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Abstract This paper presents the structural beha-
viour of reinforced concrete (RC) beams with and
without openings strengthened externally with bam-
boo fiber reinforced composite (BFRC) plates in shear
and flexure, respectively. Mechanical properties
include tensile and flexural strength of epoxy,
polyester and vinyl-ester based BFRC plates with
0%, 10%, 20%, 30% and 40% fiber volume fractions
were evaluated. A total of fourteen beams were cast to
evaluate the structural behaviour of RC beams
strengthened with BFRC plates. All the beams were
tested to failure under four-point bending. The results
presented were in terms of load—deflection behaviour,
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failure mode and crack pattern. A comparison was also
made between the performance of epoxy, polyester
and vinyl-ester based BFRC plates in shear strength-
ening of RC beams with openings. Results revealed
that the presence of openings in the shear zone reduced
the original beam capacity of the control beam to
about 52-55%. Shear strengthening of RC beams with
openings using epoxy based BFRC plates showed
significant improvement in regaining the beam struc-
tural capacity to approximately 32-36% higher than
the un-strengthened beams. Meanwhile, strengthening
of RC beams in flexure with epoxy based BFRC plates
managed to regain the beam original capacity up to
98% of the control beam. Bamboo fiber composite
reinforced with epoxy, polyester and vinyl-ester resins
of 40% fiber volume fraction managed to regain the
beam original capacity up to 82%. It was found that
BFRC plates could divert and mitigate the formation
of cracks away from the strengthened region as well as
improved the beam ductility.

Keywords Bamboo fiber reinforced composite

(BFRC) - Beam - Experimental - Flexural -
Reinforced - Strengthening - Shear

1 Introduction

Natural fiber has advantages as a sustainable, envi-
ronmentally friendly and low-cost construction
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material. In the past, most of the investigations on
natural fiber composites such as kenaf [29], bamboo
[18, 24, 35], jute [16], sisal Ramesh et al. [26] focused
on their physical, mechanical and thermal properties,
effects of fiber extraction methods as well as types of
fiber treatment. Due to the high tensile strength and
tensile modulus of natural fibers, further investigations
were conducted to study the potential of natural fiber
reinforced composites for structural strengthening.
Various investigations were conducted on kenaf, jute,
jute rope fiber as polymer composites for both flexural
and shear strengthening [5]. Hafizah et al. [17] studied
the flexural behaviour of RC beams externally
strengthened by kenaf fiber reinforced polymer com-
posites with 50% fiber volume content. The findings
revealed that all strengthened beams managed to
improve the flexural strength by 40%. Alam et al. [3]
investigated the shear strengthening of RC beams with
kenaf fiber polymer composites. The composite
strengthened beam had 33% ultimate failure load as
compared to un-strengthened control beam. On the
other hand, there were investigations of using jute rope
composite plate [4] and jute fiber textile Sen and
Reddy [32] for flexural strengthening of RC beams.
The strengthened beam with jute rope composite plate
was 58% higher compared to the control beam [4].
Meanwhile, natural sisal reinforced composite sys-
tems were also studied on the flexural strengthening of
RC beams Sen and Reddy [31]; Bharath and Reddy
[8]; [20].

Bamboo is ideal for use as strengthening material
due to its excellent mechanical strength, readily
available and economical to harvest. There are about
1200 species of bamboo worldwide with the total area
of about 22 million hm?. They grow rapidly within 6 to
8 months in tropical and subtropical regions, and some
species even can grow in temperate and subarctic
regions. Most of the past studies investigated the
physical and mechanical properties of the bamboo
fibers [10, 11,21, 24, 27], Zhang et al. [38 and bamboo
fiber reinforced composites (BFRC) [19, 19 36, 37].
However, no previous study on external structural
strengthening by BFRC, and hence this is the main
objective of this work.

An opening in RC beams is needed to accommodate
for the service ducts and piping. However, the
presence of opening reduces the cross-sectional area
of the beam, which leads to the reduction of the
original beam capacity Chin et al. [12], [22]. This can

cause severe cracks around the opening and may
increase the beam deflection. Strengthening of RC
beams with openings are usually required when
openings need to be created due to changes in the
purpose of the building. To avoid hacking and drilling
the existing structures for the inclusion of steel
reinforcement, external strengthening using fiber
reinforced polymer (FRP) materials is usually the best
alternative to avoid further damage to the beam. Many
investigations were conducted on the flexural and
shear strengthening of RC beams with and without
openings using FRP [1, 2, 6, 7, 13, 15, 25, 30, 33, 34].
Most of the reported literatures utilized natural fiber
composites for flexural strengthening of RC beams,
but very limited studies were conducted on shear
strengthening. Furthermore, the previous work
focused on the solid RC beam, there were no studies
on natural fiber reinforced composites to strengthen
RC beams with openings in shear zone.

In this study, the potential use of bamboo fiber
reinforced composites and epoxy adhesives in
strengthening of solid RC beams in flexure and RC
beams with openings in shear was experimentally
investigated. The failure modes and the enhancement
of the load-carrying capacity of RC beams strength-
ened with BFRC plates were discussed.

2 Materials and method

2.1 Preparation of fibers to fabricate composite
plates

A total of twelve unidirectional epoxy-based BFRC
plates specimens were fabricated using hand lay-up
method of treated bamboo fibers. The fiber content in
the composite for beam strengthening was 40% fiber
volume fraction. BFRCs based on epoxy, polyester
and vinyl ester with fiber loading ranging from 0 to
40% were tested for comparison. Epoxy-based com-
posite was chosen because it has the highest ultimate
tensile and flexural strength. The fibers were cleaned,
dried and straightened before placing into the stain-
less-steel mould. Imperfection of fibers such as dark
spot and weak in strength were removed. As the
bamboo culms in this study mainly had nodes between
the lengths of 450 mm; hence, the fibers were then cut
into equal lengths of 450 mm.
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2.2 Removal of lignin from bamboo

Matured bamboo (Gigantochlea scotechini) aged
between three to four years were obtained from Raub,
Pahang, Malaysia. The bamboo node was removed
and cut into splints with size approximately
1500x 20x 10 mm. The bamboo splint was treated
with 10% wt/v sodium hydroxide solution for 48 h at
room temperature, following the method in our earlier
work [14]. Subsequently the bamboo splints were
removed from the sodium hydroxide solution and
washed with distilled water. The bamboo fiber was
obtained by mechanical defibrillation using a mill
roller machine. The residual alkaline and broken
lignin content from the fiber is washed before oven-
dried at 60 °C for 24 h.

2.3 Preparation of BFRC

The BFRC plates for beam strengthening were fabri-
cated by hand-lay-up method using a steel mould
120 x 8 x 450 mm consisted of base plate and top
plate (see supplementary data Figure Al). The steel
mould was cleaned, and a thin layer of honey wax was
applied for easier removal of the composite plate after
fabrication. The fibers were placed in the casting
mould layer by layer. Equal amount of fibers was used
for each layer. Three different polymer resins were
used in this work which were epoxy, polyester and
vinyl ester. The first layer of the bamboo fibers was
arranged methodically on the adhesive and pressed
gently using a spatula to ensure the fibers were soaked
entirely in the resin. The second layer of resin poured
on the first layer of bamboo fibers for interfacial
bonding. Subsequently, another layer of bamboo fibers
was manually aligned on top of the new resin layer.
These steps were repeated until the mould is filled
completely. Finally, pressure was applied on top of the
mould to remove entrapped air. The BFRC specimens
were cured at room temperature for 24 h to enable
cross-linking between the fibers and thermosetting
resin. Afterward, the specimens were post-cured at a
temperature of 110 °C for 4 h in an oven. A similar
method was used to prepare the BFRC specimen for
tensile and flexural test. However, the size of steel
mould of 250x 25x 5 mm and 127 x 12.7x 6 mm
was used instead to confirm with the requirement of
ASTM D3039-17 and ASTM D790-17, respectively.
The method to prepare the BFRC in this work is

similar to that of Chin et al. [14]. The BFRC samples
for tensile and flexural test are shown in Fig. 1.

2.4 Tensile test

A 50 kN Shimadzu Universal Testing Machine (UTM)
was used to measure the tensile strength of the BFRC
specimen. All the specimen was prepared according to
the ASTM D3039-17, i.e. dimension of
250 x 25x 5 mm. The measurement was performed
at at a strain rate of 2 mm/min.

2.5 Flexural test

A 50 kN Universal Testing Machine (UTM) was used
to determine the flexural strength of BFRC with a
dimension of 127 x 12.7x 6 mm. The BFRC spec-
imen has a span to depth ratio of 16:1. The measure-
ment was performed at a crosshead speed of 2 mm/
min according to ASTM D790-17.

2.6 Beam specimens

The experimental program contained two beam
groups. All the two groups, A and B were utilized to
evaluate the effect of shear and flexural strengthening,
respectively. The beams in group A consisted of
controlled specimens (CB), where no strengthening
was carried out, unstrengthened beams with openings

il

Fig. 1 The BFRC samples for tensile and flexural test
nilem
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in the shear spans (BUO) as well as beams with
openings in the shear spans strengthened with BFRC
based epoxy (EBSO), polyester (PBSO) and vinyl-
ester (VBSO) around the openings. The beams in
group B were designed to investigate the effect of
BFRC strengthening in the flexure zone, which
consisted of controlled specimens, unstrengthened
beams in flexure (BUF) and strengthened beams in the
flexure zone (EBSF). The beams were prepared
according to designation provided in Table 1 with
two beams replicate prepared for each test. The
dimensions of the beams were 120 mm in width,
300 mm in height and 1500 mm in length.

2.7 Fabrication of beam specimens

All RC beams were reinforced with two deformed
steel bars with 10 mm diameter at the tension and
compression sides of the beam in the longitudinal
direction, 6 mm diameter steel stirrups at a spacing of
100 mm throughout the solid beam. To investigate the
strengthening behaviour of RC beams with openings,
two circular openings with diameter of 120 mm were
created before casting at each shear span of the beam.
In order to promote shear failure in beams in Group A,
stirrups were not provided around the openings created
at each of the shear spans to evaluate the effects of
shear strengthening around the openings. On the other
hand, beams in Group B were designed to be deficient
in flexure by removing the stirrups in the flexural
region. This is to evaluate the effect of flexural
strengthening using BFRC plates. The reinforcement
detailing of solid RC beam, RC beams with openings
at the shear zones as well as RC beams without shear
links in the flexure zone are shown in the supplemen-
tary data (Figures A2 to A4). A ready-mixed concrete
obtained from Pamix Sdn Bhd with a specified

compressive strength of 30 MPa at the age of 28 days
was used to cast the beams.

2.8 Strengthening procedure

The bonding surface of the RC beams was roughened
using a scaling hammer to facilitate a better adhesion.
Meanwhile, the bonding surface of BFRC plate was
roughened by using a steel brush drill. The loose
particles on the concrete surface and BFRC plates was
cleaned with pressurised air and wiping cloth. The
well-mixed Sikadur 30 adhesive was applied to the
prepared substrate of RC beams and BFRC plates. The
BFRC plate was then placed on top of the adhesive
coating on the RC beams. The BFRC plates were then
fixed on the surface of the beams by pressing from the
center towards both ends using a plastic laminating
roller to ensure the composite was well impregnated
with the adhesive mix. The BFRC strengthened beam
specimens were allowed for air curing at room
temperatures for 7 days. It was to ensure the maximum
strength and bonding were developed before testing.

2.9 Strengthening configuration

Two different surface strengthening schemes were
adopted for shear and flexural strengthening of RC
beams. In terms of shear strengthening of RC beam
with openings, the BFRC plates were bonded at both
top and bottom chords of the openings on one side of
the beam surface in each shear spans. The BFRC
plates were oriented in alignment of 45° to the circular
opening as shown schematically in Fig. 2a. The
strengthening scheme at the openings was applied at
one surface of the concrete beam. For the beams with
deficient in the tension zone, two BFRC plates with a
horizontal alignment of 0° were attached next to next

Table 1 Description of
testing specimens

Group Beam designation

Opening location Type of strengthening

A CB
BUO
EBSO
PBSO
VBSO

B CB
BUF
EBSF

Nil No strengthening
Middle of shear span
Shear strengthening

Nil No strengthening

Flexural strengthening
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a) Side view

(A) .
Section X-X
— X
| | |
450 mm ! 450 mm !
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Section X-X
(B) b) Underside view

Fig. 2 Strengthening configuration of RC beams. a with openings in shear, b deficient in flexure

at the bottom soffit of the middle span of the beam as
shown in Fig. 2b.

2.10 Experimental setup

A four-point loading configuration using a roller and
pin was used to provide simply-supported boundary
condition. The effective span of the beams was 1.3 m.
The beams were loaded by using hydraulic jack of 500
kN with a loading rate at 0.6 mm/min. A linear
variable displacement transducer (LVDT) was used
and placed in the middle span of the beams to measure
the deflection. All samples were tested until the
subjected load started to reduce and maximum
displacement at the middle span had been reached.
The failure mode of the beam was observed visually
and the cracks were marked and recorded at every load
increment up to beam failure.

3 Results and discussion

3.1 Tensile and flexural properties of bamboo
fiber reinforced composites

Earlier, Chin et al. [14] shows that tensile and flexural
strength of bamboo fiber reinforced composites made

of epoxy (BFREC), polyester (BFRPC), and vinyl-
ester (BFRVC) enhanced the strength of the neat
polymer by over 300%. Tensile strength of epoxy is
greater than those of polyester and vinyl-ester BFRCs
as shown in Fig. 3. Flexural strength at 10% for all
three BFRC type are significantly different (p > 0.05),
but at higher fiber content (bamboo fiber > 30%) the
BFRC strength are not significantly different
(» < 0.05). At higher bamboo fiber content, the
mechanical properties of BFRC are independent to
the type of polymer used. Since epoxy based BFRC
with 40% fiber content shows the highest tensile and
flexural strength, thus it was used for the concrete
beam strengthening test in this work. It was observed
that the ratio of tensile and flexural strength of the
composite is not consistent at a different fiber content.
This is due to several factors such as the mechanical
properties of the resin used and the failure pattern of
the bamboo fiber composite. According to Chin et al.
[14], the failure mode of each composite is not exactly
similar, which implies that the strength of the
composite may differ appreciably. Hence, the flexural
strength of the composite is not necessarily increasing
at exactly similar rate with respect to the fiber content
used. It is also known that the properties of vinyl ester,
epoxy and polyester in terms of flexural and tensile
strength as well as the elongation at break is different.
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Fig. 3 The effect of bamboo fiber content to ultimate strength of BFRC A Tensile strength. B Flexural strength

Thus, the tensile to flexural strength ratio of bamboo
composite with a different fiber content is not neces-
sarily consistent. Earlier study on a composite made
using a similar resin (epoxy, polyester and vinyl ester)
by Rassmann et al. [28] also reported that the tensile to
flexural strength ratio is not similar for the composite
at a different fiber content.

3.2 Structural behaviour of shear strengthened RC
beams with openings using BFRC plates

3.2.1 Load—deflection behaviour

Table 2 summarizes the experimental results of shear
strengthened RC beams with openings using BFRC
plates. The load—deflection behaviour of the control
beams (CB), unstrengthened beams (BUO) as well as
strengthened beams with openings with BFREC plates
(EBSO) in shear are shown in Fig. 4. The control

150

CB (Control)

120

0
(=]

Load (kN)

@
(=}

30F £

Deflection (mm)

Fig. 4 Load-deflection comparison between strengthening
performance of BFRC with epoxy, polyester and vinyl-ester
resins

beams exhibited a ductile behaviour with a gradual
increase in load before beam failure. Both the beams,
CB achieved an ultimate load of 150 kN at deflection

Table 2 Experimental results of shear strengthened RC beams with openings using BFRC plates

Beam First crack load ~ Mid-span deflection at first crack load Ultimate load Mid-span deflection at ultimate load
designation (kN) (mm) (kN) (mm)

CB 50.5 1.85 150 16.3

BUO 45.5 1.7 70 6.1

EBSO 44 2.1 108 7.6

PBSO 45 1.7 113 7.7

VBSO 46 1.7 122 8.9
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of 16.3 mm. Due to the presence of circular openings
at the shear spans, a significant reduction of load in the
range of 52-55% was identified in beams BUO
compared to the control beams. The reduction of a
cross-sectional area of the concrete beam greatly
reduced the beam capacity similar to the previous
findings [13]. After reaching the ultimate load, both
the beams showed a sharp decrease upon failure which
indicated a brittle behaviour. The RC beam with
openings strengthened using BFREC plates (EBSO)
showed a significant improvement in the beam struc-
tural capacity with the ultimate load up to 36% higher
than the unstrengthened beam (BUO). The load—
deflection curve trend of EBSO was found similar to
that of BUO, whereby a sudden drop was observed
after reaching the maximum load. The beam EBSO
was unable to fully restore the original beam capacity
of the control beams. However, up to 73% of the
control beam capacity was achieved using a BFREC
strengthening, in comparison to the unstrengthen
beam which only had 46.6% of the control beam
capacity. Strengthening with BFREC plates showed
some improvement over the unstrengthen beam,
however the deflections was still much lower com-
pared to the control beams. The maximum deflections
of beams were found to be about 70% lesser than
control beams.

It was found that all the strengthened beams with
openings using BFRC with various types of resins
achieved almost similar beam stiffness as the control
beam at the early stage of loading (Table 2). However,
the beam stiffness started to reduce after reaching the
first crack at about 44-46 kN. From the load—
deflection curve, it can be seen that all the BFRC
plates with various types of resins were unable to
regain the original beam capacity of the control beam
(CB). BFRC with vinyl-ester resin (VBSO) exhibited
the highest ultimate load 122 kN at 8.9 mm deflection,
which was approximately 82% of the beam capacity of
CB. After the ultimate load was attained, the beam
showed a brittle failure rather than ductile behaviour
observed in CB. Meanwhile, the polyester based
BFRC (PBSO) gave the second highest ultimate load
(113 kN) and deflection of 7.7 mm. The PBSO
managed to regain 76% of the control beam capacity.
The BFRC based epoxy (EBSO) gave the lowest
performance among all resins tested. The EBSO had
an ultimate load of 108 kN with a deflection of
7.6 mm, which was within 73% of the control beam

capacity. The difference between the BFRC based on
the three polymer resins tested was less than 15%. The
ultimate load reduction after the beam failure showed
similar pattern for all types of BFRCs tested. Due to
the presence of openings in both the shear zones, the
failure mode of all the bamboo fiber composites with
various resins exhibited brittle failure, similar to the
unstrengthened beam, BUO-2 after reaching the
ultimate load. However, the load decreased with
increase in deflection due to the strengthening effects
around the openings. BFREC has a slightly higher
flexural strength than the BFRVC and BFRPC,
although the difference is not significant (p > 0.05).
However, the beam strengthened by BFRVC (VBSO)
in shear zone has a slightly higher beam capacity than
EBSO. This may be due to the ability of vinyl ester to
endure a greater ultimate deflection than that of epoxy,
hence resisting the beam failure in shear slightly
better. Table 2 shows that the ultimate deflection of
VBSO is 8.9 mm, which is 14.6% greater than that of
EBSO. Similarly, the deflection of PBSO is greater
than that of EBSO, which explained the reason of the
lowest beam capacity of EBSO.

3.2.2 Failure modes and crack pattern

The failure modes of the solid beam, CB, unstrengthen
beam, BUO and the shear strengthened beams with
openings with BFREC plates, EBSO are shown in
Fig. 4a,b and c, respectively. The control specimens
without strengthening experienced a flexural failure
with several vertical cracks. The cracks first appeared
at mid-span and propagated to the beam neutral axis.
All the vertical cracks were propagated vertically from
the soffit of the beam as shown in Fig. 5a. The cracks
were widened in width upon beam failure. The failure
mode of the beam was in bending.

With the provision of circular opening at both shear
spans, it can be seen that the diagonal cracks were first
initiated at the bottom chord of the right circular
opening of the unstrengthen beam, BUO as shown in
Fig. 5b. The diagonal crack then extended diagonally
towards the support. At the same time, vertical cracks
were formed along the tension zone. With further
increment of load, diagonal cracks were developed at
the top and bottom chords of the openings towards the
loading point and supports, respectively. Premature
failure occurred abruptly at the concrete struts by
forming 45° principal diagonal cracks at the top and
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Fig. 5 Failure mode and crack pattern of various beam
specimens. A CB, B BUO, C EBSO, D PBSO, E VBSO

bottom chords of the opening with respect to the beam
longitudinal axis. The presence of openings in shear
interrupted the original load path of the beam that led
to stress concentration around the openings. This had
caused the formation of diagonal cracks that separated
the beam into two segments at the top and bottom
chords, respectively.

Failure mode and crack patterns of the strengthened
RC beams with openings using BFREC, EBSO is
shown in Fig. 5c. Based on the observed crack pattern
in beam BUO, the BFREC plates were bonded
perpendicular to the predicted diagonal crack at the

top and bottom chords of the openings, respectively.
Fine vertical cracks were seen initiated in the middle
span away from the strengthened area. With the
continuous increment of load, a sudden failure in shear
was observed with the formation of two independent
diagonal cracks at the top and bottom chords of the left
opening due to yielding of steel reinforcement. The
failure pattern was found similar to that observed in
the unstrengthen beam, BUO. The diagonal crack had
caused debonding with peeling of concrete cover on
the BFREC plate as shown in Fig. 6. The end of
BFREC without concrete residue is not initially
bonded with the beam, and it is not due to failure at
the adhesive interface. Crushing of concrete occurred
at the top chord of the opening was due to the yielding
of steel reinforcement and the peeling of concrete with
BFREC plate. There was neither premature debonding
failure, fiber fracture nor pull out failure of BFREC
plates which was traced up to beam failure. The failure
was found to be brittle and catastrophic.

Figure 5d and e show the failure mode and crack
pattern of RC beams with opening strengthened with
BFRC-polyester and vinyl-ester, respectively. It was
found that all the failure modes were similar to that of
strengthened beam with BFRC-epoxy as shown in
Fig. 5c. Vertical cracks were initiated in the middle
span of the beam away from the strengthened regions
in shear. With the continuous application of load, the
vertical cracks then penetrated to the neutral axis of
the beam. The beams eventually experienced a brittle
and catastrophic failure in shear after reaching the
maximum load. Both the BFRC-polyester and vinyl-
ester plates were debonded from the beam surface due
to the diagonal crack propagation formed at the top
chord above the opening strengthened using BFRC-
polyester (Fig. 5d). Similarly, due to the formation of

Fig. 6 Debonding with peeling of concrete cover on the
BFREC plate
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diagonal cracks at the bottom chord of the opening
towards the support, BFRC-vinyl-ester plate (Fig. Se)
were debonded from the concrete surface. The crack
formation and yielding of steel reinforcement led to
crushing of concrete cover at the compression zone as
well as at the left support, in BFRC-polyester and
BFRC-vinyl-ester plates, respectively.

3.3 Structural behaviour of flexural strengthened
RC beams with BFREC plates

3.3.1 Load—deflection behaviour

Figure 7 shows the load—deflection behaviour of RC
beams strengthened in flexure using BFREC plates.
Summary of the experimental results is presented in
Table 3. It was observed that the control beams, CB
behave linearly elastic at the early stage of loading.
After the first crack, the beams entered into plastic
phase and attained an ultimate load of up to 124 kN at a
deflection of 7 mm, before a sharp decrease in load
was observed upon beam failure. This indicated a
brittle beam failure. Meanwhile, the unstrengthened
beams with removal of shear link in the tension zone,
BUF exhibited a slight decrease in beam stiffness
compared to the control beams. The beams BUF
reached a maximum load of up to 115 kN at a
deflection of 8.5 mm before beam failure. Same trend
of load—deflection curve was observed as compared to
that of the control beams in which the beam failed
immediately after reaching the ultimate load. Com-
pared to the control beams, the weakened beams in
flexure showed a reduction of load to about 3—10% and

140
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Load (kN)
8

iw

i e
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Fig. 7 Load-deflection behaviour comparison of RC beam
strengthened in flexure using BFREC plates

increment the beam deflection to about 13-20%. It
was found that strengthening of RC beams in flexure
with BFREC plates (EBSF) improved the beam
capacity up to 122 kN, which is about 98% of the
control beam (CB) capacity (124 kN). After the first
crack, the load increased gradually with increases in
deflection before beam failure. Upon failure, the load
reduced in a gradual manner with an increase in
deflection. This showed that the BFREC plates
managed to mitigate and change the failure mode
brittle failure to a more ductile behaviour.

3.3.2 Failure mode and crack pattern

Different types of failure modes were observed in the
experimentation of RC beams strengthened in flexure
by BFREC plates. The control beams CB failed in a
mix mode of bending and shear failure. Major vertical
cracks developed in the mid span firstly initiated at the
lower face at the bottom side of the beam. These
cracks eventually penetrated up to the neutral axis
towards the compression zone. The flexural cracks
also extended along the tension zone towards the
supports which indicated a combination of vertical and
diagonal cracks. The diagonal cracks propagated
towards the loading points and failed abruptly with
increase crack width upon beam failure. Both the
control beams failed in similar manner as shown in
Fig. 8a.

With the removal of shear link in the mid span, the
unstrengthened beams, BUF exhibited higher number
of vertical cracks in the mid span (Fig. 8b) compared
to the control beams, CB. The flexural cracks even-
tually propagated vertically towards the neutral axis of
the beam with the increase of load. At the same time,
these flexural cracks formed along the tension zone of
the beam near to the support. These cracks eventually
penetrated from the supports towards the loading
points forming diagonal cracks. The crack width of the
diagonal cracks near to the support became significant
upon beam failure. The beam failed in a combination
of bending and shear failures.

Figure 8c shows the failure mode and crack pattern
of the strengthened RC beams in flexure by BFREC
plates. When load was first applied, only a few vertical
cracks were seen in the tension zone of the beam
compared to the control and unstrengthened beams.
On further increment of load, the vertical cracks
propagated towards the neutral axis of the beam. This
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Table 3 Experimental results of flexural strengthened RC beam BFREC plates

Beam First crack load ~ Mid-span deflection at first crack load Ultimate load Mid-span deflection at ultimate load
designation (kN) (mm) (kN) (mm)

CB 38 2.0 124 7.0

BUF 72 39 115 8.5

EBSF 62 29 122 11.1
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Fig. 8 Failure mode and crack pattern of various beam
specimens. A CB, B BUF, C EBSF

showed that the presence of BFREC plates had
diverted most of the vertical cracks away from the
strengthened region. Eventually, cracks were initiated
at the left edge of the BFREC plate and propagated
diagonally towards the loading point. The width of the
diagonal cracks was further widened with the increase
of load. The beam failed in shear with widened shear
cracks near to the edge of the BFREC plates. There
was no debonding of the composite plate traced from
the beginning of experimental testing up to beam
failure.

4 Conclusions

In the study herein, the use of bamboo fiber reinforced
composite (BFRC) as external strengthening material
for shear strengthening of RC beams with openings as
well as flexural strengthening of solid RC beams were
studied. The following conclusions can be drawn
based on the results obtained.

1  Epoxy based BFRC with 40% fiber content
showed the highest tensile and flexural strength,
thus it was used for the concrete beam strength-
ening test in this work. It was found that at higher
bamboo fiber content, the mechanical properties
of BFRC plates were independent of the type of
polymer used

2 Shear strengthening of RC beams with openings

using BFREC plates showed significant improve-
ment in regaining the beam structural capacity to
approximately  32-36%  higher than the
unstrengthened beams. Comparing to the control
beams, the strengthened beams with BFREC
plates were unable to fully restore the original
beam capacity but managed to regain the beam
capacity of the control beams to about 68—73%.
Strengthening with BFREC plates could reduce
the beam deflection and number of cracks.

3 Strengthening of RC beams in flexure with
BFREC plates managed to regain the beam
original capacity up to 98% of the control beam.
This showed that the BFREC plates managed to
mitigate and change the failure mode from brittle
to a more ductile behaviour.

4 Shear strengthening of RC beams with openings

using bamboo fiber composite plates with epoxy,
polyester and vinyl-ester resins of 40% fiber
volume fraction managed to regain the beam
original capacity to about 70-82%. Although
vinyl-ester and polyester composites showed
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slightly higher performance than epoxy strength-
ened BFRC plates, the difference between the
ultimate load achieved was very small which was
in the range of 12-15%.

5 All BFRC plates could divert the cracks formation
away from the strengthened region as well as
mitigate the appearance of cracks in both flexural
and shear spans.
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