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Abstract. Structural engineers always strived for enhancing the performance
of Reinforced Concrete flexure members of the structures incorporating ductil-
ity and strength in materials, viz. concrete and reinforcing steel. In the present
work, composite of steel and carbon fiber reinforced polymer is used as flexure
reinforcement. The composite reinforcement was fabricated in the laboratory by
sandwiching woven carbon fiber fabric between steel flats with adhesive. Four
concrete beams, one with conventional rebars, and three with the composite as
longitudinal reinforcement were cast and suitably cured with water. Experimental
results and the structural response of four beams, one of them reinforced with
conventional deformed rebars and three with steel-CFRP composite as longitudi-
nal reinforcement have been discussed in this research. Tests were conducted on
the beams, supported on two rollers at 1400 mm centre-to-centre, applying two
equal symmetrical concentrated loads with a shear span of 400 mm. The deflec-
tion at mid-span, deflection ductility ratio, and load-carrying mechanism of the
beams with composite reinforcement have been discussed and compared with the
beam having longitudinal conventional deformed rebars. The flexural ductility of
the beams reinforced with the steel-CFRP composite as flexural reinforcement is
found comparable with the beams reinforced with conventional deformed steel
rebars.

Keywords: Beam - Ductility - Carbon fibre reinforced polymer (CFRP) -
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1 Introduction

Fibre-reinforced polymer (FRP) has become an important additional construction mate-
rial (1) in retrofitting to improve the performance of existing and damaged structural
members; and (2) to economize the design of new structures, to carry quasi-static and
impulsive loading (Anas et al. 2021a; Anas et al. 2021b; Anas et al. 2020; Anas et al.
2021c, d; Anas and Alam 2021; Anas and Alam 2022a, b; Anas et al. 2022a, b, ¢, d, e, f,
g; Tahzeeb et al. 2022; Ul Ain et al. 2022). To enhance the flexural and shear resistance
of the beams, shear walls, columns, and slabs, FRP is being extensively used externally
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(Bruno et al. 2007). Owing to higher tensile strength and much better resistance in com-
parison to steel, the carbon-FRP has been widely used in the form of longitudinal rebars
in the beams (Demers 1998; El-Hacha et al. 2001; Lieping et al. 2006; Zhao et al. 2007;
Aslam et al. 2015; Cao et al. 2015; Cao and Ma 2015; Wang et al. 2019; Deng et al.
2021). Steel undergoes corrosion and affects the durability performance of the reinforced
concrete (RC) structures. CFRP does not corrode but its modulus of elasticity is low and
it lacks ductility. Low modulus of elasticity, poor ductility, and currently high cost are
considered its disadvantages. A good combination of steel and CFRP makes a compos-
ite in which one material provides what other material lacks is suitable for rebars to be
used in the concrete structure. Due to the high ductility of steel bars and to improve the
ductility of the composite system, many researchers adopted additional steel bars inside
beams reinforced with FRP (Denvid et al. 2010). In this study, the idea of Aiello and
Ombres (2002) was followed by sandwiching CFRP layers, woven carbon fibre fabric,
between two mild steel strips to make full-size steel-carbon FRP reinforcement which
was fabricated in the laboratory manually and utilized as new longitudinal reinforce-
ment in lieu of steel rebars inside beams. It is worth mentioning that the same materials
(Woven carbon fibre, 2-part epoxy impregnation resin, and steel strips) were used by
Faris and Alam (2013). Cao et al. (2017) experimentally tested the flexural performance
of five expansive concrete and five conventional Portland cement concrete beams. The
expansive concrete (EC) beams were reinforced with a hybrid CFRP enclosure and steel
rebars. It was concluded that the EC beams with hybrid reinforcement gave the best per-
formance with regards to the ductility and mechanical properties considered. Hollaway
and Head (2001) and Zhou et al. (2013) discussed the application of carbon-FRP wrap-
ping for strengthening the structural members and got reduced maximum displacement
and width of the flexural cracks.

To examine the mechanical properties of steel-carbon FRP composite longitudinal
reinforcement, standard specimens of the composite have been made and tested in this
research. Four reinforced concrete beams were tested, one was reinforced with the con-
ventional steel rebars as a reference beam and the remaining three were reinforced with
steel-carbon FRP composite as longitudinal flexural reinforcement.

2 Longitudinal Steel-CFRP Composite Reinforcement

To manufacture the longitudinal steel-CFRP reinforcement, following three-material
were used:

e Woven carbon fibre fabric, CFRP (SikaWrap®-300C)
e 2-part epoxy impregnation resin Adhesive, (Sikadur®-330) and 1-part hardener
e Strips of mild steel

Two types of longitudinal steel-CFRP reinforcement were fabricated manually:

1- Steel-CFRP composite reinforcement with two layers of CFRP and 16 mm wide
steel flats of gross cross-sectional area 80 mm?.

2- Steel-CFRP composite reinforcement with five layers of CFRP and 20 mm wide
steel flats of gross cross-sectional area 120 mm?.
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3 Steel-CFRP Composite Fabrication

The procedure used to fabricate the longitudinal steel-CFRP reinforcement in this study
was as follows:

1- A full-size mild steel plate has been cut to get a number of 2000 mm blocks, 16 mm
and 20 mm wide steel strips using a cutting machine.

2- To increase the anchorage of this new composite longitudinal reinforcement in the
concrete beam, all strips have been bent at 90° at the ends.

3- Following the instruction of the manufacturing company, hardener and resin have
been precisely weighed by sensitive balance and thoroughly mixed together using a
drill mixer, Fig. 1.

4- Using a brush, the adhesive was applied to the prepared steel strips after removing
all dust and varnish, Fig. 2.

5- The woven carbon fiber fabric which has been already cut to the required size is put
onto the adhesive. This step has been completed using a plastic roller rolling along
the fabric to remove all excess epoxy and air to get a better bond between the fiber
and the steel strip.

6- The final step in the procedure of preparing the longitudinal specimens of the com-
posite was to put the second steel strip onto the fibre after applying the adhesive. Par-
allel clamps were tightened to hold the three components of the specimen together,
Fig. 3.

4 Concrete Beams Details

Four concrete beams have been cast. Table 1 shows the complete details of beams
considered in this study. The first letter in the designation of a beam represents the
type of longitudinal reinforcement used as S or C (S: steel bar reinforcement, and C:

Fig. 1. Sensitive balance.
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Fig. 2. Using a brush to apply The Sikadur®-330.

composite reinforcement), the first numeral is either the diameter of steel bar or width
of composite reinforcement, the next digit represents the number of carbon-FRP layers
and the last digit denotes the number of longitudinal rebars used in the beam.

The beams are of 240 mm x 160 mm in dimensions. The span of the beam is
1400 mm, Fig. 4 and Fig. 5. The reference beam namely, S10-2 was provided with
two steel rebars of 10 mm diameter, while the other three beams were provided with
steel-carbon FRP rebars for instance, C16-2-2; two steel-CFRP reinforcement of width
16 mm, each with two layers of CFRP. C16-2-3 means, there are three reinforcements
of steel-CFRP composite reinforcement of width 16 mm and each with two layers of
CFRP. C20-5-2 means two reinforcements of steel-CFRP composite reinforcement of
width 20 mm and each with five layers of CFRP.



70 F. A. Uriayer and M. Alam

Fig. 3. Parallel clamps to prepare the longitudinal reinforcement.

Table 1. Beams details

Beams designation | Bar type No. of CFRP layers | Diameter or Width | Bar Area (mm?)
in each specimen of bar of specimen
(mm)
S10-2 Steel bar _ 10 79
C16-2-2 Steel-CFRP | 2 16 80
C16-2-3 Steel-CFRP | 2 16 80
C20-5-2 Steel-CFRP | 5 20 120

5 Description of Beams

Six cylindrical specimens of 150 mm diameter and 300 mm height were cast for finding
the concrete compressive and tensile strength. The average 28-day compressive strength
of concrete was 25 MPa and the average tensile strength from split tests was 3.45 MPa.
For all beams, two deformed (HYSD) 10 mm diameter steel rebars have been used as
longitudinal reinforcement on compression face. Steel deformed bar of diameter 10 mm
was used as two legged stirrups at a spacing of 100 mm centre to centre only in shear
spans of the beam, Fig. 4.
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Fig. 4. Reinforcement cages of beams.

6 Arrangement of Loading on Beam

Figure 5 shows the loading arrangement beams were tested with. Under four-point
loading with two roller supports at 1400 mm centre-to-centre and with shear span of
400 mm, the flexural tests were conducted. Beam testing machine of 500 kN capacity
was used to test all the beam specimens at a rate of loading of 2 mm/min (displacement
control). Linear variable differential transducer (LVDT) inbuilt with the machine was
utilized to measure the mid-span deflection of the beam.

500 mm ‘L 600 mm 500 mm
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Y

v

1400 mm

Fig. 5. Arrangement of loading on beam.
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Fig. 6. Load-deflection curve for beam C16-2-2.
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Fig. 7. Load-deflection curve for beam C16-3-2.




Ductility Behaviour of Concrete Beams

Load kN

100 ——Beam C20-5-2

90 1
80 1
70 1
60 1
50 1
40 -
30 1
20 1
10 1

0 +r-—r—r-—r-—r—r—r—r—rr—TrrrrTT—rTrr

0 3 6 9 121518212427 30 33 36 39 42 45 48 51 54 57 60
Deflection mm

(¢) Load- Deflection Curve of Beam C20-5-2

Fig. 8. Load-deflection curve for beam C20-5-2.
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Fig. 9. Load-deflection curve for beam C10-2.
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Fig. 10. Load-deflection curves for all beams.

7 Flexural Ductility of Beams

Figures 6, 7, 8, 9 and 10 show the load—deflection curves of the beams tested. Before
the rupture of the CFRP laminate of steel-CFRP composite reinforcement, it is clear
from these figures that the performance of beam C20-5-2 is comparable with that of
beam S10-2 in flexural ductility and ultimate flexural strength, except the former beam
experienced a drop in flexural strength when the CFRP laminate ruptured. Moreover, all
the beams reinforced with steel-CFRP composite displayed as much flexural ductility
as that of beam S10-2 but with lower flexural strength. After the rupture of the CFRP,
it could be seen that there was significant amount of ductility remained with the beam
owing to the un-ruptured steel strips of the composite reinforcement before the ultimate
breaking of the strips. So the role of steel strips was to prevent the catastrophic collapse
of the beam after fracture of CFRP laminate of the composite reinforcement. In addition,
steel strips contributed along with CFRP laminate as a composite to augment the load
carrying capacity of beams.

To discuss the flexural ductility of beams reinforced with steel-CFRP composite
quantitatively, Spadea et al. (2001) and Denvid et al. (2010) and many other researchers
used the deflection ductility as a criterion. It is the ratio of mid span deflection at ultimate
to that at yielding of the reinforcement.

X
Deflection ductility = - (D
Xy
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where, X, = mid-span deflection at failure, and X, = mid-span deflection at yielding of
the steel reinforcement. Reaching to the yield, the stiffness of the hybrid FRP RC member,
RC beam which consists of both FRP and steel re-bars, decreases substantially and the
load-deformation curve of the beam becomes nonlinear. Therefore, the yield deflection
(Xy) can be measured accordingly (Bruno et al. 2007). In this research, similar response
was displayed by the beams reinforced with steel-CFRP longitudinal reinforcement,
Figs.6,7,8,9 and 10. Thus, X;, and X, were measured and used to calculate ductility ratio
of the beams as shown in Table 2. It can be seen from Table 2, and Figs. 6,7, 8,9 and 10 that
the ductility ratio increases with increasing stiffness of the specimens reinforced with
steel-CFRP composite reinforcement. The ductility ratio of the specimens reinforced
with steel-CFRP is found to be 65% to 80% of the ductility ratio of the beam S10-2. It
is worth mentioning that the increase in ductility ratio resulted from increasing amount
of steel strips and CFRP laminate used as flexural reinforcement.

Table 2. Ductility ratio of beams

Identification of beams Xy(mm) Xm (mm) ))((—';‘ Ductility ratio
S10-2 4 41) (10.25) 1.00

C16-2-2 2 13.50 6.75 (6.75/10.25) = 0.65
C16-2-3 2.1 16.00 7.61 (7.61/10.25) = 0.74
C20-5-2 2 16.40 8.20 (8.2/10.25) = 0.80

8 Conclusion

Experimental findings and structural response of the beams with steel-CFRP composite
as flexural reinforcement have been discussed and compared with the reference beam
with deformed steel bars as flexural reinforcement. Tests results show that the beams
reinforced with the composite reinforcement do not lose their ductility and show a good
margin of flexural ductility compared to the beam with conventional deformed steel
bars. To express the flexural ductility quantitatively, the ductility ratio is found to be
increasing with the increase of stiffness of steel-carbon FRP composite reinforcement,
however, it stayed less than its peer beam reinforced with conventional steel rebars. The
ductility ratio of the beams reinforced with steel-CFRP composite is found 65% to 80%
of that of the peer beam (S10-2) provided with two bars of conventional steel. It is
inferred that the steel of composite reinforcement contributed effectively to prevent the
catastrophic collapse of the beams in addition to its role to augment the flexural ductility
and capacity of beams. This research suggests that the use of the CFRP in the form of
bar or sheet along with conventional deformed rebars or on the tension surface is useful
to enhance flexural resistance without sacrificing the ductility of the flexure member.



76 F. A. Uriayer and M. Alam

References

Aiello, M.A., Ombres, L.: Structural performances of concrete beams with hybrid (fiber reinforced
polymer-steel) reinforcements. J. Compos. Constr. ASCE 6(2), 133-140 (2002)

Anas, S.M., Alam, M.: Comparison of existing empirical equations for blast peak positive over-
pressure from spherical free air and hemispherical surface bursts. Iran. J. Sci. Technol. Trans.
Civil Eng. 46, 965-984 (2021). https://doi.org/10.1007/s40996-021-00718-4

Anas, S.M., Alam, M.: Performance of simply supported concrete beams reinforced with high-
strength polymer re-bars under blast-induced impulsive loading. Int. J. Struct. Eng. 12(1), 62-76
(2022a). https://doi.org/10.1504/IISTRUCTE.2022.119289

Anas, S.M., Alam, M.: Performance of brick-filled reinforced concrete composite wall strength-
ened with C-FRP laminate(s) under blast loading. Materials Today: Proceedings, Elsevier
(2022b). https://doi.org/10.1016/j.matpr.2022.03.162

Anas, S.M., Alam, M., Umair, M.: Performance of one-way concrete slabs reinforced with conven-
tional and polymer re-bars under air-blast loading. In: Chandrasekaran, S., Kumar, S., Madhuri,
S. (eds.) Recent Advances in Structural Engineering. LNCE, vol. 135, pp. 179-191. Springer,
Singapore (2021a). https://doi.org/10.1007/978-981-33-6389-2_18

Anas, S.M., Alam, M., Umair, M.: Performance of one-way composite reinforced concrete slabs
under explosive-induced blast loading. In: 1st International Conference on Energetics, Civil
and Agricultural Engineering 2020, ICECAE 2020, Tashkent, Uzbekistan, December 2020,
vol. 614 (2020). https://doi.org/10.1088/1755-1315/614/1/012094

Anas, S.M., Alam, M., Umair, M.: Experimental and numerical investigations on performance of
reinforced concrete slabs under explosive-induced air-blast loading: a state-of-the-art review.
Structures 31, 428-461 (2021b). https://doi.org/10.1016/j.istruc.2021.01.102

Anas, S.M., Alam, M., Umair, M.: Air-blast and ground shockwave parameters, shallow under-
ground blasting, on the ground and buried shallow underground blast-resistant shelters: areview.
Int. J. Prot. Struct. 13(1), 99-139 (2021c¢). https://doi.org/10.1177%2F20414196211048910

Anas, S.M., Alam, M., Umair, M.: Out-of-plane response of clay brick unreinforced and strength-
ened masonry walls under explosive-induced air-blast loading. In: Kolathayar, S., Ghosh, C.,
Adhikari, B.R., Pal, I., Mondal, A. (eds.) Resilient Infrastructure, Lecture Notes in Civil Engi-
neering, vol 202, pp. 477-491. Springer, Singapore (2021d). https://doi.org/10.1007/978-981-
16-6978-1_37

Anas, S.M., Shariq, M., Alam, M.: Performance of axially loaded square RC columns with sin-
gle/double confinement layer(s) and strengthened with C-FRP wrapping under close-in blast.
Materials Today: Proceedings, Elsevier (2022a). https://doi.org/10.1016/j.matpr.2022.01.275

Anas, S.M., Alam, M., Umair, M.: Strengthening of braced unreinforced brick masonry wall with
(i) C-FRP wrapping, and (ii) steel angle-strip system under blast loading. Materials Today:
Proceedings, Elsevier (2022b). https://doi.org/10.1016/j.matpr.2022.01.335

Anas, S.M., Alam, M., Umair, M.: Effect of design strength parameters of conventional two-way
singly reinforced concrete slab under concentric impact loading. Materials Today: Proceedings,
Elsevier (2022c¢). https://doi.org/10.1016/j.matpr.2022.02.441

Anas, S.M., Alam, M., Umair, M.: Performance based strengthening with concrete protective
coatings on braced unreinforced masonry wall subjected to close-in explosion. Materials Today:
Proceedings, Elsevier (2022d). https://doi.org/10.1016/j.matpr.2022.04.206

Anas, S.M., Alam, M., Shariq, M.: Damage response of conventionally reinforced two-way span-
ning concrete slab under eccentric impacting drop weight loading. Defence Technology (2022¢).
https://doi.org/10.1016/j.dt.2022.04.011

Anas, S.M., Shariq, M., Alam, M., Umair, M.: Evaluation of critical damage location of contact
blast on conventionally reinforced one-way square concrete slab applying CEL-FEM blast
modeling technique. Int. J. Prot. Struct. (2022f). https://doi.org/10.1177/2F2041419622109
5251


https://doi.org/10.1007/s40996-021-00718-4
https://doi.org/10.1504/IJSTRUCTE.2022.119289
https://doi.org/10.1016/j.matpr.2022.03.162
https://doi.org/10.1007/978-981-33-6389-2_18
https://doi.org/10.1088/1755-1315/614/1/012094
https://doi.org/10.1016/j.istruc.2021.01.102
https://doi.org/10.1177%2F20414196211048910
https://doi.org/10.1007/978-981-16-6978-1_37
https://doi.org/10.1016/j.matpr.2022.01.275
https://doi.org/10.1016/j.matpr.2022.01.335
https://doi.org/10.1016/j.matpr.2022.02.441
https://doi.org/10.1016/j.matpr.2022.04.206
https://doi.org/10.1016/j.dt.2022.04.011
https://doi.org/10.1177/2F20414196221095251

Ductility Behaviour of Concrete Beams 77

Anas, S.M., Alam, M., Umair, M.: Performance of (1) concrete-filled double-skin steel tube
with and without core concrete, and (2) concrete-filled steel tubular axially loaded composite
columns under close-in blast. Int. J. Prot. Struct. (2022g). https://doi.org/10.1177/2F2041419
6221104143

Aslam, M., Shafigh, P., Jumaat, Z.M., Shah, R.N.S.: Strengthening of RC beams using prestressed
fiber reinforced polymers — a review. Constr. Build. Mater. 82, 235-256 (2015)

Bruno, D., Carpino, R., Greco, F.: Modelling of mixed mode debonding in FRP reinforced beams.
Compos Sci Technol 67, 1459-1474 (2007)

Cao, Q., Zhou, J., Gao, R., Ma, J.Z.: Flexural behavior of expansive concrete beams reinforced
with hybrid CFRP enclosure and steel rebars. Compos. Build. Mater. 150, 501-510 (2017)
Cao, Q., Jiang, H., Ma, J.Z., Wang, X.: Effect of cabon fiber-reinforced polymer layout on
mechanical properties of expansive concrete beams. J. Reinf. Plast. Compos. 35(5), 387-397

(2015)

Cao, Q., Ma, J.Z.: Structural behavior of FRP enclosed shrinkage-compensating concrete (SHCC)
beams made with different expansive agents. Constr. Build. Mater. 75, 450-457 (2015)

Demers, E.C.: Fatigue strength degradation of E-glass FRP composites and carbon FRP
composites. Constr. Build. Mater. 12(5), 311-318 (1998)

Denvid, L., Hoat, J.P.: Experimental study of hybrid FRP reinforced concrete beams. Eng. Struct.
32, 3857-3865 (2010)

Deng, Y., et al.: Experimental study on shear performance of RC beams strengthened with NSM
CFRP prestressed concrete prisms. Eng. Struct. 235, 112004 (2021)

El-Hacha, R., Wight, G.R., Green, FEM.: Prestressed fibre-reinforced polymer laminates for
strengthening structures. Prog. Struct. Mat. Eng. 3(2), 111-121 (2001)

Faris, A.U., Alam, M.: Mechanical properties of steel-CFRP composite specimen under uniaxial
tension. Steel Compos. Struct. 15(6), 659-677 (2013)

Hollaway, C.L., Head, R.P.: Advanced Polymer Composites and Polymers in the Civil Infrastruc-
ture, 1 edn, pp. 1-336. Elsevier, Amsterdam (2001)

Lieping, Y., Peng, F.: Applications and development of fiber-reinforced polymer in engineering
structures. Chin. Civil Eng. J. 39(3), 24-36 (2006)

Spadea, G., Swamy, R.N., Bencardino, F.: strength and ductility of Rc beams repaired with bonded
CFRP laminates. J. Bridge Eng. 6(5), 349-355 (2001)

Tahzeeb, R., Alam, M., Mudassir, S.M.: A comparative performance of columns: reinforced con-
crete, composite, and composite with partial C-FRP wrapping under contact blast. Materials
Today: Proceedings, Elsevier (2022). https://doi.org/10.1016/j.matpr.2022.03.367

Ul Ain, Q., Alam, M., Anas, S.M.: Response of two-way RCC slab with unconventionally placed
reinforcements under contact blast loading. In: Fonseca de Oliveira Correia, J.A. et al. (eds.)
ASMA 2021, Advances in Structural Mechanics and Applications, STIN 19, pp. 1-18, 2023
(2022). https://doi.org/10.1007/978-3-031-04793-0_17 (article in press). 526506

Wang, P., Ai, O.: Parametric study of flexural strengthening of concrete beams with prestressed
hybrid reinforced polymer. Materials 12(22), 3790 (2019)

Zhao, L.X., Zhang, L.: State-of-the-art review on FRP strengthened steel structures. Eng. Struct.
29(8), 1808-1823 (2007)

Zhou, Y., Gou, M., Zhang, F., Zhang, S., Wang, D.: Reinforced concrete beams strengthened with
carbon fiber reinforced polymer by friction hybrid bond technique: Experimental investigation.
Mater. Des. 50, 130-139 (2013)


https://doi.org/10.1177/2F20414196221104143
https://doi.org/10.1016/j.matpr.2022.03.367
https://doi.org/10.1007/978-3-031-04793-0_17

	Ductility Behaviour of Concrete Beams with Flexural Steel-CFRP Composite Reinforcement
	1 Introduction
	2 Longitudinal Steel-CFRP Composite Reinforcement
	3 Steel-CFRP Composite Fabrication
	4 Concrete Beams Details
	5 Description of Beams
	6 Arrangement of Loading on Beam
	7 Flexural Ductility of Beams
	8 Conclusion
	References




