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Existing structures require repair and strengthening owing to degradation caused by incorrect design and construction, en-
vironmental impacts, or structural upgradation to meet new seismic design standards or to correct execution problems that
occurred during construction. These strengthening requirements can be satisfied by a variety of strengthening techniques. The
creation of a fibre-reinforced polymer (FRP) composite system offers a new design method for the strengthening of existing
structures. In this study, posttensioned beams are strengthened by using sustainable materials such as natural jute fibre-reinforced
polymer (FRP) composites. The performance of these composite systems in the flexural strengthening of posttensioned beams was
used to assess their effectiveness. Consequential result for longitudinal reinforcement throughout the length of the beam for
flexural strengthening was evaluated. Flexural performance, crack width, ductility, and load-deflection relationship study of
control beams (Scheme A) and retrofitted beams (Schemes B and C) under different wrappings were considered in the in-
vestigation. An experimental study depicts that using the full wrapping (FW) technique increases the flexural strength of PSC
beams wrapped in JFRP by 23% and, by using the strip wrapping (SW) technique, the flexural strength is increased by 10%. The
JFRP composite system of strengthening has shown the highest deformability index and showed that the JFRP material has
enormous potential as a structural strengthening material.

1. Introduction

Structural strengthening and rehabilitation have grown in
popularity over the last decade because of their obvious
benefits and applications. A lot of research has looked into
the flexural and shear behaviour of artificial fibre-reinforced
concrete structures in the literature. Badawi and Soudki [1]
conducted extensive research on the flexural behaviour of
reinforced and plain concrete beams with glass and carbon
fibre-reinforced polymer (GFRP and CFRP) confinement,
which demonstrated enhanced structure performance by
minimizing the cracks. A report by Toutanji et al. [2]
demonstrated that the load carrying capacity is drastically
improved by the number of layers in the composite system.
In detail, Esfahani et al. [3] showed how the reinforcement

ratio affects the properties of the beam strengthened by
CFRP composites. Syed Ibrahim et al. [4] studied the be-
haviour of steel fibre-reinforced concrete beams strength-
ened with GFRP laminates. When compared to reference RC
beams, these beams performed well in tests. Al-Deen Bsisu
et al. [5] investigated the flexural behaviour of steel- and
CFRP-strengthened reinforced concrete beams. Esfahani
et al. [3], Ashour et al. [6], Garden and Hollaway [7], and
Smith and Teng [8] conducted experimental studies that
revealed three major failure categories in concrete structures
retrofitted with FRP. Mahalingam et al. [9] experimentally
conducted the strength and ductility study of externally
bonded steel fibre-reinforced concrete beams. GFRP lami-
nates were used as an externally bonded material. Beams
were evaluated for their static responses in terms of strength,
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ductility, and stiffness. The results reveal that externally
bonded laminates were more effective than internal fibre
reinforcements. Khalifa et al. [10] observed shear defi-
ciencies in artificial carbon fibre composite-retrofitted
beams. There is potential for developing new materials with
improved properties for the strengthening of structures and
their improvement [11]. Diverse materials have been used
for structural upgrades in order to meet some criteria for the
sake of sustainability and improved quality with functional
efficiency [12]. Alam et al. [13] used chemically treated kenaf
fibre, jute rope, and jute fibres to prepare composites that
were used in the application for strengthening RC structures.
Bhutta et al. [14] tested the structural performance of
concrete beams strengthened with natural Kenaf FRP. Chin
et al. [15] considered pineapple leaf fibre-epoxy composite
plates for strengthening reinforced concrete beams. Fibres
were alkali-treated to improve their efficiency. Fibre loading
was varied between 0.1 and 0.4 v/v and was used for external
RC beam strengthening. Strengthened beams were tested
under four-point bending. The beam strengthened with
composite plates has a larger beam capacity (approximately
7%) than the reference beam, according to the test results. At
a fibre volume ratio of 40%, the maximum flexural strength
of 301.94 MPa was achieved. Di Luccio et al. [16] demon-
strated the feasibility of retrofitting RC walls using flax fibre-
reinforced polymers, and results were compared with ref-
erence wall and carbon fibre-reinforced polymer-strength-
ened wall. Flax fibre-reinforced polymer-strengthened RC
wall specimens showed better strength and ductility gains,
and also, the tests show that walls strengthened with flax FRP
generally dissipate more energy than those strengthened
with CFRP. Sen and Reddy [17] compared the natural to
artificial fibre-reinforced polymer composite-retrofitted RC
beams for their flexure strength, strengthening significantly
improved ductility, flexural strength, and load-deflection
behaviour. Alam and Al Riyami [18] investigated the use of
natural FRP (sisal, jute, and kenaf) laminates for the
strengthening of concrete beams under shear. Sen and
Reddy [19] worked on the strengthening of RCC beams with
bamboo FRP. Ghalieh et al. [20] investigated the efficacy of
hemp fibre-reinforced composites, and Sen and Reddy [21]
studied the strengthening of beams with coir FRP for load
carrying capacity. Computational techniques have become
an important tool to model, analyze, and optimize the pa-
rameters/characteristics that affect the properties of natural
FRP composites. Mulenga et al. [22] reviewed various
computational tools including support vector machines,
decision trees, K-means, K-nearest neighbor, Naive Bayes,
and artificial neural networks (ANNs). Kumar et al. [23]
studied the machining characteristics of natural abaca,
hemp, and Mudar fibre particle-reinforced polymer com-
posite using the ANN. Pujari et al. [24] predicted the water
absorption capacity of natural fibre-reinforced epoxy
composites using artificial neural network and regression
analysis. Predicted physical property of natural fibre com-
posites was compared among two methodologies. The ANN
shows better results than the regression analysis.

A review of the literature revealed the behaviour and
effect of fibre-reinforced polymer composites (both artificial
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and natural) strengthening on RC beams under flexural
loading systems. There has been little research on retrofitting
structures, which has been limited to the use of naturally
occurring fibres. Very few researchers attempted to evaluate
the flexural behaviour of artificial fibre-reinforced composite
system-strengthened posttensioned beams. But, it has been
clear from the literature that none of the work was reported
on the strengthening of posttensioned beams using natural
fibre-reinforced polymer composite system. So, in this re-
search study, the purpose is to determine the influence of
natural JFRP on the posttensioned concrete beams, struc-
turally retrofitted, and to improve the flexural behaviour of
the concrete beams.

1.1. Research Significance. The following issues are intended
to be addressed in the current research investigation: (a) the
first step is to investigate the feasibility/applicability of using
a natural fibre system to strengthen beams and improve their
performance and (b) the second objective is to comprehend
the flexural capacity of the posttensioned beams wrapped
with jute fibre-reinforced polymer (JERP) composites. The
authors investigated JFRP composites for their mechanical
properties to confirm their suitability [25].

2. Materials and Procedure

OPC 53 grade (Ultratech Cement grade 53) conforming to IS
12269-1987 and locally available river sand were used. A
coarse aggregate of 12mm was crushed (angularly) in ac-
cordance with IS 383:1970. Calculated proportions of water,
cement, coarse aggregate, and fine aggregate were mixed in
the ratio of 0.4:1:2.13:1.27 to prepare concrete, according to
IS 10262-2009 standards and design strength of 40 N/mm?.
The ratio of water and cement allowed was max. 0.55 as per
IS: 456-2000, and workability was found to be 100 mm,
measured from the slump cone. Cubes were casted
according to the designed mix proportion. Average com-
pression strength was measured at different intervals and
was found to be 22.7 N/mm? for 7 days, 38.95 N/mm? for 14
days, and 43.34 N/mm? for 28 days of curing. An epoxy resin
(MBrace® Saturant) was used. In addition, as reinforcement,
8 mm diameter Fe 500 HYSD bars with a tensile strength of
500 N/mm?* were used.

2.1. Specimens for Testing. A total of nine beams under three
configurations were fabricated as per calculated mix pro-
portions in a single stage. The configurations are (i) control
beams (CB) (3 no’s), (ii) beams with full wrapping (FW)
configuration (3 no’s), and (iii) beams with strip wrapping
(SW) configuration (3 no’s). Table 1 represents all three test
beam configurations.

Wood molds having dimensions of 3400 mm (length) x
300 mm (width) x 260 mm (breadth) were used. Lubricant oil
was sprayed on the inner walls to facilitate removal after 1 day
of curing. The steel reinforcement, along with the sheathing
pipe assembly, was placed inside the mold with a 25 mm clear
cover shown in Figure 1. The concrete was then poured into
the mold, left for one complete day for solidifying, and cured
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TaBLE 1: Beam details.
Configuration Strengthening Beam designation Strengthening FRP
element scheme layers
CB1,
o CB2, - .
CB3
Scheme “A”
Full wrapping (JFB4, JFB5, and
Jute FRP JFB6) 3-sided full U-wrap One layer
Scheme “B”
Strip wrapping (JFB7, JFBS, and
Jute FRP JFB9) 3-sided strip U-wrap One layer
Scheme “C”

CB: control beam; JFB: jute fibre-retrofitted beam.

for 28 days. Proper compaction was accomplished with
20 mm needle vibrator. Figures 2(a)-2(h) show the complete
procedure followed during the casting of beams.

The beam was stressed with the help of a hydraulic
Jack. Three surfaces of the beam (except the top surface)
were grounded and cleaned to ensure proper bonding
between the laminate and the beam. Then, a thin coat of
primer is applied on all three sides in Schemes “B” and “C”
beams. The resin and hardener were mixed according to
the manufacturer’s recommendations, which is 3:1. The
resin and hardener proportions were calculated, and resin
and hardener were thoroughly mixed and applied to the
beam surfaces. Hand layup technique was used for ret-
rofitting, whereas U-wrapping configuration of pretreated
mats was used to bond the beams to form natural FRP
composites. The laminates were then pressed with light

pressure to ensure the removal of trapped air. Curing of
beams was permitted. For the retrofitting, all of the
manufacturer’s guidelines were followed.

2.2. Configurations. Scheme “A” beams were designed as
control beams without JERP, with three PSC beam speci-
mens’ models labelled CB1, CB2, and CB3. In Scheme B, the
beams were designed with FW technique 90°, U-wrap (three
sided), and single-layer laminate bonded to the three sides of
the beams, which included three PSC beam models desig-
nated as JFB4, JFB5, and JFB6. Scheme “C” beams were
designed with the SW technique 90°, U-wrap (three sided),
and single-layer laminate is bonded to the beam comprising
three RC beam models designated as JFB7, JEB8, and JFBO.
Flexural strengthening was evaluated using all beams. The
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beam configurations and strengths are summarized
(Table 2). Uniform reinforcement was used in all beams in
order to measure the strengthening effectiveness with and
without JFRP wrappings.

3. Experimental Study

Figure 3 depicts the results of the experiments. Three ex-
perimental schemes (detailed in Table 1) were used to
evaluate the strengthening effect under flexure. The beam
behaviour under flexure was studied experimentally using a
loading frame of 50-tonne capacity. Load applied using a
hydraulic jack. To measure the loading increments, a loading
cell is attached to the jack and intern to a digital indicator. A
four-point bending system was used to test all beams over a
2100mm simply supported span with a shear span of
700 mm. The spreader beam was used to apply two-point
load, which transfers the load from the loading jack to the
specimen. Under the beam, three digital deflection gauges
were installed: two beneath the loads and one in centre were
used to measure deflection. The manual load was applied in
2kN span with a hand-held lever until failure. Figure 4
depicts experiments on control, fully wrapped, and strip-
wrapped beams.

3.1. Failure Mode Study, Load-Deflection Relationship, and
Ultimate Strength. Flexural performance assessment study
of control beams (Scheme A) and retrofitted beams
(Schemes B and C) was conducted, and the beams were

designed to undergo flexural failure. They were all tested
using a two-point loading arrangement in accordance with
the standard procedure. The following were noted and
addressed: (i) load-deflection relationship, (ii) ultimate
failure load, and (iii) fracture mode study.

3.2. Crack Width Study under Working Loads. During the
experiment, strengthened and unstrengthened beams were
subjected to different working loads, for which the crack
width was measured (Figure 4(c)), and these are compared
with the codal requirement. The measured values are found
to be within the codal requirement. Experimental obser-
vations confirmed that the cracking behaviour of the beams
was significantly altered by the use of FRP wraps.

4. Experimental Results

The ultimate strength of three sets of beams was tested:
Scheme “A,” Scheme “B,” and Scheme “C.” During the
experiment, the deflection behaviour and the ultimate load
of the beams were observed. The load carrying capacity of
the beams in Scheme “A,” CB1, CB2, and CB3, was lower
than those of Scheme “B” (fully strengthened) and Scheme
“C” (partially strengthened) beams. In a single-layer 90°
tully wrapped JERP, the value of ultimate strength was
found to be the highest in Scheme “B”: JFB4, JFB5, and
JEBG6. In order to achieve 50% of total area strengthening, in
Scheme “C,” the beams were strengthened by single-layer
90° strip wrapping with JFRP and have shown ultimate
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FIGURE 2: Procedure adopted. (a) Steel reinforcement. (b) Anchorage. (c) Sheathing pipe installation. (d) Pouring concrete and compacting
with vibrator. (e) Beams to solidify in the mold for 24 hrs. (f) Beams after burr removal. (g) Stressing with hydraulic jack. (h) Jute mat wrap.

TaBLE 2: Experimental findings.

Scheme Beam Failure of  First crack load Ultimate load  Increase in load carrying capacity over control beam-
designation FRP (Avg.) kN (Avg.) kN strengthening effect (%)
«p» CBI1, CB2, and
A CB3 — 82 140 —
«p» JFB4, JFB5, and
B JEB6 Yes 130 172 23
o JFB7, JFB8, and

JEBY No 114 154 10
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Load Cell

Dial Gauge

1030 1030 1030
3400

Note: All dimensions are in mm

FiGure 3: Details of experimentation.

FIGURE 4: (a) Control beam placed on the loading frame. (b) Dial gauge measurements. (c) Crack on CB. (d) Jute fibre FW. (e) Jute fibre SW.
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strength greater than the control beams. These bonded
strips have the width of 80 mm and are at 160 mm C/C (ata
clear gap of 80 mm). Table 2 summarizes the experimental
findings of all beam schemes.

4.1. Failure Mode Study and Ultimate Failure Load.
During experimentation, various failure modes were
observed. The first set of beams, Scheme “A,” failed in
flexure, demonstrating that the beams were lacking in
flexure. Cracks were observed in the pure flexure zone,
which is located in the middle of the span length. These
cracks began on the lower face of the beam and progressed
to the top face. Scheme “A” beams’ ultimate strength was
140kN on average. It was seen that Scheme “B” beams
failed in flexure and had a much higher ultimate load
carrying capacity than beams of Scheme “A.” When initial
loading was applied to beams, the matrix began to crack.
When the load was increased further, JERP began to crack,
and the cracks in the JFRP began to widen, resulting in a
vertical crack in the flexure zone in the beam. At a later
stage, this crack began to move slowly from the bottom to

the top face of the beam. The ultimate strength of Scheme
“B” beams JFB4, JFB5, and JFB6 was 172kN on average.
JFB4, JFB5, and JFB6 all failed in a same trend. The ul-
timate load carrying capacity of Scheme “C” beams JFB7,
JEBS8, and JFB9, which were strip-wrapped with JERP, is
determined experimentally. From the experimental re-
sults, it is found that the ultimate load carrying capacity
for these beams was found to be greater than that for the
unstrengthened beams (Scheme A) and less than that for
tully wrapped beams (Scheme B). It is observed that, in
Scheme C beams, the cracks were appeared first in the
unwrapped portion of the beam and then in the JFRP
wrapped portion, which shows that the bonding of JFRP
added extra strength to the beams, which increases the
ultimate load carrying capacity. When load was applied to
JEB7, JFB8, and JFB9, majority of vertical cracks were
observed in the mid portion of the span, which is the pure
flexure zone. The JFRP did not develop even a single
flexural crack, nor did it rupture. These cracks were
initiated on the lower surface and propagated to the upper
surface of the beam. The ultimate load carrying capacity of
the JERP strip wrapping technique has increased up to a
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TaBLE 3: Deformability indices for beams designed to fail under flexure.

Designation First crack load (kN) Avg. mid span deflection at first crack Avg. mid span deflection at failure Defqrmablhty
(mm) (mm) index
Scheme A CB1, CB2, and CB3 3.687 6.522 1.77
Scheme B J FB4’I]§]§ 65 > and The first crack deflection was not observed in fully U-wrapped beams —
JFB7, JFBS, and
Scheme C JEBY 4.531 10.727 2.36

FiGure 8: General ANN structure.

certain point, which is in between the increase in the load
carrying capacities of full wrapped and control beams. The
ultimate strength of 154 kN on average was observed in
Scheme “C” beams. The graphs in Figure 5 show a
comparison of the ultimate failure load of different beam
schemes. The use of JFRP, whether in continuous form or
in strips, has the effect of delaying the formation of cracks.
The study revealed that the initial cracks were caused by
load. The graphs in Figure 6 show a comparison of the first
crack load of different beam schemes. When the load-
deflection behaviour of retrofitted beams with continuous
U-wrap JFRP was compared to strip wrapping, it was
confirmed that the continuous U-wrap JERP-retrofitted

beams had a better load-deflection behaviour. Here, brittle
failure of the beams was drastically managed by contin-
uous JFRP because the beams carried large deflections
before failure and thus provided adequate warnings before
collapsing. The presence of strips slowed the formation of
the first cracks where JFRP was bonded to the beams.

4.2. Load-Deflection Relationship Study. All of the beams’
load-deflection behaviour was observed and compared
among them with the same reinforcement. In addition,
mid span deflections of each beam were compared to those
of control beams. For Scheme A, B, and C beams, a
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TaBLE 4: Determination coefficient R for different learning algorithms to predict deflection for Scheme A.
Coefficient of determination R*
Number of hidden layers Neurons in hidden layer o o .
Training data Validating data Testing data All data
1 8 0.99987 0.99978 0.99964 0.99976
1 10 0.99989 0.99981 0.99968 0.99980
1 20 0.99992 0.99983 0.99972 0.99982
1 25 0.99995 0.99985 0.99974 0.99984
1 30 0.99999 0.99989 0.99978 0.99987
1 40 0.99997 0.99984 0.99975 0.99983
The bold values indicate the optimum value.
TaBLE 5: Determination coefficient R for different learning algorithms to predict deflection for Scheme B.
Coefficient of determination R
Number of hidden layers Neurons in hidden layer o o )
Training data Validating data Testing data All data
1 10 0.99974 0.99976 0.99250 0.99801
1 20 0.99979 0.99979 0.99254 0.99805
1 25 0.99984 0.99986 0.99260 0.99810
1 30 0.99988 0.99990 0.99265 0.99815
1 35 0.99992 0.99996 0.99271 0.99821
1 40 0.99990 0.99992 0.99267 0.99812
The bold values indicate the optimum value.
TABLE 6: Determination coefficient R for different learning algorithms to predict deflection for Scheme C.
) oo Coefficient of determination R
Number of hidden layers Neurons in hidden layer . o .
Training data Validating data Testing data All data
1 8 0.99957 0.99778 0.99954 0.99913
1 10 0.99966 0.99780 0.99958 0.99918
1 20 0.99970 0.99784 0.99960 0.99925
1 30 0.99973 0.99787 0.99962 0.99930
1 40 0.99977 0.99789 0.99964 0.99933
1 50 0.99972 0.99786 0.99961 0.99931

The bold values indicate the optimum value.

comparative study of average load and mid span deflection
behaviour is depicted in Figure 7. When Scheme B beams
is bonded with fully wrapped JFRP, the behaviour was
found to be superior compared to that of control beams of
Scheme A. The ultimate load at failure was found to be
much higher when the mid span deflection was externally
bonded with JFRP. The FRP bonded to the beam, resulted
in a delay in the formation of cracks. Continuous/fully
wrapped FRP-retrofitted beams outperformed strip
wrapping retrofitted beams in terms of load-deflection.
The brittle failure can be avoided in the beams by using
this configuration, which was found to be more effective,
since beams have deflected and given enough warnings
prior to failure.

4.3. Effect on Ductility. The ability of a reinforced structure
to withstand inelastic deformation without losing its load
carrying capacity prior to failure is a desirable structural
property. Deformation can take the form of deflection,
strain, or curvature [26]. The results demonstrated in Table 3
indicate that the wrapped JFRP beams have greater ductility
than the control beam.

5. Artificial Neural Network (ANN) Modeling

It is recommended that a three-layer feed-forward ANN
method be used, with 1 input, 1 hidden, and 1 yield layers.
Figure 8 depicts the general ANN structure of the defined
problem. For the deflection, the input layer had 4 neurons,
whereas the yield layer only had 1. The findings were sent
into the ANN model, with each piece of data representing
a complex aggregation of process variables. The training,
validation, and testing data were separated into three
groups, with 60, 20, and 20% of all training, validation,
and testing data, respectively. The model was trained using
the Levenberg-Marquardt approach. Learning networks
have made use of it. The artificial neural network (ANN)
was repeatedly trained to lessen the MSE score metric
among the ANN outputs and the target data. The out-
comes of ANN computations for the preceding network
are shown in Tables 4-6 for Schemes A, B, and C, re-
spectively. With the partial data, ANN modeling using less
neurons inside a hidden layer correctly predicts the de-
flection in all circumstances. Despite this, because to the
optimal point of the modeling coeflicient, 30 neurons in a
solitary hidden layer architecture were regarded to reflect
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FIGURE 9: Neural network training regression analysis (optimal performance at 30 neurons in the hidden layer for Scheme A).

the ANN modeling outcome (for Scheme A). The de-
flection produced from ANN modeling for hidden neu-
rons inside the hidden layer network is shown in Figure 9
(Scheme A), Figure 10 (Scheme B), and Figure 11 (Scheme
C). For all retrofitting strategies, experimental data are
compared to ANN’s estimated deflection data. Figure 12
(Scheme A), Figure 13 (Scheme B), and Figure 14 (Scheme

C) show the correlations between actual and expected
outcomes. Scheme A, B, and C samples’ observed re-
sponses (deflection) are compared to the model’s pro-
jected responses, and the relative correlation charts are
shown. The “R*” values for the above schemes are found to
be in the region of 0.99, suggesting that the test values and
anticipated values are highly correlated.
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FIGURE 12: Correlation graph for Scheme A specimen.
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6. Conclusions

The applicability and efficiency of JFRP as a strengthening
material, as well as the effect of various wrapping techniques
on the strengthening of beams, were experimentally in-
vestigated in this study.

(i) Load carrying capacity of the single layer of fully
wrapped and strip-wrapped beams is improved by
23% and 10%, respectively, in comparison with the
control beams. The JFRP bonded to the beam, which
inhibited the development of cracks and delayed
their formation. When the JFRP was used in the
flexure deficient beams, initial cracks formed at
higher loads than their respective control beams.

(ii) It showed that the use of polymer composites was
effective for the flexural strengthening of structures.
In all the strengthened beams, ultimate strength was
found to be increased with the increase in laminate
width, and strip wrapping exhibits lower load
carrying capacity than full wrapping. The load-de-
flection behaviour of JFRP-enhanced beams was
superior to that of controlled beams. The failure
pattern of a JFRP-strengthened beam showed a
significant difference. In JFB4, JFB5, and JFB6, a
single crack has been developed in the flexural re-
gion and two cracks were developed away from it.
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(iii) Widening of the cracks within the flexure zone was
noticed as the load increased, but fortunately, there
was no brittle failure maybe because of the good
amount of confinement provided by the JERP in the
strengthened beam. The ductile behaviour obtained
with JFRP provided sufficient warning prior to
ultimate failure.

(iv) In Scheme C beams (JFB7, JFB8, and JFB9), fa-
vorable observation was made that flexural cracks
were formed only in the beam area and not on the
JERP, as well as failure, which supports the ex-
perimental outcomes.

(v) The predicted values agree well with the experi-
mental values, as evidenced by the good agreement
of R* values of deflection.

(vi) The results of the study, experiments, and data
analysis have confirmed that the efficiency of the
beams and also the load carrying capacity can be
increased by using JFRP, which has high potential
for enhancing these characteristics. The study re-
veals the use of natural fibres such as jute in FRP for
increasing the flexural strength of concrete struc-
tures is found to be a good alternative method.
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