 521 and 317 MPa,
respectively. The elastic modulus of 12 and 10 mm bars was 200 GPa while the
8 mm bars had an elastic modulus of 210 GPa.

2.1.2. Welded wire mesh

The common galvanised welded wire mesh with square openings was used. The
mesh had a wire diameter and spacing of 0.64 and 6.4 mm, respectively. The
mechanical properties of the wire mesh obtained in accordance with ACI 549.1 R-
88 [29] are shown in Table 1.

2.1.3. CFRP
A unidirectional CFRP sheet was used in this study [30]. The CFRP sheet has a
thickness of 0.17 mm. The mechanical properties of CFRP are shown in Table 1.

2.1.4. Epoxy resin

A two-part epoxy impregnation resin was used for fabricating the wire mesh-
epoxy composites [31]. In addition, it was used for bonding the CFRP and wire
mesh-epoxy laminate to the beam surface. Table 1 presents the mechanical proper-
ties of the epoxy resin.

2.2. Specimens preparation and strengthening

The experimental work consisted of one control beam (CB) and four beams
strengthened with wire mesh-epoxy composites (specimens A1 and A2) and CFRP
(specimen B) as well as a hybrid of wire mesh-epoxy and CFRP (specimen HY).
The description of the test specimens is provided in Table 2. The width of the wire
mesh-epoxy composite inspecimens Al, A2 and HY was 150 mm. Specimens B and
HY were strengthened with a2 75 mm width CFRP sheet. The length of strengthening
materials in all specimens was 2420 mm.

The study by Qeshta et al. [24] showed that the use of four layers of wire mesh
is optimum for increasing the flexural capacity of strengthened specimens. Thus, all
the wire mesh-epoxy composites used in this study consisted of four wire mesh
layers.

A proper concrete surface preparation was done before applying the strength-
ening materials. The surface preparation was done in accordance with the manufac-
turer's instructions for the application of epoxy resin [31]. The surface was first
abraded to remove the cement laitance and loose materials that might interfere
in the bonding. The dust was then removed using a brush and vacuum air cleaner.
Acetone was used to ensure the cleanness of the surface from any material that can
affect the bonding.

Two different methods for the application of the wire mesh-epoxy composite
were adopted in this study. The wire mesh-epoxy composite in specimen Al was
applied directly on the beam surface. After the surface preparation was completed,
a thin layer of epoxy was spread over the surface. This layer helped to fill the small
voids on the prepared surface for perfect bonding. The multiple layers of wire mesh
were then placed on the concrete surface and the epoxy resin was applied (Fig. 1). It
should be mentioned that the amount of epoxy sufficient for bonding the wire mesh
was 1.5 kg/m? per layer. An acetate release film was placed on the composite to
obtain a smooth surface after hardening. A piece of plywood was then placed on
the acetate film and clamped to provide good bonding with the surface of the con-
crete. The composite was left for one week for curing according to the manufac-
turer's recommendations. After one week, the clamp was finally opened and the
acetate film was removed.

In specimens A2 and HY, the wire mesh-epoxy composite was applied as a lam-
inate. The laminate was prepared away from the beams and applied to their surface
after hardening using the same epoxy resin. The main aim of fabricating the lami-
nate was to study the practical perspective of the application of the wire mesh-
epoxy composite on site. It is important to develop the composite, which can be
practically acceptable and less laborious for site application. The laminate was pre-
pared by first applying the epoxy on the layers of the wire mesh placed in a special
mould and left one week for curing. After hardening of the composite, the laminate
was taken from the mould and prepared for bonding on the soffits of the beams.



Table 2
Description of test specimens.

Beam Strengthening material

designation

B N/A*

Al Wire mesh-epoxy composite (applied directly on beam
surface)

A2 Wire mesh-epoxy composite laminate

B CFRP sheet

HY A hybrid of wire mesh-epoxy composite and CFRP

# Not applicable.

Fig. 1. Applying epoxy on multiple layers of wire mesh placed on beam surface.

Fig. 2. Wire mesh-epoxy laminate.

Fig. 2 shows the wire mesh-epoxy laminate. After completing the preparation of the
concrete surface, the epoxy resin was applied on the beam surface followed by the
placement of the laminate. Fig. 3 shows the placement of the laminate on the beam
surface before clamping. A plywood piece was placed between the laminate and
clamping to avoid any local damage on the laminate surface and to distribute the

Fig. 3. Placement of the wire mesh-epoxy laminate on beam surface.

pressure evenly over the laminate for perfect bonding. It should be noted that the
amount of epoxy found sufficient for bonding the laminate was 0.75 kg/m®. This
amount is similar to that recc ded by the facturer for bonding one layer
of carbon fibre sheet [30,31].

In specimen B, the conventional wet lay-up procedure was used for bonding the
CFRP sheet on the beams surface. The epoxy was first spread over the concrete sur-
face followed by placement of the CFRP sheet. A special roller provided by the man-
ufacturer was used to squeeze the resin through the fibres. In specimen HY, both
procedures mentioned above for bonding the wire h-epoxy | and CFRP
sheet were applied. The CFRP sheet was applied first on the concrete surface,
followed by bonding the wire h-epoxy using epoxy resin.

2.3. Test set-up and instrumentation

A total of five RC beam specimens with identical dimensions and reinforcement
details were fabricated. Figs. 4 and 5 show the test set-up and beam details. The
total length of the beam was 2800 mm. The beam width and depth were 150 and
250 mm, respectively. The beams were singly reinforced with two 12 mm deformed
steel bars. Shear links were provided in the shear span at a spacing of 75 mm cen-
tre-to-centre using 8 mm mild steel bars. Deformed bars of 10 mm diameter were
used as hanger bars for the shear links. The beams were tested after eight months
from the date of casting. All the beams were tested under four-point bending until
failure with an effective span of 2500 mm. The distance between the two point
loads was 700 mm. The mid-span deflection was monitored during the test using
a linear variable displacement transducer (LVDT). Strains of the internal steel rein-
forcement and strengthening materials were monitored using strain gauges. One
strain gauge was placed at the centre of each steel reinforcement bar. The strain
gauges were placed at the mid-span of the strengthening material and at distances
of 300, 500 and 1000 mm from the centre of beam. The distribution of cracks was
observed during the test. In addition, the crack widths at the different levels of load
were measured using a microscope.

3. Results and discussion
3.1. Load-deflection behaviour

The load-deflection response of strengthened beams varies sig-
nificantly depending on the type of strengthening material [32].
This variation provides a useful measure of the performance of
strengthened beams. The effectiveness of the wire mesh-epoxy
composite, CFRP and hybrid wire mesh-epoxy-carbon fibre com-
posite is evaluated and discussed in the following sections.
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Fig. 4. Test set-up (all dimensions are in mm).

3.1.1. Effect of wire mesh-epoxy composite

The load-deflection relationships of the control specimen (CB)
and specimens Al and A2 are shown in Fig. 6. Table 3 summarises
the load and deflection values at the first crack, yielding and peak
for all specimens. It should be mentioned that specimen Al was
strengthened with wire mesh-epoxy composite applied directly
on the beam soffit, whereas specimen A2 was strengthened with
the wire mesh-epoxy composite in the form of a laminate. The con-
trol specimen failed after the yielding of internal steel reinforce-
ment and concrete crushing in the compression zone. Specimens
Al and A2 failed at two different stages, fracture of wire mesh-
epoxy composite at yield, followed by concrete crushing after a sig-
nificant increase in the deflection. The load-deflection curves are

trilinear defining three distinct stages: the first stage corresponds
to the uncracked section and full elastic behaviour of the beam.
The load-deflection curve in this stage is almost a straight vertical
line representing the full flexural rigidity of the beam. The second
stage starts with the initiation of cracks in the tension zone. In this
stage, the maximum tensile stresses in the beam exceed the flex-
ural strength of the concrete. Consequently, the beam has a
decrease in its flexural stiffness. This can be observed by the reduc-
tion in the slope of the load-deflection curve. The third stage
includes the yielding of the steel reinforcement. The beam at this
stage carries a constant amount of load and shows a significant
increase in the deflection up to final failure. The load-deflection
curve in this stage is almost flat and the beam is considered to have
failed. The first crack appeared in the control beam at a load of
10 kN. However, the first crack was observed in beams Al and
A2 at loads of 19 and 18 kN, respectively. This shows an increase
of up to 90% over the control beam. The delay in the first crack is
mainly attributed to the wire mesh-epoxy composite on the beams
soffits. The wire mesh-epoxy composite prevented the initiation of
micro-cracks in the vicinity of the beam tension face, and, conse-
quently, prevented the propagation of cracks. The delay of the
cracks is of great importance for the serviceability of beams. Main-
taining the uncracked section prevents the penetration of water
and carbon dioxide from the surrounding environment, which
might result in the corrosion of the steel reinforcement. Specimens
Al and A2 showed better stiffness in the post-cracking stage com-
pared to the control specimen. This can be observed from the slope
of the load-deflection curve. The load-deflection curves of speci-
mens Al and A2 are steeper than the control specimen, as shown
in Fig. 6. The improvement in stiffness is due to the contribution
of the wire mesh-epoxy composite. The wire mesh-epoxy

composite restrained the cracks from widening and the beam could
carry higher loads without significant loss in stiffness. The control
beam yielded at a load of 54 kN as expected. However, beams A1l
and A2 exhibited a significant increase in their yield loads, which
were 70 and 68 kN, respectively. This significant increase is impor-
tant for achieving the required service loads. The wire mesh-epoxy
composite ruptured at the mid-span at slightly higher loads than
the yield load. The load-deflection curves of specimens A1 and A2
then showed a drop in load to 57 and 55 kN, respectively. These
load values are close to that of the control specimen after the yield-
ing load (47 kN). However, the slight increase in load over the con-
trol specimen is attributed to the contribution of wire mesh-epoxy
composite at the remaining sections of the beam to the overall

rigidity. It should be noted that there was no premature debonding
between the wire mesh-epoxy laminate and the concrete surface
during all loading stages. The composite continued to contribute
to the load carrying capacity and stiffness with a full composite
action until rupture. Fig. 7 shows the failure of the wire mesh-epoxy
composite laminate in specimen A2. The specimens then continued
to deflect until final failure by concrete crushing followed by
rupture of the steel reinforcement.

By comparing the behaviour of specimens Al and A2, it was
found that the wire mesh-epoxy composite could give the same
enhancement to the beams behaviour when applied as a laminate.
As a result, the wire mesh-epoxy composite can be prepared and
delivered to the site in the form of laminate for easier and more
practical strengthening process of structures. In practise, the
weight of strengthening materials is an important factor. The cal-
culated density of the wire mesh-epoxy composite laminate was
found to be 1627 kg/m®. The density of mild steel is about
7800 kg/m?® [33]. This indicates that the density of steel is about
five times the density of the wire mesh-epoxy composite laminate.
Hence, the wire mesh-epoxy composite laminate has much lighter
weight compared to steel plates. This provides easy handling of the
strengthening material on site.

3.1.2. Comparison between the performance of the wire mesh-epoxy
composite and the CFRP

The use of FRP materials for the strengthening and retrofitting
of existing RC structures has increased considerably in recent years
[4,6,34]. Specimen B was strengthened with a 75 mm wide CFRP
sheet. The load-deflection relationships of specimens B, A2 and
the control specimen (CB) are shown in Fig. 8. The first crack
occurred in specimen B at a load of 15 kN with an increase of about
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50% over the control specimen. The specimen also showed a slight
improvement in stiffness after the first crack compared to the con-
trol specimen. In addition, the specimen yielded at a load of
58.4 kN. This shows an increase of 23% over the control specimen.
A comparison can be made between the behaviour of specimens A1
and A2 and specimen B. Specimens Al and A2 exhibited an
increase in the first crack and yield loads of up to 90% and 47%,
respectively. In addition, the maximum load carrying capacity
was achieved at the yielding of the steel reinforcement in speci-
mens Al and A2. This indicates that a significant enhancement in
the behaviour of specimens strengthened with wire mesh-epoxy
composite is gained in the pre-yielding stages. This is of great
importance for achieving the required increase in load and the
delay of cracking for beams under service load. In RC design,
the beam is considered structurally failed after the yielding of
the steel reinforcement [35]. Therefore, the effectiveness of the

strengthening material is always evaluated based on the amount
of increase in load prior to the yielding of the steel reinforcement.
Specimen B showed a higher ultimate or peak load than specimens
A1 and A2. However, this increase in load only occurred after the
yielding of the steel reinforcement. This is mainly attributed to
the properties of the FRP material. FRP is a brittle material that
shows a linear stress-strain behaviour until failure. In addition,
the failure strain of CFRP in specimen B is 21,000 microstrains,
whereas the yield strain of the tension steel reinforcement is
2700 microstrains. Therefore, the tension steel in specimen B
yielded before the CFRP sheet strains, and shows a measurable
increase in load. Consequently, CFRP only showed a considerable
contribution to the load carrying capacity after yielding. Specimen
B continued to deflect significantly after yielding with an increase
in load values until reaching the maximum load (77.6 kN). A sud-
den drop in load to 55.9 kN was then observed at a deflection of
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Fig. 6. Load-deflection relationships of specimens CB, A1 and A2.

34.5 mm. This drop is due to the debonding of the CFRP sheet. Deb-
onding is a common failure mode in beams strengthened with FRP
materials [36-38]. Debonding of FRP occurs due to the high stress
concentrations at certain regions in the interface between the FRP
and the concrete. The stress concentrations are initiated due to the
discontinuities of materials and the occurrence of cracks. As a
result, a separation propagation path is initiated at the regions of
high stress concentration depending on the properties of the
strengthening materials and the surface conditions of the concrete.
Fig. 9 shows specimen B after the debonding of the CFRP sheet.
Debonding is an undesirable failure mode in the structural
strengthening, as the FRP material, which has a relatively high cost,
cannot be utilised effectively. The specimen continued to deflect
after debonding at almost constant load values until final failure.
It can be concluded that the wire mesh-epoxy is more efficient in
increasing the load-carrying capacity of beams under service com-
pared to CFRP. In addition, the wire mesh-epoxy composite failed
by fracture. This indicates that the material was fully utilised for

Table 3
Results of tested beams.

achieving the targeted improvement in the structure load carrying
capacity unlike the CFRP, which failed by premature debonding.

3.1.3. Performance of hybrid of wire mesh-epaoxy composite and CFRP
for strengthening

Specimen HY was strengthened with a hybrid of strengthening
materials, namely, a wire mesh-epoxy-carbon fibre composite.
Recently, hybrid composite materials have been increasingly used
for the strengthening and retrofitting of RC structures [15,39-41].
The load-deflection relationships of specimens HY and CB are pre-
sented in Fig. 10. It was shown in the previous sections that the
specimens bonded with wire mesh-epoxy composite exhibited a
drop in load after yielding due to the fracture of the wire mesh-
epoxy composite. Despite the significant increase in yield load,
the specimen did not show a significant enhancement in the load
carrying capacity after yielding. In addition, specimen B showed
a considerable increase in load carrying capacity only after yield-
ing. The main aim for using the hybrid wire mesh-epoxy-carbon
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Fig. 8. Load-deflection relationships of specimens B, A2 and CB.
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Fig. 7. Failure of wire mesh-epoxy laminate in specimen A2.



Fig. 9. Debonding of CFRP sheet in specimen B.

fibre composite is to investigate the enhancement of behaviour of
strengthened specimens at the overall loading process, i.e. pre-
yield and post-yield stages. Qeshta et al. [24] found that the use
of hybrid wire mesh-epoxy with carbon fibre produces progressive
failure due to the sequential rupture of materials with different
failure strains. Similar to the other strengthened specimens, spec-
imen HY exhibited an increase in the first crack load of up to
16.3 kN. The specimen also showed a slight increase in stiffness
after the occurrence of the first crack compared to the control spec-
imen. The yield load was increased up to 70 kN. This indicates an
increase in the first crack and yield loads of 63% and 47.6% over
the control specimen, respectively.

In comparison with the specimens bonded with wire mesh-
epoxy and CFRP alone, specimen HY exhibited a similar enhance-
ment in yield load. After yielding, the specimen continued carrying
increasing loads until 80 kN. The wire mesh-epoxy composite then
ruptured and a drop in load to 72 kN was observed. This drop in
load is more gradual compared to that in the specimens with the
wire mesh-epoxy composite alone, which is due to the existence
of CFRP sheet. After the rupture of the wire mesh-epoxy composite,
the load was totally transferred to the CFRP sheet. As the specimen
started to deflect at larger values, the CFRP sheet strained remark-
ably. Hence, the CFRP sheet started to contribute significantly to
the specimen load carrying capacity in the post-yielding stage. It
should be noted that small debonding at the mid-span in the wire
mesh-epoxy laminate was observed after the rupture, as seen in
Fig. 11. The debonding at mid-span is attributed to the loss in
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composite action between the wire mesh-epoxy laminate and
the CFRP sheet. After the rupture of the wire mesh-epoxy compos-
ite at yielding, a small slippage at the interface of the wire mesh-
epoxy composite and CFRP sheet occurred. This slippage occurred
due to the material relaxation after fracture. Hence, a debonding
propagation path started to initiate. However, the propagation
did not extend, which was largely due to the strong bonding
between the laminate and concrete surface at the sections that
are away from the mid-span. Specimen HY carried a load up to
82.3 kN. This increase in load is the largest compared to the A1,
A2 and B specimens. The CFRP sheet then started to rupture while
maintaining higher load values compared to control beam. In addi-
tion, The CFRP sheet in specimen HY did not debond like in the case
of specimen B. This is attributed to the clamping effect provided by
the wire mesh-epoxy laminate. Therefore, the CFRP sheet could be
fully utilised for improving the performance of the strengthened
specimen. It can be concluded that the use of a hybrid wire
mesh-epoxy-carbon fibre composite can significantly provide a
better performance of the strengthened specimens at all loading
stages compared to the use of wire mesh-epoxy and CFRP alone.

3.2. Stiffness of the beams

Stiffness is an essential concern when considering the service-
ability behaviour of the RC structures. The stiffness values of all
the specimens are presented in Table 4. All the strengthened
beams showed significantly more stiffness than the control speci-
men. However, all the specimens showed a reduction in stiffness
after the occurrence of the first crack. Most beams that carry ser-
vice loads are usually at this stage [35]. Hence, it is important to
evaluate the increase in the stiffness of the strengthened speci-
mens at the working load range. The working load range is defined
in the load-deflection curve as the point of deflection that is equal
to the span/480. This ratio is provided by the ACI 318-11 standard
[42] for roofs or floors constructed supporting or attached to non-
structural elements that are likely to be damaged by large deflec-
tions. The working load deflection (span/480) for all beams was
found to be 5.2083 mm. As seen in Table 4, all the strengthened
specimens exhibited an increase in stiffness at a service load of
up to 59.5% over the control specimen, CB. In normal RC
unstrengthened beams, the internal steel reinforcement affects
the stiffness of the beam by controlling the growth of the cracks.
However, the external bonded material provides restraint to the
initiation and growth of the cracks. Specimens A1 and A2, bonded
with wire mesh-epoxy composite, showed the largest increase in
stiffness compared to the other two specimens (B and HY). In
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