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ARTICLE INFO ABSTRACT
Keywords: Fibre reinforced polymer (FRP) composite is a useful material. It has been utilised to enhance the
Fibre reinforced polymer structural behaviour of reinforced concrete beams (RCB). It is also crucial to summarise the

Reinforced concrete beams
Structural behaviour
Load-deflection

impact of FRP on various types of RCB properties. This study summarises the FRP usage’s impact
on the RCB’s structural behaviour based on previous research by reviewing and discussing the
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experimental study and finite element analysis (FEA) results. Based on previous relevant litera-
ture reviews, the experimental investigation and FEA showed significant improvements in
flexure, stiffness, young modulus, load-deflection, ultimate load capacity, fracture pattern, and
failure mode when FRP was used in RCB production. This FRP composite material can be used as
the external reinforcement for RCB due to its high strength capability, force, load, and corrosion
resistance with adhesive and anchorage properties. Using FRP in RCB can benefit civil engi-

neering by increasing its structural behaviour and performance, especially in construction
industry.

1. Introduction

FRP is synthetic, natural and hybrid fibre composite material as an alternative for RCB wrapping. FRP contains high-fibre prop-
erties incorporated in polymer matrices [1]. The fibres are strong, durable and impervious to harm from any other elements available
in the mixture [2]. Fibres are one of the main reinforcement parts because the polymer matrices act as a binder to shield the fibres and
also transmit stress between them [3]. Additionally, they also have a long fatigue life and structural plasticity [4]. There are many
types of fibres, such as natural, synthetic, and hybrid fibres. Jute, kenaf, and cellulose are natural fibres [1]. Glass, carbon, aramid and
kevlar are synthetic fibres, while sisal/glass and jute/glass are hybrid fibres [1]. All these three types of fibres are predominantly used
to develop new composite materials [1]. Lightweight, high strength, and great corrosion resistance are a few characteristics of FRP
composite. These characteristics meet all of the requirements mentioned above as the strengthening method.

Reinforced concrete beams, slabs, joints, and frames can be constructed in various shapes, such as rectangular, square, and circular.
They could be reinforced with either E-glass-epoxy or carbon-epoxy. FRP composite was utilised as the external reinforcement for
beam-column joints in conventional building construction in the late 1990s [5]. A common technique for using FRP in reinforced
concrete construction is by wrapping it either at a particular section or an entire surface [6-9]. The steel jacket application technology
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was first used same as CFRP wrapping technique [10]. Concrete and reinforced concrete structures are wrapped with FRP as external
reinforcement to increase structural behaviour and performance. Different FRP wrapping techniques, like hand layup [11] and carbon
anchor [6], are available. Fig. 1 depicts the strengthening process of building structural components using FRP. This review will
evaluate and discuss the strengthening of RCB with FRP composite material. The strength of new reinforced concrete (RC) structure
reinforced by FRP will be summarised to acquire the best potential of the fibre material. Moreover, the relevance and the technologies
used to wrap RCB with FRP composite material will be explored in this study by experimental investigation and finite element analysis
(FEA). The FEA is utilised to simulate and analyse the experimental results.

One of the major causes of concrete structure deterioration is the corrosion of steel reinforcement. An alternative approach to
addressing the corrosion problem in concrete structures is to use FRP reinforcement instead of steel reinforcement [12,13]. FRP
reinforcement shows potential structural behaviour because of its low magnetic susceptibility, high strength-to-weight ratio, and
resilience to corrosion. Carbon fibre reinforced polymer (CFRP) reinforcement is preferred to be used as prestressing tendons due to its
high tensile strength and favourable creep resistance [14]. Glass fibre reinforced polymer (GFRP) reinforcement is commonly used as a
non-prestressed bar in concrete structures due to its lower cost.

In the 1970s, scientists first began studying the effects of FRP reinforcement in prestressed concrete (PC) buildings. The flexural
behaviour of FRP-PC components has been studied extensively over the past five decades, and the flexural design methodologies are
well established [14-16]. However, FRP-PC beams’ shear behaviour is not understood as well. FRP-PC beams without stirrups also fail
in shear, but for the same reasons as steel-PC beams [17-21]: diagonal tension, shear compression, and inclined compression. All
T-beams tested by Nabipay and Svecova [17] failed during shear compression, regardless of whether the shear span-to-effective depth
ratio was 1.5, 2.5, or 3.5. A beam with a/d value between 1.41 and 2.14 failed in shear compression, and a beam with a/d of 0.71 failed
in inclined compression, as determined by Wang et al. [18]. Moreover, FRP-PC beams without stirrups exhibited a novel diagonal
tension failure initiated by rupture of the prestressed FRP tendon due to dowel action [19-21]. Recent shear tests on FRP-PC beams
demonstrated that increasing the prestressing level or decreasing the shear span-to-effective depth ratio boosted the shear strength [22,
23].

Complexity prevents a purely theoretical determination of PC beam shear strength [24]. The available semi-empirical approach is
used to account for the parameters that affect the shear strength. There are several factors to consider, such as the amount and kind of
flexural reinforcement, the concrete strength, the amount of pre-stressing, the ratio of shear span to effective depth, the member depth,
etc. However, little attention is given to the variables that affect the shear strength of the FRP-PC beam. Much research on
pre-tensioned concrete beams with an effective depth of 400 mm or less has been done so far. However, research is not devoted to
post-tensioned concrete beams and columns of significant size. Current shear strength design formulas for FRP-PC members often lead
to cautious predictions [22,25] and are primarily attributable to the scarcity of experimental investigation. For shear design ap-
proaches of FRP-PC beam, new research is still needed for full-scale members.

2. Fibre reinforced polymer

In 1940s, FRP composites were used in military and aerospace industries. This material usage and its applications have been used in
a wide range. Several fibre reinforced polymer reinforced concrete (FRPRC) constructions have been constructed, such as roofs, walls,
steel and PVS pipes, and many more. These FRPRC constructions of FRP pieces combined to form structural rigidity components.
Polymer composites have been used extensively in the building industry over the past decade. Their usage has expanded, including
bridge maintenance and design, structural cables, structural reinforcement, and also becoming a part of building components. These
advanced composites have improved their characteristics and properties. Polymers reinforced with high strength, high modulus glass
fibres and carbon are stuck in layers to form a new composite material. However, as the specification does not specify any particular
material combination, it is vague. The basic of FRP materials and how researchers and civil engineers emphasise how they use FRP
(Fig. 2) to reinforce and strengthen reinforced concrete beam is discussed in this review paper.

Even though paper, wood, and asbestos have occasionally been utilised, glass, carbon, and basalt are the most common fibres used

Fig. 1. Strengthening process of building structural components using FRP [11].
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Fig. 2. Fibre reinforced polymer (FRP).

nowadays. Epoxy, vinyl ester, and polyester are typical examples of thermosetting polymers, but phenol-formaldehyde resins are still
used. FRP is widely utilised in aviation, automobile, marine, and building construction. The fibre phase of composite materials is
spread in a continuous matrix phase, making up the material as a whole. The fibres can be bonded to the polymer matrix in a particular
position, direction, and volume at high-stress regions to get the highest reinforcement. The reinforcement could become a minimum of
low-stress value within the homogenous member. As a bonus, the material is more efficient in construction and has several other
benefits, including reducing weight and increasing corrosion resistance, durability, transparency, and carbon footprint. Fig. 3 shows
the magnified FRP cross-section, showing an FRP strip with a thickness of around 0.8 mm in one direction located in the upper middle
of the same strip. The depicted fibres have a diameter of about 5 mm, while the longitudinal strength of the strip is 3300 MPa [26].

3. Experimental investigation of fibre reinforced polymer reinforced concrete beams

This section discusses a state-of-the-art review of experimental investigations on the fibre reinforced polymer reinforced concrete
beams (FRPRCB)’s structural behaviour.

3.1. (Chin et al, 2011) [27]

Table 1 shows the beam specimen specifications utilised in this research. Three specimens were investigated, such as control beam
(CB), beams strengthening with FRP with circular (C-cfrp-f) and square (S-cfrp-f) openings, as shown in Fig. 4(a) and (b). Both circular
and square openings with FRP showed an increase in the beam strength. The ultimate loads (Pu) for CB, C-cfrp-f, and S-cfrp-f were
115.67 kN, 164.4 kN, 86.07 kN. C-cfrp-f shows the highest Pu compared to CB and S-cfrp-f. The huge square hole increased the flexural
strength more than the large circular hole. This is because the beam with circular opening including FRP contained fibre contents from
the FRP properties. There was a 42% increase in strength compared to the CB’s ultimate load. The load-deflection behaviour of C-cfrp-f
and Scfrp-f followed the same pattern of stiffness as CB as shown in Fig. 7. C-cfrp-f exhibited higher ductility in the post-yielding stage
than S-cfrp-f. The FRP was used to reinforce the beams. The beam flexural cracks were developed at the tension zone and outside of the
restricted area when FRP was used as external reinforcement. As the fracture width increased, the diagonal cracks occurred at the
middle span due to the beam failure occurred. When the diagonal cracks were formed, the bottom reinforcement was yielded, and the
concrete near the support crushed suddenly, causing a shear failure, as depicted in Fig. 5. The diagonal split was around 15 mm wide.

Fig. 3. Magnified FRP [26].
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Table 1

Beam specimen details [27].
Beam Opening State
CB (Control) None No FRP laminates
C-cfrp-f Circular Have FRP laminates
S-cfrp-f Square Have FRP laminates

(a) C-cfip-f
(b) S-cfip-f

Fig. 4. Strengthening arrangement [27].

S-cfrp-f was strengthened using FRP to fortify the square opening. The flexural cracks formed outside of the area resisted by FRP during
the beam test conducted. As the number of fractures increased, the crack propagations occurred at the beam’s neutral axis, and another
appeared diagonally near the support. The diagonal crack widened as it moved toward the load’s origin and ultimately failed. The
beam failed in a flexure mode, as seen in Fig. 6. The FRP developed cracks at the beam’s base, and the concrete covering began to peel
away from the FRP. Furthermore, the cracks in the applied load area penetrated the aperture corner on the top chord. This penetration
resulted in a sudden concrete crushing due to the main longitudinal bar yielding located above the opening. As a result of the tension
and compression stresses exerted on the beam by the applied load, the FRP on the opening’s top and bottom inner surfaces were bent
and delaminated from the opening’s surface. When comparing the beams with different openings, it was common to find that circular
opening was stronger than square opening. The stress might be so great in the four corners of the enormous square aperture when the
cracking fracture began. The presence of diagonal FRP near the large circular opening appeared, causing an increase in the ultimate
capacity of C-cfrp-f beam. The diagonal laminates interrupted the crack propagation’s natural path direction, requiring higher energy
potential to redirect the crack propagation direction through the unreinforced area without FRP. S-cfrp-f opening was square, and the
flexural fractures could find the unreinforced area that the FRP did not control, resulting in a reduced capacity. By reducing the
additional strength applied to “C-cfrp-f” and increasing the ultimate capacity applied to “S-cfrp-f,” an efficient strengthening setup
could be provided. Table 2 shows the experimental test results.

Fig. 5. C-cfrp-f [27].
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Fig. 6. S-cfrp-f [27].
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Fig. 7. Load-deflection of CB, C-cfrp-f, S-cfrp-f [27].

Table 2
Experimental test results [27].

Beam Pu (kN) Mode of Failure
CB (Control) 115.67 Shear

C-cfrp-f 164.40 Shear at opening
S-cfrp-f 86.07 Flexure at opening

3.2. (Siew Choo Chin et al., 2015) [28]

The beam samples used in this research are summarised in Table 3. All beams were tested after curing for a week after applying the
CFRP on the beams’ lower surface.

The shear region between the loading point and the support developed diagonal cracks, ultimately leading to the failure of both
control beam (CB) and unstrengthened beam with openings (NS-BCO). The cracks for CB propagated vertically from the beam’s edge
along the flexural zone, as seen in Fig. 8(a). The failure occurred in shear, as seen in the NS-BCO in Fig. 8(b). For CB, the flexural cracks
occurred along the tension zone. It was observed that two separate diagonal cracks were propagated, starting from the loading to the
opening and the opening to the support upon the beam failure. SS-BCO was strengthened with no flexural cracks found along its mid-
span, as observed in Fig. 8(c). The surface strengthening showed no indications of FRP debonding. There were some minor diagonal
cracks on the CFRP surface in the shear span on the holes’ top and bottom chords. Additionally, the other surface of the SS-BCO beam
without CFRP external reinforcement showed diagonal fissures, ultimately leading to the beam’s failure under increasing loads. Fig. 9
compares the load-deflection curves of a deep beam with a circular opening to a non-strengthened deep beam and a CB. The greatest

Table 3

Beam specimens [28].
Beam CB NS-BCO SS-BCO
Centre distance from support (mm) - 135 135
Shape - Circular Circular
CFRP wrap - No Yes
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¢) Surface Strengthening of RC Deep Beam with Circular enings (SS-BCO)

Fig. 8. Failure mode, crack pattern [28].

load the beam could support, as determined experimentally for CB, was 425.12 kN, with a resulting deflection of 12.79 mm. The NS-
maximum BCO’s beam load was 207.47 kN at 8 mm deflection, which resulted in 51% declination compared to CB due to large circular
gaps in both shear spans. The strengthened beam, SS-BCO, could carry 239.29 kN load, 10.9 mm deflection, referring to the load-
deflection curve. The CB’s structural capacity was only 56% restored with the surface strengthening configuration. The results
show that the beam capacity, deflection behaviour, and ductility before failure were all improved by using a surface strengthening
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Fig. 9. Load-deflection [28].

technique involving CFRP’s vertical alignment around the circular opening. Table 4 provides the findings summary from the exper-
imental tests conducted. The analysis of fracture patterns revealed that the crack pattern occurred in the unstrengthened beam with
large circular openings on the right shear span, indicating a failure of frame type. There were two separate diagonal cracks occurred,
one in each chord member located above and below the aperture. However, the crack pattern seen in the reinforced beam with the
round perforations indicated a failure. The failure plane was tilted at an angle of 45°, as in Fig. 10(a) and Fig. 10(b). The beam failed
analogously to the solid beam, with the plane passing through the hole’s exact centre. This indicated that frame-type failure occurred
in the unstrengthened beam and converted to beam-type failure because of the CFRP strengthening on the beam surface area with a
large circular opening Table 5.

3.3. (Laminates et al., 2014) [29]

System V was used to reinforce the beams. The strengthening System V, which included FRP plates and epoxy, is delineated in
Fig. 11. Beam CP1-V had two 80-mm broad plates attached to its underside across its width. Similar to Beam CP1-V, Beam CP2-V was
reinforced by adding plates to both ends for one-fourth of the beam’s cross-depth section. Both ends of the beam were covered with a
single plate 80 mm (3.1 inches) broad. Beam CP3-V underwent the same strengthening process as Beam CP2-V by adding a 50 mm (2.0
inches) wide plate on each side and an 80 mm (3.1 inches) plate. The plates were stuck along and parallel to the beam span.

CFRP had a special property which improved and increased the external reinforcement strength. The load-deflection for all beams is
depicted in Fig. 12. A 66.7 kN load resulted in 22 mm, 14 mm, and 25 mm deflections, respectively. Above the breaking stress, where
the FRP plates were the most effective in enhancing the beams’ stiffness and caused differences in deflections. Compared to steel, the
FRP plate improved the reinforcing ratio of the beam due to its high modulus of elasticity. Beam CP3-V, reinforced with FRP plates on
the bottom and half of its sides, had the lowest deflection at its ultimate load and carried the highest weight. Based on the findings in
Fig. 13, the presence of FRP plates apparently altered the compressive strain pattern in the concrete. The steel bars in the unreinforced
beam were subjected to increase stress until they reached their yield strength. After that point, the concrete’s compressive strain was
less increased because the steel was deformed to absorb most of the added stress. This is because the strengthened beams’ tensile
stresses were distributed over the steel bars and the strengthening plates. The steel bars’ stress was reduced and might even be lower
than the material’s yield strength. Thus, the strengthened beams experienced greater concrete strains than the control beam under the
same load. Fig. 14, Fig. 15, and Fig. 16 delineate the failure mode of all beams, respectively. Connecting FRP plates to the beam
sidewalls reduced the crack propagations. Moreover, including FRP plates on the beam’s sides did not alter the crack’s inclination
angle since they only carried stress in their longitudinal direction and did not carry any shear force. The tension caused all beams to

Table 4

Test results [28].
Specimen CB NS-BCO SS-BCO
Pu (kN) 425.12 207.47 239.26
Deflection (mm) 12.79 8 10.9
Strength regain (%) - — 56
Reduction (%) - 51 -
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Table 5

Tested beam details [29].
Beam FRP strengthening
CP1-V Bottom
CP2-v Bottom & Y sides
CP3-V Bottom & ' sides

-P-F-F-l --'.I

o . == e M
I | | |
] (] | |<-LI)
i (] | 1
! ] | Ju— — |

E N— Failure crack E \— Failure crack
(a) Beam-type failure (b) Frame-type failure

Fig. 10. Shear failure [28].

(e)
CPI-V CP2-V CP3-V

- - aL—Ah

Bottom only Bottom and 1/4 sides Bottom and 1/2 sides

Group 5
(Strengthening
System V)

Fig. 11. FRP’s strengthening arrangements [29].

break down, and the concrete near the FRP plates horizontally failed in shear. The three tested beams showed no signs of delamination
or fibre breakage. As a result, when combined with FRP plates, it was proven that a more durable beam was produced than a normal
reinforced concrete beam without FRP. Furthermore, the stress concentration was also increased with FRP plate usage, causing
concrete shear failure to occur.

3.4. (Pham & Hao, 2016) [30]

Some RC beams have been effectively strengthened with longitudinal FRP to improve the compressive and flexural resistance in
quasi-static tests. Various longitudinal FRP strips were used by attaching to the beam’s lower surface area. However, the debonding of
the longitudinal FRP strips reduced the efficiency of this strengthening method. There are a variety of factors that could cause lon-
gitudinal FRP strips to become unattached. Typically, debonding failures occurred at or near the FRP plates attached. High interfacial
shear and normal stress caused this failure. Furthermore, debonding became essential as FRPRCB was subjected to impact loading. The
beams strengthened with FRP were debonded against impact loading and causing the beam strength to increase gradually. A phe-
nomenon comparable to the static aspect was discovered in an analytical investigation of RC beams strengthened by FRP under
impulsive loads created by peeling stress at the FRP’s origin. Impact loading was a state of exceptional severity in which a large force
was applied rapidly and with tremendous intensity. Two distinct phases of response might characterise the behaviour of structures
when subjected to impact loading. The elastic-plastic deformation influenced the force and vibration after the long persistent impact.
The stress wave immediately produced the local response at the loading point because the impact occurred in a short time. It was
important to remember that the loading range and rate affected the dynamic behaviour of the structural element members and
controlled the overall reaction to a large extent. There might also be significant differences between FRP and concrete attachment
observed in static and impact tests. Due to the combined effects, the bond strength of FRP might suffer if the material was subjected to
stress during these two phases.

3.5. (Karayannis et al., 2018) [31]

An experiment with four-point loading was performed on five beams. The five beams used FRP bars as tensile reinforcement. There
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Fig. 13. Load-Compressive strain [29].
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Fig. 15. CP2-V [29].

Fig. 16. CP3-V [29].

were two categories (“BF5” and “BF10”) for RC beams made using FRP bars. In group BF5, the specimens were labelled as BF5-0, BF5-1
and BF5-2. For group BF10, the specimens were labelled as BF10-0 and BF10-1. The specimen details are shown in Table 6.

The load suddenly dropped when the fracture developed on the surface of the FRPRCB as shown in Fig. 17(1), Fig. 17(2), Fig. 18(1),
Fig. 18(2), Fig. 19(1), Fig. 19(2), Fig. 20(1), Fig. 20(2), Fig. 21(1), and Fig. 21(2). The combination of long flexural cracks and low
elastic modulus of FRP bars caused this fracture. A local stiffness loss occurred at the beam’s cracked part. Before cracking, the
member’s stiffness was high because the entire concrete cross-section was used. After cracking, only the concrete compressed part was
effective. In contrast, the FRP tensile bars’ contribution was relatively smaller because of the material’s low modulus of elasticity. As a
result, when the beam’s cross-section was uncracked, a lower applied loading was needed to create the same deflection as the fractured

10
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Table 6
Experimental results [31].
Beam Type and diameter
BF5-0 2HDS5.5
BF5-1 2HD5.5
BF5-2 2HD5.5
BF10-0 2HD10
BF10-1 2HD10

6 *

g 5%

Mid-span deflection (mm)

0 10 20 30 40 5t
{1) Load to mid-span deflection observed curve

60
50 o+

40

th of the 1* crack (mm)

T

T T

o

0 1 2 i 4 5 6 7 8
(2) Load to 1st crack width curve

Fig. 17. BF5-0 [31].

occurred. A beam with a minimal value of the normalised reinforcement ratio f (Ef/Ec) was particularly susceptible to this effect. The
enhanced anchoring conditions for FRP bars improved the bond behaviour between the bars and the concrete, enhancing the flexural
behaviour. Due to the significantly greater modulus of elasticity of the steel bars compared to one of the FRP bars and the relatively
high s (Es/Ec), the decreasing load was not observed for steel RC beams. Due to low axial stiffness, the cracking occurred more rapidly
in the early stages of FRPRCB than in steel-reinforced beams. The cracks were also propagated slower, and no loading drops were
observed when the crack appeared. From the identical vantage point, it could be seen that the beams from “BF10” group, reinforced
with FRP bars with a larger diameter, produced greater stiffness and experienced a smaller loading decrease than “BF5” group. It
should also be emphasised that BF5-1 and BF10-1 beams with local spiral confinement reinforcement did not exhibit smaller and
weaker loading decreases. The FRP bar’s poor axial stiffness might cause this case. Calculating axial stiffness was as simple as
multiplying the cross-sectional area (A;) by the modulus of elasticity (Ef). Due to low A¢E¢, every new crack immediately grew up
vertically to the compression zone. At the same time, the initial split was clearly widening. The placements of the vertical stirrups were
emphasised as the origins of all cracks that had occurred.

3.6. (Narayanan, 2021) [32]

Five reinforced concrete beams were investigated with different properties. One was unplated without FRP (control), and the other
four were 3.5 mm thick plating of CSM, WR, UD, and CSMWR. The CSM, WR, UD, and CSMWR were the types of FRP-wrapped methods
on the beam’s lower surface. Table 7 summarises the specimen details.

The load-deflection curves for five different beams are depicted in Fig. 22. The GFRP-plated beams carried more weight and could
support a greater load at a given level of distortion than the unplated beams. The load-deflection data are summarised in Table 8. The
first fracture loads of SRWR were 71.43% higher than the control specimen (SR). Compared to SRCSM, SRWR produced a greater
increase in yield load. The deflection was reduced when CSM laminates were used instead of WR during plating. Given that CSM

11
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Fig. 18. BF5-1 [17].

Mid-span deflection {mm)
0 10 20 30 4 50 &l T
(1} Load to mid-span deflection observed curve
ail
S0 ]
a0
0
2
iR

BT . IL?rar:klwiflih “iﬁ.'h.b ‘1 f :;rlm';k {lmlrrt].

4] ) 10 15 0 15 n
{2} Load to 1st erack width curve

Fig. 19. BF5-2 [31].

achieved a lower yield load than WR. This might not be interpreted as a signal of improvement in stiffness value. Ultimate strength
values were achieved via WR fibre-reinforced laminate and were greater than those achieved using CSM-reinforced laminates. Tabular
data for energy ductility and deflection are provided in Table 9. Beams plated with GFRP revealed a decrease or barely noticeable rose

12
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Fig. 21. BF10-1 [31].

Heliyon 9 (2023) e14225

in deflection ductility values. The deflection ductilities of SRCSM, SRWR, SRUD, and SRCSMWR beams were increased by 50.57%,
56.29%, 5.18%, and 64.48%, respectively, compared to SR. Beams with greater GFRP thickness exhibited greater energy ductility. The
energy ductilities were improved by 74.01%, 117.32%, 29.40%, and 118.90% for SRCSM, SRWR, SRUD, and SRCSMWR compared to
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Table 7
Specimen details [32].
Beam name GFRP type
SR —
SRCSM CSM
SRWR WR
SRUD UD
SRCSMWR CSM + WR
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Fig. 22. Load-Deflection [32].

Table 8

Test value results [32].
Result/Beam SR SRCSM SRWR SRUD SRCSMWR
1st crack load (kN)/deflection (mm) 17.17/4.52 17.17/3.38 24.53/6.55 29.43/7.77 34.34/7.39
Ultimate load (kN)/deflection (mm) 34.34/30.20 36.79/32.73 49.05/35.60 58.86/32.83 63.77/35.49
Yield load (kN)/deflection (mm) 17.17/11.17 22.07/8.04 39.24/8.44 44.15/11.58 5.50/7.98
Maximum crack width (mm) 1.20 1.00 0.60 0.82 0.62

Table 9

Energy and deflection [32].
Result/Beam SR SRCSM SRWR SRUD SRCSMWR
Energy ductility/ratio 3.81/1.00 6.63/1.74 8.28/2.17 4.93/1.29 8.34/2.11
Deflection ductility/ratio 2.70/1.00 4.07/1.51 4.22/1.56 2.84/1.05 4.45/1.64

SR. Applying GFRP plating on the beam surface helped to boost the strength and ductility simultaneously. The energy ductility was
shown to be significantly affected by the thickness of the GFRP plating, with a greater increase for a greater plating thickness.

3.7. (Venkatesha et al., 2013) [33]
Table 10 shows the details of the beam specimens used. All beams with 25 mm concrete cover with three different stirrup spacings
(100 mm, 120 mm, and 125 mm). The beams’ dimension was 100 mm x 200 mm x 1500 mm and were reinforced with 2 bars of 12 mm

diameter for the main reinforcements, 2 bars of 6 mm diameter for the hangers, and 2 bars of 6 mm diameter for the stirrups. WSB1,
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Table 10

6 specimen details [33].
Beam CFRP Stirrup details
SB1 No 6H-100
WSB1 U-Wrap 6H-100
SB2 No 6H-120
WSB2 U-Wrap 6H-120
SB3 No 6H-125
WSB3 U-Wrap 6H-125

WSB2 and WSB3 beams were wrapped with FRP. Table 11 displays the ultimate and initial crack loads. Based on the data obtained,
both ultimate and initial crack loads increased for WSB1, WSB2, and WSB3 compared to control beams (SB1, SB2, SB3) without FRP.
The increasing percentages were 5.11%, 16.42 and 18.11% for WSB1, WSB2, and WSB3. The failure mode shifted for the second and
third control beams, where (a/d) were 1.85 and 1.71, respectively. Whether or not the wraps were presently affected, the prominent
crack that eventually led to failure was formed. Failure in SB2 and SB3 beams happened as the major fracture propagated from the
shear zone, while failure in the FRP-wrapped beams (WSB2 and WSB3) occurred as the cracks propagated vertically in the flexure zone,
albeit more or less under one of the loading points. The FRP-wrapped beams experienced explosive failure because the wrap and the
thin layer of concrete parted at the compression zone in one or both areas. Indeed, lateral bending was also seen in WSB1 beam when
the FRP wrap was removed. These findings, with a lack of discernible, increased the beams’ ultimate strengths. The FRP wrap in the
shear zone should have been continuously developed. The orientation of the FRP fibres in the flexure zone was parallel to the neutral
plane of the beam. It should be emphasised that the FRP wrapping method adopted in this investigation shifted the beam’s failure
mode from shear to flexure. In conclusion, the FRP affected the beam’s load values and failure modes (Fig. 23) by increasing its
structural behaviour. FRP contained fibre properties which affected the beam’s structural performance. The fibre caused the beam to
become stronger compared to the control beam without FRP wrapping.

3.7.1. (Rahman et al., 2005) [34]

Table 12 depicts the beam specimen details. The reinforced concrete beam dimension measured was 150 x 255 x 2400 mm (w X
d x h). B2GL and B3GM beams were reinforced with FRP bars of 3@16 mm diameter, whereas the control beam B1SSL was
strengthened with deformed austenitic stainless steel bars. Both B1SSL and B2GL beams had simple stainless steel bars with a diameter
of 6 mm used to strengthen them against shear force. Beam B3GM’s shear reinforcement used 304 stainless steel mesh with a 3 mm
diameter and 50 mm square opening. Flexure failure was intentional for all of the tested beams.

Fig. 24 depicts the load-deflection behaviour of 3 tested beams. All beams exhibited linear elastic behaviour up until the load
increased at the tension area. The beams’ rigidity dropped more rapidly, especially for the FRPRCB, causing more bending to occur.
The FRP bars had a lower elastic modulus compared to the stainless steel bar. The deflection of beam B2GL was approximately 2.5-3.0
times bigger compared to the control beam (B1SSL). A near-failure deflection of 21.7 mm was reported for B1ISSL, and a deflection of
35.1 mm was measured for B2GL. The performance of a beam reinforced with FRP bars will be inferior to the steel-reinforced beam
even if the beam was replaced with FRP bars at the same area replacement. Therefore, various design modifications must be addressed
when FRP bars are utilised as reinforcement. The B3GM’s rigidity was slightly enhanced due to the addition of stainless steel mesh
shear reinforcement. That stainless steel mesh with FRP was used as shear reinforcement not only increased the stiffness of the beam
but also enhanced the reinforcement to resist shear load. At the same load point, the deflection ratios of B3GM and B1SSL were 2.0-2.7,
representing a smaller increase compared to the identical beam equipped with links as shear reinforcement. When the beam was
almost at its failure point, the deflection measured was 34.5 mm.

After the flexural cracks developed, all the tested beams failed in flexure, and the concrete was crushed in the compression zone at
the failure stage. The failure mode and crack pattern of the tested beams are presented in Fig. 25. Table 13 shows the crack details. All
beams broke in tension at a load between 8% and 11% of their ultimate capacity. In the area of maximum bending moment, the first
crack appeared between the two-point load locations. As the load increased, more cracks started to form over the shear span on both
beam sides. The cracks were about 25% lower, and the crack spacing was about 26.6% larger for B2GL compared to the control beam
(B1SSL). This might indicate that the FRP bar’s stiffness affected the beam’s cracking behaviour. In contrast to B1SSL and B2GL, B3GM
with stainless steel mesh as shear reinforcement experienced greater cracks with smaller crack spacing. B3GM had a 28% smaller
average crack spacing than B1SSL. This demonstrated that stainless steel mesh could lessen the cracking occurred for FRPRCB.

Table 11
Ultimate load and failure mode [33].
Beam Ultimate load (kN) Failure mode
SB1 100.92 Flexural
WSB1 106.08 Compression
SB2 134.92 Shear compression
WSB2 157.08 Compression
SB3 149.08 Diagonal shear
WSB3 176.08 Compression
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SB3 - Diagonal shear failure

WSBI - Failure due to bursting of concrete in WSB2 - Failure due to bursting of con- WSB3 - Failure due to theexplosive bursting
compression near the load point (the hangar crete in the compression zone under one of concrete in the compression zone under one
bar is buckled) of the load points (the wrap did not sepa-  ©f the load points (the CFRP might have got-

rate from the concrete surface) ten delaminated just before failure)

Fig. 23. Failure mode of all 6 beams [33].

Table 12
Details of specimen [34].
Specimen Type of bar Shear reinforcement
B1SSL Austenitic stainless steel Stainless steel bar (6 mm)
B2GL FRP (3@16 mm) Stainless steel bar (6 mm)
B3GM FRP (3@16 mm) Stainless steel mesh (3 mm diameter, 50 mm square opening)
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Fig. 24. Load-Mid span defelction [34].

3.8. (Murugan & Kumaran, 2019) [35]

Five beams were cast. The reinforcement ratios of 0.73% and 1.24% were used to cast two beams with sand-coated GFRP bars and
two beams with grooved GFRP bars, respectively. 0.73% reinforcement ratio was used to investigate the differences between GFRP
rods and conventional steel rods. The steel rods were attached to the stirrups with mild steel wires, while the GFRP rods were bonded
with stirrups using nylon zip ties. Table 14 shows the various beam designations.

The ultimate loads of sand-coated (Bm1spl) and grooved rod-reinforced (Bm1Fegpl) beams were 34 KN and 38 KN, which were
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Fig. 25. Failure mode and crack pattern [34].

Table 13
Crack details [34].
Beam Ultimate/1st crack loads Cracks number/spacing
B1SSL 189/15 20/79
B2GL 122/13 15/100
B3GM 142/12 24/57
Table 14
Beam designations [35].
Beam GFRP type Ratio of reinforcement
Bm;F.P, Steel 0.73
Bm,;F,P; Sand coated 0.73
Bm; F,P, Sand coated 1.08
Bm; FgP; Threaded 0.73
Bm; FgPy Threaded 1.08

15% and 5% lower compared to the steel-reinforced beam (Bm1Fep1). When the reinforcement ratio of GFRP beams rose to 1.08%, the
ultimate load rose to 50 kN and 56 kN, representing increased of 25% and 40% more than the sand-coated and grooved rod-reinforced
beams, respectively. Increasing the reinforcing ratio in GFRP-reinforced beams raised the beam’s ultimate load. An increase in the
reinforcing ratio resulted in a smaller ultimate deflection for grooved rod beams compared to sand-coated rod beams. The moment-
curvature behaviour of all five beams was monitored during the static loading phase. Fig. 26, Fig. 27, and Fig. 28 depict the load-
deflection, moment-curvature and stress-strain of all five beams. The higher the concrete and steel material properties, the higher
the moment-curvature relation. This is because high steel properties contained a high tensile load which influenced the section’s

i
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—@— Bm1Fsp1
—&— Bm1Fgp2
—— Bm1FSp2
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0 .40
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Fig. 26. Load-deflection [35].
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Fig. 27. Moment-curvature [35].
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Fig. 28. Stress-strain [35].

moment-curvature relation. In addition to this, the elastic bending stiffness (EI) was also equal to the gradient of the moment-curvature
relation under normal loading. Table 15 shows the data results of all five beams.

3.9. (Yang 2021) [36]

As seen in Table 16, the control specimen (TB1) was not reinforced with CFRP plates. The remaining three specimens were
reinforced with self-anchored prestressed CFRP plates, and the beam flange top was reinforced with prefabricated GFRP panels. The
bond layer between GFRP panel and T-beam, and the configuration and prestressing percentage of GFRP panel were distinguished
between TB2 and TB4.

The cracking loads increased from 19 kN for the control specimen (TB1) to 61-75 kN for specimens (TB2-TB4). The bending
stiffness increased from 82% to 98% after the cracking stage compared to TB1 because of the tensile and compressive reinforcement
between the RC cross-section, bonded CFRP plate, and GFRP panel. The abrupt load decreases for TB2-TB4 due to CFRP plate
debonding after the steel reinforcement yielding, as delineated in Fig. 29. The tensile strains at the plates’ midspan during debonding
ranged from 10.4 to 10.9, equating to a utilisation ratio of 82-86% of the CFRP’s tensile capacity. This ratio value was similar to the
anchored prestressed CFRP plate. The hybrid FRP strengthening system enhanced the beams’ cracking control, bending stiffness and
load-carrying capacity. Significant residual capacities were observed in the reinforced specimens after debonding period (referred to as
post-debonding phase). It successfully achieved and maintained high residual capacities due to the GFRP panel mounted. It served as
compressive reinforcement and absorbed most of the compressive force applied to the bending specimens after they were strength-
ened. The concrete was crushed at T-beam tops even though the load increased from 350 kN to 400 kN (2.3-2.6 times the maximum
load of TB1) because the compressive zone was shifted to GFRP panel during post-debonding phase. The inclination of the external
load is depicted in Fig. 30, which depicts the growth of maximum crack widths. The crack-width growth curve magnitude and gradient

Table 15
Experimental results [35].
Beam Crack width (mm) Ultimate load (kN)-Deflection (mm)
Bm;F.P; 0.52 40-28.40
Bm; F;Py 0.78 34-34.80
Bm;FPy 0.82 50-39.62
Bm; FgPy 0.84 38-41.68
Bm; FgPy 0.90 56-36.85
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Table 16
Specimen details [36].

Beam Bond layer thickness

TB1 No

TB2 10 mm epoxy
TB3 30 mm mortar
TB4 30 mm mortar
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Fig. 29. Load-Mid span deflection [36].
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Fig. 30. Max crack width-Load [36].
were reduced for strengthened specimens (TB2-TB4) compared to the control specimen (TB1).
3.10. (Ahmed et al., 2021) [37]

The effects of strain rates and temperatures on CFRP composites were being studied. The strain rates and temperatures also affected
the CFRP composites. Strain rates between 4 x 10> and 160 s~! were recorded for UD and plain CFRP laminates, while similar
findings were reported for UD CFRP composites at strain rates of 25, 50, 100, and 200 s tand temperatures of 25, 0, 25, 50, 75, and
100 °C. The effects of layup (stacking sequence of the laminates), strain rate, and high temperature on the mechanical behaviour of
CFRP composites were studied using quasi-static and dynamic experiments. It was discovered that the CFRP composites had strain rate
strengthening effects, but a high temperature will weaken the strain rate. Temperature also played a significant role in determining the
tensile performance of short carbon fibre-reinforced poly-ether-ether-ketone composites. As the temperature rose, both tensile strength
and modulus dropped, but the fracture strain rose. The strain rate affected CFRP composites’ tensile, compressive, and shear char-
acteristics. The composites’ stiffness and strengths (compressive, tensile, and shear) significantly rose as the strain rate was increased
to roughly 200 s1. When tested at strain rates of 1.5-2.5 mm/min at temperatures of 35-70 °C, CFRP composites were found to have
superior tensile and flexural characteristics over GFRP composites. The damage initiation locations were found due to temperature and
strain rate dependence. The failure modes of CFRP specimens were temperature dependent rather than strain rate dependent due to the
polymer matrix’s softening at the glass transition temperature. The stiffness was reduced due to the loading and softening impact on
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the interfaces between fibres and matrices. Since the characteristics of CFRP composites were sensitive to temperature and strain
change, designing for structural elements with severe temperatures and dynamic loadings was essential. In general, the FRP (CFRP and
GFRP)’s tensile characteristics, and failure mechanisms were susceptible to the strain rate and temperature at which they were being
applied to the beam specimens.

3.10.1. (Naser et al., 2019) [38]
Attaching FRP plates, strips, or fabrics at the soffit of simply supported beams with an external bond increased the flexural capacity.
Several failure modes were found when RC beams and slabs were experimentally strengthened with FRP laminates. Common failure
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Fig. 31. Load-Deflection [40].
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modes of strengthened RC members in flexure with FRP laminates included steel yielding followed by rupture of FRP laminates, FRP
debonding from adjacent concrete surface, and concrete cover separation. If the FRP achieved its ultimate strain before the fibre
concrete in the top compression reached its crushing strain, the externally bonded FRP laminate would be ruptured. If the concrete
substrate could not withstand the axial force in the flexural FRP reinforcement, then FRP debonding or cover delamination would
occur. Debonding of FRP laminates often began with flexural and/or flexural-shear cracks around the maximum moment area of the
reinforced member and then propagated throughout the FRP length, including the bonding agent (epoxy adhesive or cement matrix).
As these cracks propagated and spread under load, the shear stress built up at the FRP interface sheets/plates and the concrete substrate
eventually led to FRP debonding. Debonding brittle failure modes included concrete cover delamination, which was typically triggered
by the development of cracks at a high-stress concentration point close to the end of FRP laminate. Once the fracture reached the
flexural steel reinforcement level, the concrete cover would begin to separate. When a crack developed in the concrete cover closed to
the plate’s terminus, this would cause the cover to fail. As the crack widened, it separated the RC beam’s or slab’s concrete surface from
the rest, reaching the steel tension reinforcement level.

3.11. (Muciaccia et al., 2022) [39]

The bond strength of FRP anchors was significantly affected by the construction technique quality and the dryness or impregnation
of the dowel component of the FRP anchor. First, the binding strength of FRP anchors might be drastically diminished due to improper
hole preparation, improper adhesive placement, or nonvertical anchor, known as fibres misalignment. Next, it was advisable to round
the hole corners at least 13 mm while installing bent anchors to reduce stress concentration. The borehole diameter unaffected the
anchor’s tensile strength, although a gap of 2 mm was advised for better placement of epoxy around the anchor. Because the FRP were
less well aligned with the applied force direction, the efficiency of straight anchors fell dramatically as the insertion angle increased.
Then, the anchor’s strength depended on the CFRP’s fibre ratios to form them to the attached fibres. Anchors from CFRP should have a
cross-sectional area at least twice as large as the CFRP reinforcement sheet mounted. This problem had a significant impact on the
retention and failure performance of the FRP sheet just before the FRP anchor failed. After that, to be functional, an FRP anchor should
be at least 13 mm longer than the FRP’s width, followed by 60° maximum angle. It was suggested that the anchors overlap by at least
10 mm by putting them next to one another. Finally, as a general rule, more anchors of smaller diameter were better than fewer
anchors of bigger diameter.

4. Finite element analysis of fibre reinforced polymer reinforced concrete beams

A state-of-the-art review of finite element analysis (FEA) on the structural behaviour of fibre reinforced polymer reinforced con-
crete beams (FRPRCB) is discussed in this section.

4.1. (Obadidat, 2022) [40]

Fig. 31 displays the experimental and FEM analytical load-deflection curves for the control and retrofitted beams. Four different
setups involved an FRP model and a concrete/FRP bonding model. For the control beam shown in Fig. 31(a), there was a good
agreement between FEM and experimental results. The beam was expected to be slightly stiffer and stronger than the FEM study
predicted, most likely due to the projected perfect bond between concrete and reinforcement. The high degree of concordance caused
the fracture behaviour and could be captured effectively by the constitutive models which were typically used for concrete and
reinforcement. From Fig. 31(a), (b), Fig. 31(c), and Fig. 31(d), it was clear that the FRP length significantly impacted the beam’s
behaviour. The maximum load increased with FRP length. Fig. 31(b)-(d) show that throughout the initial portion of the curve, all four
FEM models for the retrofitted beams produced very similar results and were stiffer than experimental results. The beam lost its
stiffness when fractures were formed and experienced an increase in shear strain. Once the cracks emerged, the perfect bond models
consistently overestimated the beam’s rigidity. This is because the perfect bond ignored the shear strain between the concrete and the
FRP. The beam softening was especially noticeable for RB1, and the perfect bond models didn’t capture it. The perfect bond model
couldn’t account for the debonding failure observed in the experiments. This means the load could be further increased until a different
failure mode was reached. A shear flexural crack failure or FRP rupture had occurred. Isotropic and orthotropic perfect bond models
produced nearly identical curves. However, the orthotropic model predicted a low maximum load. This might be because of the
strengthening confinement of the isotropic FRP, which was unnaturally high stiffness in the transverse direction and shear. A good
agreement between the cohesive models and the experiments was found. Both the isotropic and orthotropic cohesive models had very
similar properties. The results revealed that, at least for large loads, the cohesive model agreed well with experiments, but the perfect
bond model didn’t. The discrepancies between the experiment and FEA could have several origins. One was the presumption of a
complete bond between the concrete and the steel reinforcement for the control beam. It was also possible that the estimated behaviour
of the interface between FRP and concrete was to blame for the discrepancy between the model and the experimental results regarding
the pre-position cracks and dimensions. Because of this, the reinforced concrete element’s stiffness and capacity might be over-
estimated. The findings also demonstrated that the orthotropic features of the unidirectional FRP could be disregarded.

A comparison of axial stress under a load of 10 kN between the control specimen and the modified beam (RB2) is depicted in Fig. 32
(a) and Fig. 32(b). This shows that the strengthening had systemic effects on the beam’s stress distribution than the control beam
without FRP. Besides that, the strengthened beams’ stress distribution was far away differed from the unreinforced specimens’ which
didn’t have FRP. This finding was confirmed across all models, including this FEA.
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Fig. 32. Axial stress distribution (RB2) [40].

The crack propagation started at the locations where the maximal principal plastic strain was positive. It was anticipated that the
crack propagation occurred at the material integration point. Fig. 33(a) and Fig. 33(b) show a contrast of plastic strain distributions
and crack patterns for the control and strengthened beams with FRP between FEA and experimental investigation. This model could
represent the beams’ fracture mechanics demonstrated by the similarities between the cracks obtained from the experimental and
simulation results. The perfect bond model could not model the debonding fracture mode seen in this study since it didn’t seem eligible
for bond breakage. However, the debonding could be modelled using a cohesive model. The debonding fracture occurred using a
cohesive bond model as did in the experiment, as shown in Fig. 34 below.

4.2. (Bedon & Louter, 2019) [41]

For every kind of FRP reinforcement, two separate experiments were conducted. The obtained load-cross-head displacement re-
lations for various FRP rebars are displayed in Fig. 35, Fig. 36, and Fig. 37. The initial findings emphasised the significance of the
reinforcement area and section on the flexural behaviour of RCB. The failure loads of the samples were raised dramatically from 4921
N to 6121 N when ‘dog-bone’ sections were used for reinforcement rather than circular reinforcement. Both setups had comparable
stiffness before the initial crack propagated. However, if the rebars had circular cross-sections at relatively light loads, the cracking and
the resulting loss of stiffness began to appear. The dog-bone rebars maintained a fairly consistent stiffness from light loads until final
failure. The moment of inertia of the dog-bone rebars was bigger than the circular rebars, which might explain this result by reducing
stress, cracking and stiffness in concrete. In addition to that, the failure displacement was determined for the two arrangements and
was very different from each other. Fig. 37 demonstrates that circular rebars resulted in a greater displacement to failure compared to
dog-bone rebars.

The created finite element model (FEM) simulated the experimental results. There was a large amount of heterogeneity in the
experimental results when the generalised cracking occurred in the specimens for displacement higher than 3.5 mm. The first non-
linearity in the load-displacement relation, representing the onset of cracking, and the maximum load reached throughout the test
were both potential failure loads. Given the first non-linearity, the failure load prediction was 1290 N, which was entirely agreed with
almost 99% of the mean experimental failure load (1317.5 N). The numerical forecast (5800 N) agreed with the experimental data
(17.9%) when the maximum load sustained during the test was used as the failure load. As mentioned before, the FRP-concrete
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Fig. 37. Load-displacement (circular and dog-bone FRP) [41].
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decohesion’s effect contributed to this instance of overprediction of the failure load. Crushing of concrete on the contact zone with the
loading roller affected the displacement values acquired using the cross-transducer heads. A transducer was thus attached to the
underside of the specimen to provide a second displacement measurement independent of the computational prediction. The load-
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displacement relations were derived numerically for circular FRP reinforcements and compared to the acquired displacements ob-
tained experimentally on the top and bottom faces of the specimen in Fig. 38. The stiffness reduction was primarily due to the
widespread concrete cracking at large displacements, as seen in Fig. 38. The concrete crushing on the contact zone had little to no
effects on the established results. The numerical model successfully predicted the material’s initial (i.e., before cracking) stiffness and
the initial non-linearity in the load-displacement relation. The forecasts were in reasonable agreement until a rough displacement of
2.5 mm. The numerical model overestimated the load borne by the beam when the displacement exceeded approximately 2.5 mm. The
decohesion between the FRP rebar and the concrete beam might be blamed for this situation. FRP rebars were made via pultrusion
manufacturing process with a relatively low coefficient of adhesion to concrete because of their flat surface. The computational model
could not predict the decreased stiffness associated with this damage mechanism since decohesion was not considered.

4.3. (Yang et al, 2003) [42]

The numerical simulation demonstrated that the cracks gradually developed at the constant bending moment span for the un-plated
beam and propagated to the shear span on the beam’s tension surface. Within the continuous moment span, the crack spacing was
approximately uniform, but in the shear span, it increased gradually towards the support. Some initial cracks remained intact, while
other cracks eventually spread as the load increased. The cracked beam and the centre deflection of 7 mm at 100 kN stress are shown in
Fig. 39(a) and Fig. 39(b). The displacement has been standardised to a scale of 50 for easier viewing. The rounded contours of the
fissures seen in practice are accurately represented. This offered a substantial improvement as most earlier research required using pre-
specified fracture routes. Table 17 demonstrates a close agreement between the predictions and the obtained test results for the beam.

The cracking process for the plated beam with a plate length of Lp = 2200 mm was remarkably similar to the unplated beam, with
the exception that the cracks in the plated beam started at the concrete adhesive interface rather than at the beam’s bottom surface.
However, as seen in Fig. 40(a) and Fig. 40(b), the cracks in this beam are closed together and more evenly distributed compared to
Fig. 39(a) and (b), respectively.

When the displacement parameter (d = 7 mm), as depicted in Fig. 40(c), the mesh for the plated beam shifted. As shown in Fig. 40
(b), the local stress concentration also caused a crack in the concrete near the end plate. In Fig. 39(a), the primary cracks in the
unplated beam spread above the cross-section centre. However, they were still contained within the concrete cover for the plated
beam, indicating that Ps = 100 kN was well within the allowable range, as depicted in Fig. 40(d). This suggested that the plate’s
bonding could greatly slow the crack propagation. It was important to remember that this study was conducted with monotonic
loading, beginning with a beam free from stress and cracks. The preceding conclusion was only valid when the plate was bonded onto a
beam that had never been loaded before. Pre-loading or cracking the beam could cause substantial variations. Since the plated beam
reported in Ref. [24] had been loaded before being strengthened, this might address a large discrepancy between the test and projected
values, as indicated in Table 1 when P = 100 kN. However, the difference induced by the various loading processes might diminish
once the load exceeds the pre-loading level. The current prediction was consistent, showing high agreement with the experimental data
for d = 7 mm.

At a stress of P = 334.1 kN, the primary tensile steel bar yielded, and the crack propagation analysis for the plated beam was
continued. Fig. 41(d) delineates the cracked and deformed state of the beam at this point. Most first-seen fissures in Fig. 41(a) and (b)
were extended and even fused to larger structures. The initial crack started at the plate’s edge but only spread at a short distance. The
beam failed in flexure. Nonetheless, a separate failure mode could be identified if the study was carried out past the first yielding of the
major steel bars. The cracks occurred over the beam surface when the length of the FRP plate was shortened to Lp = 1600 mm, as
depicted in Fig. 41. Many spaced cracks began early in the tension side of the reinforced part (Fig. 41(a)). At the stress between 105 and
111 kN, some cracks inside the constant bending moment span began to overgrow. The cracks began to show outside of the reinforced
area (Fig. 41(b) and (c)). New cracks were opened in the continual bending moment between the larger ones. When the stress was Ps =

7000
6000 L
5000 | _A“
Z 4000 |
=
3
5 3000
Experimental (specimen top)
2000 | :
4+ Experimental (specimen bottom)
1000 | g5 — 4 FEM results
0 & 1 | + | 1 1
0 1 2 3 4 5 6 7 8

Displacement (mm)

Fig. 38. Test results [41].
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Fig. 39. Unplated beam [42].

Table 17

Predicted and test results [42].
Beam Load (test/predicted) (kN), d = 7 mm Central deflection (test/predicted) (mm), P = 100 kN
Unplated 160.0/160.7 3.98/3.55
Plated 173.0/188.6 3.74/2.54

141 kN, a nearly vertical crack occurred at the plate’s edge. Some flexural fractures in the shear span near the loading point had spread
out and cracked the longitudinal tension bars (Fig. 41(d)). Further stress increase caused several flexural fractures to propagate near
the compression zone in the direction towards the loading point and caused flexural shear cracks to occur (Fig. 41(e)). The flexural
crack that manifested at the plate’s terminus grew to become the most extensive one. A fresh horizontal crack was started when this
one met the tension steel reinforcement. This horizontal fissure, albeit visible, was still relatively small (Fig. 41(e)). Even though the
primary fracture at the plate end was still widening at a certain load level, the horizontal crack quickly spread at the interface between
the concrete cover and the tension steel reinforcements (Fig. 41(f)). The other cracks hardly altered after the horizontal fracture started
to spread fastly. The beam failed as soon as this horizontal split joined up with the pre-existing large flexural shear crack (Fig. 41(g)). It
was a fragile failure. The concrete cover separation failure was seen in many trials consistent with this projected failure mechanism.

4.4. (Sinaei et al., 2011) [43]

Five specimens (SC, S1, S2, S3, S4) had different shapes and lengths. Table 18 summarises the sample details used in this research.
The theoretical rotation was determined from the change ratio of points A and B’s vertical displacements to the change in their
horizontal distance, as shown in Fig. 42. It was important to note that the distance between A and B was deliberately made large
enough for all specimens to contain a plastic hinge zone.

Each specimen was tested for various characteristics, such as its ultimate load, concrete and reinforcement stress, FRP laminate
stress, and ductility. The load-deflection curves for the control and reinforced specimens are delineated in Fig. 43, Fig. 44, Fig. 45, and
Fig. 46. Table 19 and Fig. 47 also provide other findings, such as the joints’ flexural capacities and the ductility factors for each
specimen. Based on the experimental data results, a FEM was run to analyse and simulate the performance of FRP layers for exterior
beam-column connections. A control specimen (non-retrofitted) and four retrofitted specimens with varying configurations of FRP
were created to test the effects of retrofitting on the performance of beam-column joints in external RC. These tests aimed to determine
how to enhance the lateral strength and ductility of the joints to boost their seismic performance. The options for connecting FRP to the
beams’ top, bottom, and lateral sides were considered for each specimen. The findings demonstrated that they were adequately
designed, and the FRP composite could lead to respectable gains in ductility and strength. Non-linear analysis of realistic RC con-
nections with FRP overlays confirmed the usefulness of L-shaped overlays made of FRP composite at the beam and column surface to
improve ductility. Strong and flexible RC joints could be achieved by using U-shaped overlays beneath the beam and FRP on both
lateral sides of the beam. However, the beam ductility was reduced when solely FRP was used on the top and bottom beam surfaces.

5. Numerical modelling
This section discusses general details of numerical modelling and steel and concrete materials modelling.
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a) At load P=100kN

c) Displaced FE mesh at 5=7mm (P=173 KN)

d) At yielding of main steel bars (P=334.1KN): un-displaced and displaced

Fig. 40. Plated beam with Lp = 2200 mm [42].

5.1. General details

This numerical modelling of FRPRCB was constructed and analysed using the general FEA programme ABAQUS [44-47]. The
structure members were modelled using a 4-node bilinear shell element (CPS4R) for concrete and strengthening members, including
deviators and pins, and two 2-node linear truss elements (T2D2 and B21) for interior reinforcements. A 4-node bilinear shell element
was used to model the concrete structural member. Moreover, 2-node linear truss elements (T2D2 and B21) were used for interior
reinforcement. Deviators and pins also supported the FEM during the analysis running. This ABAQUS software is essential to use for
getting the results. Based on the findings of the sensitivity analysis, a 20 mm mesh size was used. 20 mm is the optimum value to get the
output results. This analysis of the theoretical section also used the same assumption called embedded command to get a simple
modelling and concrete combination, including internal reinforcements. The links between the concrete beam and hole, saddle plate
and anchor pin were produced using the surface-to-surface command. Since FRPRCB is mirror images of one another, it is only needed
to model half of them to save time and computing power. As for contact interaction qualities, Lam et al. (2012) [48] considered the
hard contact quality as common behaviour, and the 0.3 value was for the standard friction coefficient for tangential behaviour. This
analysis was performed using only two-dimensional elements rather than the more time-consuming three-dimensional modelling that
would have been required for the steel rod ends with bolt threads. The ‘Equation’ function merged the two joints instead of numerical
modelling. Since thread failure was not the predominant mode of failure in this research, this simplification appeared appropriate.
There were no analytical difficulties when the simulation began because there were no distances between the contact elements [49].

5.2. Steel modelling

The Equation functions (Eq. (1)) and (Eq. (2)) merged the two joints instead of doing detailed numerical modelling. Since thread
failure was not the predominant mode of failure in this research, this simplification appeared appropriate.

Gtrue = Onom (1+€nom) 1)
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g) ALP=207.9kN

Fig. 41. Plated beam with Lp = 1600 mm [42].

Table 18

Specimen details [43].
Beam sample Length (mm)
SC -
S1 450 (Top and Bottom)
S2 450 (I-shape)
S3 750 (Both sides)
S4 450 (U-shape)

1
€= ln(1+€nom) - Gtrue/EPn (2)

where otrue = true stress, eplln = log strain, cnom = nominal stress, and enom = nominal strain, E = Young’s modulus. Based on the AIK,
E = 200,000 MPa, and 205,000 MPa are the values utilised for reinforcement and external rods.
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Fig. 43. Load-deflection [43].
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Fig. 44. Load-deflection [43].
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Fig. 45. Load-deflection [43].
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Fig. 46. Load-deflection [43].
Table 19
Ductility factor [43].
Beam sample Maximum strength Ductility
SC 24917 1.12
S1 27111 1.04
S2 26586 1.94
S3 28551 1.22
S4 26814 1.67

5.3. Concrete modelling

ABAQUS had a “Concrete Damaged Plasticity (CDP)” option that could be used to analyse the concrete damages. Some important
parameters used in this investigation such as.

(1) Angle of dilation (y)

(2) Modulus of elasticity of concrete (Ec)

(3) Eccentricity (e)

(4) 1 direction of compression strength under biaxial loading to uniaxial compressive strength (fb0/fc0)
(5) Compression and tensile behaviour (S)

(6) Compressive meridian ratio (K)

(7) Viscosity (p)

Ec =4700 (f'c)0.5 MPa was defined as f’c from the compressive strength test, according to AIK (2016) [50] standards. This strength
of compressive used a unit called MPa according to the ACI code [51]. Eccentricity (e) was set to 0.1. A compromise was reached
between the formulas proposed by Papanikolaou and Kappos (2007) [52] and Tao et al. (2013) [53]: fbg/fco = 1.5 (fcg)*%7>. Based on
the ACI code, fcy = f’c. It was not quantified in the experiments, and its data was rare in other studies. Based on a review of 14 scholarly
sources, they devised their definition separately. The concrete yield surface was determined by the second stress invariant ratio on the
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Fig. 47. Result details [43].

Table 20

Equation details.
Equations References
Ec = 4700 (f¢)0.5 MPa AIK (2016) [50]
fbo/feg = 1.5 (feg)®-07° Tao et al. (2013) [53]
K14 (5.5fb0)/(2f :5fp0) Yu et al. (2010) [55]

tensile meridian (K) to the compressive meridian (S). Many researchers, including Seow and Swaddiwudhipong (2005) [54], used 2/3
as a K default value, despite the K range being between 0.5 and 1.0. This research use Yu et al. (2010)’s [55] equation of K14
(5.5fb0)/(2f 5fp0). Table 20 summarises all the equation details used.

ABAQUS had a range of 0° to 56° for defining the plastic flow potential [53]. This study relied heavily on the dilation angle (y) and
viscosity parameter, even though previous studies found these challenging to quantify. Several researchers had used different values
but had embraced them on a case-by-case basis. Numerous careful analyses led to 38° as an angle used in this study. Load-deflection
behaviour was unaffected by its value, whereas plastic behaviour followed the elastic behaviour. The viscosity parameter () was used
in ABAQUS standard analysis for the visco-plastic regularisation of the concrete constitutive equation, and its default value was 0.
0 value was not useable because the numerical modelling did not advance into elastic behaviour. In comparison, Tao et al. (2013) [53]
observed no influences on the parameter value’s prediction accuracy.

The concrete compressive and tensile behaviour generally did not impact how the FRPRCB performed in terms of its structural
performance. The following formula expressed compressive stress in concrete: f'c was the concrete’s compressive strength, ¢, was the
ultimate compressive strain, and 0 was the maximum compressive strain. The stress-strain relationship was determined by Lou et al.
(2013) [56] and Hognestad (2011) [57]. The tensile strength was achieved when the stress-strain increased consistently. The concrete
tension curve was also required, and ABAQUS software was used to get the concrete tension curve (output) values by inserting the
input values. The ABAQUS was run and analysed to get the output results. The higher the input values, the higher the output values. It
was important to get excellent inputs to get the best output results. Here, the concrete used a tensile strength of 0.1f'c with 10ft/Ec
ultimate tensile strain. The concrete properties were analysed with ABAQUS software. The damage in the specimen surpassed its
tensile stress when the concrete fracture strain was exceeded [58-70]. Similar to what was found in the experiment, the FRPRCB under
tensile stress had been deformed in ABAQUS simulation.
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6. Investigated parameters on structural behaviour of fibre reinforced polymer reinforced concrete beams based on the
experimental investigation and finite element analysis

Table 21 shows the different investigated parameters on the structural behaviour of FRP reinforced concrete beams. All these
findings results are compared with each previously published researcher.

Table 21
Investigated parameters comparison.

References Parameters Experimental Test Types with Enhancement (e)/Reduction (r) Strength
Compared to Control Specimen without FRP (%)

Load- Initial and post- Energy absorption for pre and post-
deflection cracking stiffness cracking stages
Opening
(Chin et al., 2011) [27] Circular 43 (e) - —
Square 25.59 (1) - -
(Siew Choo Chin et al., Circular (No CFRP) 51 (r) - -
2015) [28]
Circular (Has CFRP) 56 (e) - -
CFRP strengthening location
(Laminates et al., 2014) Bottom 10 (e) - -
[29]
Bottom (1/4 sides) 20 (e) - -
Bottom (1/2 sides) 30 (e) - -
Type and diameter of FRP bars
(Karayannis et al., 2018) 2HD5.5 - 3.88 (e) -
[31]
2HD10 - 1.93 (e) -
GFRP types
(Narayanan, 2021) [32] CM 50.57 (e) - 74.01 (e)
WR 56.29 (e) - 117.32 (e)
UD 5.18 (e) - 29.40 (e)
CSM + WR 64.48 (e) - 118.90 (e)
Steel stirrups
(Venkatesha et al., 2013) 6 mm@100 mm 5.11 (e) - -
[33]
6 mm@120 mm 16.42 (e) - -
6 mm@125 mm 18.11 (e) - —
Bar type and shear reinforcement
(Rahman et al., 2005) Austenitic SS bar (6 mm) 9.82 () - -
[34]
FRP (3@16 mm) Stainless steel bar (6 mm) 16.39 (e) - -

FRP (3@16 mm) SS mesh (3 mm diameter, 50 54.92 (e) - -
mm square opening)
GFRP reinforcement type/ratio
(Murugan & Kumaran, Sand coated/0.73 15 () - -
2019) [35]

Sand coated/1.08 5(r) - -
Threaded/0.73 25 (e) - -
Threaded/1.08 40 (e) - -
Thickness of GFRP bond layer

(Yang, 2021) [36] 10 mm epoxy 221.05 (e) 98 (e) -
30 mm mortar 268.42 (e) 75 (e) -
30 mm mortar 294.74 (e) 62 (e) -
Reinforcement type

(Bedon & Louter, 2019) Circular 21.57 (e) - -

[41]

Dog-bone 24.39 (e) - —
Beam types

(Yang et al., 2003) [42] Unplated 60 (e) - -
Plated 73 (e) - -
Beam shape/length (mm)

(Sinaei et al., 2011) [43] Top and bottom/450 8.81 (e) - -
1 shape/450 6.70 (e) - -
U shape/450 14.58 (e) - -
Both sides/750 7.61 (e) - -
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7. Conclusion

The following primary conclusions are established based on the state-of-the-art review of various published experimental in-
vestigations and the FEA of FRPRCB.

7.1. Experimental investigation

1. The cracking around the opening is drastically reduced due to the strengthening arrangement of the FRP laminates at flexure. The
beam deflection is reduced by about 61% compared to the case of a square opening. Even with the big circular opening, no
appreciable lessening of beam deflection is seen. After being reinforced with FRP laminates, a beam with a wide circular opening in
the middle span almost performs. In comparison, the flexural strength of the beam with a huge square aperture increases by 10%.
Beams with big circular and square openings are 33% and 17% stiffer than unreinforced beams.

2. The behaviour of RC deep beams with large circular holes located in the shear region and strengthened by FRP wrap was inves-
tigated through experimental investigation. Shear failure, characterised by the formation of diagonal cracks at the top and bottom
chords of the apertures, is shown to be the failure mode of deep beams with a large circular opening. The large circular opening in
RC deep beam resulted in a significant loss of strength, with a 51% decrease in beam capacity compared to the control beam. The
beam’s maximum load capacity raises approximately 15.32% using surface strengthening via FRP wrap around the opening and
only restores 56% of its original strength compared to the control beam.

3. Using FRP laminates to reinforce concrete beams decreases the beam deflection and boosts the load-carrying capacity. The cracks
that didn’t form are less severe and more widely spaced. Adding vertical layers of FRP can achieve additional load-carrying ca-
pacity and decrease deflection. Flexural strengthening fibres are less likely to break due to the presence of vertical layers.

4. Laying FRP debonding and decreasing corner stress concentration are the benefits of beam section alteration. The beam structural
behaviour is greatly enhanced compared to its rectangular counterparts, but the required materials remain the same. Using FRP U-
wraps is to get the most outstanding experimental results. When subjected to impact loading, RC beams that fail in flexure mode
during static testing might fail in shear-flexure mode. The impact resistance should be designed using impact and inertial forces at
the initial instant. The RCB must be locally strengthened in shear at the anticipated impact location to avoid shear failure. An
anchor system should be implemented to protect RCB from early debonding caused by the impact stress. Finally, the testing results
also show that FRP can be utilised to fortify RCB against impact load. Shear dominance and FRP debonding in impact tests are
important considerations. The time lag between impact loads and reaction forces has also been analysed, as the early negative
reaction forces are found.

5. The structural behaviour of FRP reinforced concrete beam shows more enhancements than reduction compared to control rein-
forced concrete beam without FRP based on the investigated parameters such as beam opening, FRP strengthening locations, types,
diameters, thickness, reinforcement types and ratios. The FRP causes the load-deflection, initial and post-cracking stiffness, and
energy absorption for pre and post-cracking stages of the reinforced concrete beam to increase and improve.

7.2. Finite element analysis

1. The length of the FRP has a significant impact on the performance of the retrofitted beams. Both experiments and FEA prove this. As
the FRP is stretched out, the ultimate load increases. The cohesive model successfully models the bond behaviour between FRP and
concrete. There was a strong correlation between experimental investigation and FEA for ultimate load, failure mode, and crack
propagation.

2. Non-linearities in the materials and geometry were considered in the analysis of reinforced concrete reinforced with FRP. The
concrete’s model for compressive and tensile behaviour, as well as degradation to cracking and crushing, was investigated. The
reinforcement made of composite material is viewed as elasto-brittle, whereas steel reinforcement is viewed as elasto-plastic. The
concrete model’s compressive behaviour was developed using strain-hardening plasticity method. A cut-off tension representation
of a dual criterion for yielding and crushing in terms of stresses and strains was considered. The materials law for undirectional
composite is linear elastic/brittle. Concrete can exhibit both elastic and flexible properties, as well as brittleness. This analysis
focuses on a concrete beam reinforced with composite rebars but only has a single support. FRP rebars experimentally demon-
strated the significance of the rebar geometry on the structural performance. In comparison to circular sections, the dog-bone
produces a greater failure load, and more crack propagation occurs. Both experimental and FEA results concur very well.

3. The concrete cover separation failure mode in FRP-coated RC beams was successfully reproduced in FEA. The bonding of a plate
resulted in smaller and more closely spaced cracks than the unreinforced beam, as shown by preliminary numerical data. The
cracking can significantly impact the stress distribution of FRP plates used for plated beams. Before substantial cracks are formed or
when the material is near its ultimate state, the stress distribution is uniform across the continuous bending moment span. The
plate’s length heavily influences the beam’s failure mode. The FEA demonstrates that a beam strengthened with a short plate is
more likely to fail due to concrete cover separation and in a more brittle manner than a beam strengthened with a long plate,
assuming all other parameters remain identical.

4. The structural behaviour of FRP reinforced concrete beam shows more enhancements than reduction compared to control rein-
forced concrete beam without FRP based on the investigated parameters such as FRP reinforcement types, beam types, shapes and
lengths. The FRP causes the load-deflection, initial and post-cracking stiffness, and energy absorption for pre and post-cracking
stages of the reinforced concrete beam to increase and improve.
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