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ABSTRACT 
 

This paper presents the structural behavior of reinforced concrete beams with surface 

mounted GFRP and hybrid FRP laminates under static loading condition. A total of seven 

beams were cast and tested under four-point bending. One beam without FRP served as the 

control beam, two beams were strengthened using glass fibre reinforced polymer laminates 

(GFRP) and four beams were strengthened using hybrid FRP (carbon+ glass) laminates in 

flexure. From the experimental study, it was observed that strengthening of RC beams with 

hybrid FRP laminates resulted in increased load carrying capacity, reduced deformations, 

enhanced ductility and energy absorption. The load carrying capacity of the test beams was 

predicted using ACI 440.2R-08 guidelines. The experimental and predicted results are in 

good agreement. 

 

Keywords: Beams; composites; ductility; GFRP: hybrid FRP; strengthening. 

 

 

1. INTRODUCTION 
 

In this era, the use of fibre reinforced polymer (FRP) remains a promising and prospective 

solution for qualifying steel, concrete and masonry structures under any environment. An 

increasing number of reinforced concrete structures have reached the end of their service 

life, either due to deterioration of concrete or reinforcement caused by environmental factors 

and the widespread application of deicing salts or due to increase in applied loads. These 

deteriorated structures may be structurally deficient or functionally obsolete and most are 

now in need of extensive rehabilitation or replacement. FRP laminates or wraps are well 

suited to this application because of their high strength-to-weight ratio, good fatigue strength 

and excellent resistance to corrosion and are becoming an effective and promising solution 

for strengthening deficient structural members. FRP has become a practical alternative 

construction material [1]. Fibre reinforced polymer is a composite material made of a 
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polymer matrix reinforced with fibres. The fibres are usually glass, carbon, aramid or basalt. 

The matrix may be epoxy, polyester resin or vinyl ester. A hybrid FRP is formed from a 

combination of different types of fibres in a polymer. The hybridization of fibres provides 

improved specific characteristics that cannot be obtained by any original fibre acting alone.  

Several researchers have carried out experimental and theoretical investigations on 

concrete beams retrofitted with carbon, glass and aramid fibre reinforced polymer (CFRP, 

GFRP and AFRP) composites in order to study their effectiveness. Many practical 

applications worldwide, now confirm that the technique of bonding FRP laminates to 

external surfaces is a technically sound and practically efficient method of strengthening and 

upgrading reinforced concrete load bearing members that are structurally inadequate, 

damaged or deteriorated [2]. Attari et al. [3] investigated the flexural strengthening of 

concrete beams using CFRP, GFRP and hybrid FRP (HFRP) laminates. The authors 

examined the efficiency and cost effectiveness of external strengthening system for 

reinforced concrete beams using glass and carbon fabric. It was concluded that the strength 

increased by 114% for the strengthened beam specimens in comparison with the control 

specimen. The U-anchorage strengthening configuration improved the flexural strength 

considerably. The use of a composite material for strengthening was found to improve 

ductility appreciably. Rami Hawilleh et al. [4] studied the behavior of reinforced concrete 

beams strengthened with externally bonded GFRP, CFRP and hybrid fibre reinforced 

polymer systems under flexure. It was concluded that, the increase in load carrying capacity 

of the strengthened beams ranged from 30% to 98% compared to the control beam 

depending on the combination of carbon and glass fibres in HFRP sheets. The load carrying 

capacity of the tested specimens was predicted using ACI 440.2R-08 guidelines. The 

predicted and measured results were in good agreement. He et al. [5] investigated the crack 

arresting and strengthening mechanism of reinforced concrete beams using hybrid fibre 

reinforced polymer laminates. Finite element analysis was also conducted to substantiate the 

crack arresting and strengthening mechanism of RC beams using HFRP composite. It was 

observed that the hybrid glass/carbon FRP composite changed the linear elastic 

characteristics of CFRP up to failure and has good impact on the ductility of strengthened 

RC beams. It was also observed that the strengthened RC beam exhibit higher cracking load, 

ultimate load capacity and better ductility than normal RC beam. Xiong et al. [6] studied the 

behavior of reinforced concrete beams strengthened with externally bonded hybrid carbon-

glass fibre sheets. It was observed that the beams strengthened with hybrid carbon and glass 

fibre reinforced polymer system resulted in a cost reduction of 38% than the carbon fibre 

reinforced polymer strengthened beams. It was also observed that under similar failure 

loads, the deflection ductility of hybrid carbon-glass fibre strengthened beam was only 

16.2% lower than that of the control beam. Jose Sena Cruz [2] investigated the effect of 

three different techniques, externally bonded reinforcement (EBR), near surface mounted 

reinforcement (NSM) and mechanically fastened externally bonded reinforcement (MF-

EBR) on the flexural strengthening of beams under monotonic and fatigue loading. It was 

observed that, when compared to the reference beam, an increase of 37%, 87% and 86% in 

the load capacity was obtained for the EBR, MF-EBR and NSM strengthened beams. Hosny 

et al. [7], Attari et al. [8], Kim and Shin [9], Li-juan et al. [10] and Moshuir Rahman et al. 

[11] also investigated the flexural behavior of reinforced concrete beams with hybrid FRP 
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laminates under monotonic loading. 

 

1.1 Research significance 
A review of past decades shows that many studies have been conducted on beams 

strengthened with CFRP, GFRP and AFRP laminates to improve their flexural capacity. But 

only few studies have been conducted on beams strengthened with hybrid FRP laminates, 

particularly, the hybrid FRP made of carbon and glass fibre laminates. The use of carbon 

fibre reinforced polymer laminates improve the strength considerably but reduce the 

ductility of beams. The use of glass fibre reinforced polymer laminates improve the ductility 

appreciably but increase strength marginally. This study has been taken up to derive the 

advantages of both carbon and glass fibre laminates for strengthening. The main scope of the 

study is to ascertain and recommend the optimum combination of carbon and glass fibre 

sheets from structural and economic point of view for upgradation purposes. 

 

 

2. EXPERIMENTAL PROGRAMME 
 

2.1 Test Specimens 
Seven rectangular reinforced concrete beams of size 150 X 250 mm in cross-section and 

3000 mm long were cast and tested under four-point bending over a test span of 2800 mm. 

The longitudinal steel ratio adopted for the beam specimens was 0.67 % with two numbers 

of 12 mm diameter bars as tension reinforcement, two numbers of 10 mm diameter bars as 

hanger bars and two-legged 8 mm diameter stirrups at 125 mm c/c as shear reinforcement. 

Two beams were strengthened using 0.45 m2 of glass fibre reinforced polymer laminates 

with thicknesses of 3 and 5 mm and four beams using 0.45 m2 of hybrid FRP laminates with 

different combinations of glass and carbon fabrics such as two layers of glass and one layer 

of carbon, two layers of glass and two layers of carbon, two layers of glass and three layers 

of carbon and two layers of glass and five layers of carbon with thicknesses of 3.52, 3.96, 

4.39 and 5.26 mm respectively (Table 1). All the beams were tested under static loading 

condition until collapse and manual readings were directly recorded into a spread sheet 

program. 

 
Table 1: Nomenclature of the test beams 

Test Beam Description 

SCB Control Beam 

S3G Beam Strengthened with three layers of glass fabrics 

S5G Beam Strengthened with five layers of glass fabrics 

S1C2G Beam Strengthened with one layer of carbon and two layers of glass fabrics 

S2C2G Beam Strengthened with two layers of carbon and two layers of glass fabrics 

S3C2G Beam Strengthened with three layers of carbon and two layers of glass fabrics 

S5C2G Beam Strengthened with five layers of carbon and two layers of glass fabrics 
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2.2 Composition of concrete beams 

OPC (Ordinary Portland cement) 53 grade cement was used for all the mixes [12]. Natural 

river sand with a specific gravity of 2.64 and confirming to grading Zone-III [13] was used 

as fine aggregate. Crushed granite with a specific gravity of 2.74 and passing through 20 mm 

sieve and retained on 12.5 mm sieve was used as coarse aggregate. The designed mix 

proportion of 1:1.89:3.50 with a water-cement ratio of 0.55 [14,15] and a slump of 75 mm 

was used (Table 2). A compressive strength of 25.6 MPa was achieved at 28 days [16]. High 

yield strength deformed bars (HYSD) having yield strength of 572.29 MPa were used for 

tension reinforcement and shear links. 

 
Table 2: Constituents of concrete mix 

Cement (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) Water (l/m3) 

349 662 1222 192 

 

2.3 GFRP and hybrid FRP composites 
In this study, glass and carbon fibres with epoxy resin have been chosen for the hybrid FRP. 

The carbon and glass fibres were uni-directional cloth fibres. Four different combinations of 

glass and carbon fibres were adopted. All the fibres were oriented to the parallel to the axis 

of the beam. 

 

2.4 Test set-up 

All the beams were tested under two point-loading in a frame of 500 kN capacity. The beams 

were supported on hinge at one end and roller at the other end. The beams had 100 mm 

bearing at both ends resulting in a test span of 2800 mm. Two-point loading was applied 

through a distribution girder. The deflections were measured at mid-span and at loading 

points using dial gauges of 0.01 mm least count. Two dial gauges were mounted on the 

compression face of the specimen to observe the gradient at the supports. The deflection at 

ultimate load level was measured at mid-span using a specially designed mechanical dial 

gauge. The crack widths were measured using a crack detection hand-held microscope with 

a least count of 0.02 mm. The cracks were monitored carefully by observing the concrete 

surface through a magnifying glass. Crack development and propagation was monitored 

during the process of testing. A typical static loading set-up is shown in Fig. 1. 

 

 
Figure 1. Schematic Representation of Test Set-up 

Arc
hive

 of
 S

ID

www.SID.ir



STRUCTURAL UPGRADE OF CONCRETE BEAMS USING ADVANCED HYBRID FIBRE . . 

 

489 

 

3. RESULTS AND DISCUSSION 
 

3.1 Effect of Number of CFRP layers on the Mechanical Properties of HFRP Laminates 
Table 3 presents the tensile strength, modulus of elasticity and percentage (%) elongation of 

FRP laminates. Even though the specimens 5G and 5C2G having the same thickness, the 

specimen 5C2G exhibits a maximum tensile strength of 463.05 MPa and modulus of 

elasticity of 32.4 GPa. The experimental result shows that hybrid FRP exhibit better 

performance than the GFRP laminates in the mechanical properties. An increase of carbon to 

glass fibre ratio in the HFRP laminate, results in increased tensile strength, modulus of 

elasticity and % elongation as shown in Fig. 2 (a-c). The combined action of carbon and 

glass fabrics in HFRP laminate reduces the progressive failure of carbon fabrics. In HFRP 

laminates, the glass fabric will sustain the additional deformation due to the initiation of 

rupture in the carbon fabric. Even though the subsequent increase in the load initiated the 

rupture of the carbon fabrics, the glass fabric retards the progress of fracture of carbon 

fabrics, which lead to a substantial increase in the elongation of the HFRP laminate with a 

ductile behavior like steel reinforcement. Rami Hawilleh et al. [4] also reported the same 

observation. 

 

Table 3: Properties of fibre reinforced polymer laminates 

Test Coupon Thickness (mm) 
Tensile Strength 

(MPa) 

Modulus of 

Elasticity (GPa) 
Elongation (%) 

3G 3.00 446.90 13.9 3.1 

5G 5.00 451.50 17.4 2.6 

1C2G 3.52 382.89 26.8 8.7 

2C2G 3.96 401.81 28.2 9.3 

3C2G 4.39 440.32 30.8 10.5 

5C2G 5.26 463.05 32.4 9.1 

 

  

a b Arc
hive

 of
 S

ID

www.SID.ir



J. Karthick, K. Suguna and P.N. Raghunath 490 

 
Figure 2. (a) Tensile strength vs. Test Coupon, (b) Modulus of Elasticity vs. Test Coupon and (c) 

Elongation vs. Test Coupon 

 

3.2 Load - deflection response 
Fig. 3 and Table 4 show the load-deflection response of all the beams at various stages. Fig. 

4 (a) presents the variation of loads at different stages. The beam strengthened with five 

layers of carbon and two layers of glass fibre reinforced polymer laminates (S5C2G) 

exhibits a first crack load of 40 kN. The increase in first crack load ranged from 60 to 220 % 

when compared to the control beam (SCB). Attari et al. [3] observed a first crack load of 

7.25 kN for the beam strengthened with three layers of hybrid FRP laminates. The beam 

strengthened with five layers of carbon and two layers of glass fibre reinforced polymer 

laminates (S5C2G) exhibits a yield load of 80 kN. The increase in yield load ranged from 75 

to 150% when compared to control beam (SCB). Attari et al. [3] observed a yield load of 

41.20 kN for the beam strengthened with three layers of hybrid FRP laminates. The beam 

strengthened with five layers of carbon and two layers of glass fibre reinforced polymer 

laminates (S5C2G) exhibits an ultimate load of 190 kN. The increase in ultimate load 

carrying capacity ranged from 107.14 to 171.43 % when compared to the control beam 

(SCB). Carbon fibres are usually of higher strength when compared to the glass fibres. It is 

quiet natural to expect that the degree of confinement and bridging effect caused by the 

carbon fibres is more pronounced. Hence, the increase in the load carrying capacity. 

Hawileh et al. [4] observed an ultimate load of 116.41 kN for the beam strengthened with 

one layer of CFRP and one layer of GFRP laminate. Attari et al. [3] observed an ultimate 

load of 54.94 kN for the beam strengthened with three layers of hybrid FRP laminates. Sena 

Cruz et al. [2] obtained 37 % increase in ultimate load by using this externally bonding 

technique. 

Fig. 4 (b) clearly presents the variation of deflection at different load levels. The beam 

S5C2G shows a deflection of 23.6 mm at ultimate stage. The decrease in deflection ranged 

from 46.84 to 60.13% when compared to the control beam (SCB). Attari et al. [8] and 

Hawileh et al. [4] also made a similar observation. Loading condition, span, moment of 

inertia and modulus of elasticity of concrete are the parameters influencing the deflection of 

beams. Mounting of HFRP laminates to the soffit of a beam results in an increase in cross-

c 
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sectional area and stiffness. The increase in stiffness influences the deflection behavior of 

plated beams during pre-cracking, cracking and post-cracking stages. The beam 

strengthened using hybrid FRP laminates show a decrease in deflection than the control 

beam. The externally bonded hybrid FRP laminate relieves some of the tensile stress carried 

by the internal reinforcement. This is structurally significant as the reinforcing bar strain 

controls the crack width in concrete. After yielding, the externally bonded plate continues to 

support the tensile component of the couple acting on the section. Hence the reduction in 

flexural rigidity is significantly less for strengthened beams. The FRP laminate is able to 

support an increasing tensile bending component and the plated beams can sustain 

considerably higher applied loads before collapse occurs. 

 

 
Figure 3. Load vs. Deflection response for control and strengthened beams 

 

  

Figure 4. (a) Load vs. Test Beams (b) Deflection vs. Test Beams 
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Table 4: Summary of experimental load and deflection at the stage of first crack load, yield load 

and ultimate load 

Test 

Beam 

First Crack 

Load (kN) 

Deflection at 

FCL (mm) 

Yield 

Load (kN) 

Deflection 

at YL (mm) 

Ultimate 

Load (kN) 

Deflection at 

UL (mm) 

SCB 12.50 0.95 32.0 5.00 70.0 15.8 

S3G 27.50 1.16 70.0 4.02 112.5 16.5 

S5G 37.50 1.28 82.5 4.33 117.5 18.6 

S1C2G 20.00 2.90 56.0 7.50 145.0 29.3 

S2C2G 27.50 2.50 62.0 7.00 162.5 26.2 

S3C2G 30.00 1.60 70.0 6.50 170.0 25.3 

S5C2G 40.00 1.10 80.0 5.80 190.0 23.6 

 

3.3 Crack history and failure modes 

Table 5 shows the crack history and failure modes of both control and strengthened beams. 

The decrease in crack width ranged from 80 to 90% when compared to the control beam 

(SCB). The increase in number of cracks ranged from 12.5 to 62.5% when compared to the 

control beam (SCB). The decrease in average spacing of cracks ranged from 60 to 87.59% 

when compared to the control beam (SCB). It was observed that the test beams experienced 

considerable flexural cracking and vertical deflection near to failure. The cracks were well 

distributed and closely spaced. None of the beams exhibited sudden catastrophic failure. 

Flexural cracks were initiated in the constant moment region as the tensile strength of concrete 

was reached. Beyond the yield load in the conventionally reinforced concrete beam, the crack 

widths began to open significantly. But the hybrid FRP strengthened beam developed a second 

series of flexural cracks between the initial cracks resulting in reduction of average spacing of 

cracks as shown in Fig. 5. Crack widths remained hairline until failure in the FRP sheet. This 

demonstrates the restraining effect caused by the hybrid FRP laminate on crack opening. 

The failure modes of beams were examined by visual observation and shown in Fig. 6. All 

the beams exhibit a flexural mode of failure (i.e.) yielding of steel followed by the crushing of 

concrete in the compression zone. The control beam (SCB) failed by yielding of internal steel 

followed by crushing of the concrete (compression failure) at mid-span as shown in Fig. 6. 

The beams S3G and S5G failed by yielding of steel reinforcement followed by rupture of the 

external bonded FRP laminates. The beams S1C2G, S2C2G, S3C2G and S5C2G failed by 

yielding of steel reinforcement. After attaining the ultimate stage, ripping of cover concrete 

occurred. This was also accompanied partial debonding of FRP sheets [4].  

 
Table 5: Summary of crack history and failure mode for test beams 

Test Beam Crack Width (mm) Number of Cracks Average Spacing of Cracks (mm) Failure Mode 

SCB 0.60 16 145 Flexure 

S3G 0.38 27 58 Flexure 

S5G 0.44 31 48 Flexure 

S1C2G 0.28 41 32 Flexure 

S2C2G 0.30 40 47 Flexure 

S3C2G 0.36 36 58 Flexure 

S5C2G 0.48 33 72 Flexure 
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Figure 5. Crack history of test beams 

 

 
Figure 6. Failure modes of test beams 

 

3.4 Ductility indices 
Ductility of reinforced concrete beams is essentially a measure of their energy absorption 

capacity. Ductility of a beam is its ability to sustain inelastic deformation without any loss in 

its load carrying capacity, prior to failure. Ductility can be defined in terms of deflection or 

energy absorption. To quantify ductility, its indices are calculated in terms of deflection 

ductility ratios of strengthened beam to that of the corresponding control beam. Fig. 7 shows 

the ductility indices of the tested beam specimens. 

The specimen S5G shows a maximum increase in both deflection and energy ductility 

than the control beam and other strengthened beams, the maximum being 36.07% in 

deflection ductility and 165% in energy ductility. This result reveals that the beam 

strengthened with five layers of GFRP laminates shows better performance in ductility 

aspect. This may due to the ductile nature of GFRP laminates. This is in good agreement 
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with the observation of Hawileh et al. [4] and Xiong et al [6]. The beam strengthened with 

glass fabric in isolation exhibit higher ductility than the control beam and hybrid FRP 

laminate strengthened concrete beam. The beams strengthened with hybrid FRP laminates 

exhibit higher ductility than the control beam but showed a decrease in ductility when 

compared to beams strengthened with GFRP laminates alone. It is also noted that the 

increase in carbon fabric in the hybrid FRP laminates sets a decrease in ductility. Among the 

combination of CFRP and GFRP tried up a better ductility was obtained with two layers of 

carbon fabric and two layer of glass fabric. This may be because of the ductility imparted by 

the glass fabric. On its own carbon fabric is not as ductile as the glass fabric by virtue of its 

inherent material characteristics. 

 

 
Figure 7. Ductility indices of test beams 

 

3.5 Prediction of ultimate load using aci 440.2r-08 guidelines 
The ultimate load capacity of the test beams has been calculated using ACI 440.2R-08 

guidelines [17].  The predicted results are close in agreement with experimental results 

(Table 6). 

 
Table 6: Experimental ultimate load vs. predicted ultimate load 

Beam Designation 
Experimental Ultimate 

Load (kN) 

Predicted Ultimate 

Load (kN) 
Error (%) 

SCB 70 45.52 34.97 

S3G 112.5 124.39 10.57 

S5G 117.5 178.42 51.85 

S1C2G 145 124.72 13.99 

S2C2G 162.5 139.07 14.42 

S3C2G 170 159.27 6.31 
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S5C2G 190 188.87 0.59 

4. CONCLUSIONS 
 

 The beam strengthened with five layers of carbon and two layers of glass fabrics 

(S5C2G) exhibit an increase of 171.43% in ultimate load than the control beam.  

 The beam strengthened with two layers of carbon and two layers of glass, three layers of 

carbon and two layers of glass and five layers of carbon and two layers of glass fabric 

exhibit appreciable decrease in deflection at ultimate load than the control beam, the 

maximum being 60.13%. 

 The beam strengthened with five layers of glass fabric (S5G) exhibit an increase of 165% 

in energy ductility when compared to the control beam.  

 The beams strengthened with one layer of carbon and two layers of glass, two layers of 

carbon and two layers of glass, three layers of carbon and two layers of glass & five 

layers of carbon and two layers of glass exhibit appreciable decrease in crack width at 

ultimate stage, the maximum reduction being 90%. The maximum increase in number of 

cracks at ultimate load level was found to be 62.5% for the beam strengthened with two 

layers of carbon and two layers of glass when compared to control beam. The beam 

strengthened with one layer of carbon and two layers of glass & two layers of carbon and 

two layers of glass exhibit appreciable decrease in average spacing of cracks, the 

maximum decrease being 87.59%. 

 All the beams are failed in flexure mode only. Glass fabric present in hybrid FRP 

laminates induced a ductile mode of failure. 

 The experimental results are close in agreement with results predicted by ACI method. 
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