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ABSTRACT 16 
 17 
The current paper aimed at investigating the flexural performance of five large-scale 18 

continuous concrete beams reinforced by both steel bars and glass fibre reinforced 19 

polymer (GFRP). All the studied specimens had the same geometrical dimensions, 20 

with 200mm width, 300mm depth, and two identical spans of 2600mm. The quantity 21 

of longitudinal steel reinforcement, GFRP reinforcement, and hybrid reinforcement 22 

ratio at the top and bottom layers of beams were the key parameters explored in 23 

this study. The experimental findings indicated that using the hybrid reinforcement 24 

of steel and GFRP in multi-span continuous concrete beams exhibited a ductile 25 

behaviour. However, the hybrid ratio of steel bars/GFRP is critical for restricting the 26 

extent of moment redistribution ratios. Moreover, using the same hybrid 27 

reinforcement ratios at sagging and hogging regions led to a limited moment 28 

redistribution. On the other hand, the hybrid beams strengthened by various hybrid 29 

ratios in the critical sections of the tested beams demonstrated a remarkable 30 

moment redistribution up to 43%.  31 

The test results were compared with the available theoretical model and equations 32 

for predicting the beams’ moment capacity. It was found that the ACI.440.2R-08 33 

reasonably predicted the flexural capacity of tested beams whereas the Yinghao 34 

and Yong equation underestimated the flexural capacity in the hogging sections. It 35 

was also shown that using the collapse mechanism with plastic hinges at sagging 36 

and hogging sections yielded good predictions for the loading capacity of hybrid 37 

reinforced concrete continuous beams. 38 

 39 
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1 INTRODUCTION 1 

Steel reinforced concrete presented excellent structural and economic performance. 2 

Steel reinforcing bars are ductile and have high elastic modulus, however, the 3 

performance of steel reinforced concrete structures is seriously affected by the 4 

exposure to harsh environmental conditions, causing significant corrosion in steel 5 

reinforcement over time. This phenomenon can cause serious consequences on the 6 

structures such as cracking, spalling and losing the bond between steel bars and 7 

concrete, which eventually may lead to losing the serviceability and requiring 8 

fundamental repair works or even demolition [1-3]. The costly maintenance of steel 9 

reinforced concrete structures highlighted the need to find new construction 10 

materials that can offer a better resistance system against the deterioration of 11 

reinforced concrete structures [4]. On the other hand, the use of fibre reinforcement 12 

polymer (FRP) in structures has recently received much worldwide interest owing to 13 

its superior material characteristics such as a superior tensile strength to weight 14 

ratio and its high resistance to corrosion [5, 6]. However, FRP has been criticized 15 

for its relatively brittle behaviour and low elastic modulus [7]. Therefore, the use of 16 

hybrid reinforcement(steel/FRP) in structures seems a promising solution for 17 

enhancing the efficiency of these materials and producing an effective construction 18 

system. This type of reinforcement would be able to provide higher load capacity 19 

over conventional single reinforcement [8-14], in addition to the high possibility of 20 

improving ductility and serviceability. Aiello and Ombres, [8] concluded that the use 21 

of a hybrid combination of AFRP and steel reinforcement in concrete beams would 22 

achieve desirable strength and ductility. In addition, they found that when the 23 

reinforcement ratio exceeded the balanced reinforcement ratio for FRP-reinforced 24 

concrete beams, the contribution of the steel reinforcement to the beams’ flexural 25 
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capacity was less than 15% even if the ratio between the tensile steel reinforcement 1 

and FRP reinforcement is high. 2 

In another study, Lau and Pam [9] stated that to prevent excessive elongation that 3 

causes the rupture of FRP reinforcement, the GFRP reinforcement ratio needs to 4 

be higher than that of steel reinforcement as well as the minimum FRP 5 

reinforcement recommended by ACI 440.1R-06. Thus, the hybrid reinforcement 6 

ratio should be selected based on the assumption of occurring steel yield before the 7 

crushing of concrete, whilst the strain in FRP reinforcement needs to be much lower 8 

than FRP rupture strain.  9 

Yinghao, L. and Yong, Y. [10] tested the flexural capacity of three Concrete beams 10 

with different arrangements of hybrid GFRP and steel reinforcement. They found 11 

that placing GFRP and steel rebars together at the outer layer is the most effective 12 

way of arranging hybrid reinforcement in terms of ultimate bending moment, but 13 

steel corrosion cannot be easily avoided with this arrangement. The authors also 14 

concluded that a good agreement between deflections experimental results and the 15 

results predicted by Yoon’s model, [11]. El-Refai et al. [12] reported that the effective 16 

reinforcement ratio (𝜌𝑒𝑓𝑓) had more influence on the moment-carrying capacity of 17 

the hybrid reinforced beams compared to the axial stiffness ratio; This increase in 18 

𝜌𝑒𝑓𝑓 led to enhancing the moment capacities of the hybrid reinforced beams. A 19 

similar conclusion was reported by Safan [13] and Qu et al. [14]. 20 

Few investigations were carried out in the literature on single-span beams 21 

strengthened by hybrid FRP and steel bars [8-12], while very limited research was 22 

conducted on continuous supported hybrid reinforced concrete beams [15-17]. 23 

During the loading process in statically determined specimens, the bending 24 

moments linearly enhance with increasing the applied load. In continuous beams, 25 



4 
 

however, once the elastic limit of any constituent material is surpassed, the load-1 

moment connection might become nonlinear. As a result, moment redistribution can 2 

take place, allowing more flexibility in structural design. The redistribution of moment 3 

is mainly controlled by the structural elements’ ability to provide sufficient ductility 4 

and providing enough robustness [17,18]. Ductility also enables energy dissipation 5 

during earthquakes, generating substantial deformations, that allow a warning of 6 

impending collapse. However, due to their linear elastic behaviour, FRP bars are 7 

unable to contribute to redistributing internal forces or improving ductility until failure. 8 

Therefore, most design guidelines and standards recommend designing structural 9 

elements that guarantee concrete crushing before the rupture of FRP at ultimate 10 

loading. In addition, moment redistribution is not permitted in multi-span FRP 11 

reinforced continuous concrete structures [19, 20]. 12 

Araba and Ashour [15] experimentally investigated the flexural behaviour of two-13 

span continuous concrete specimens reinforced by a combination of steel and 14 

GFRP bars. The findings indicated that sufficient stiffness and ductility can be 15 

achieved after the linear stage, which is mostly determined by the reinforcement 16 

ratio of GFRP/steel. However, the beams exhibited very little or even no moment 17 

redistribution owing to the similarity of hybrid reinforcement in sagging and hogging 18 

zones. Akiel et al. [16] examined twelve two-span concrete slabs, six of them were 19 

reinforced only by Basalt fibre-reinforced polymer (BFRP) bars, while the others 20 

were reinforced with steel and BFRP in both zones (sagging and hogging). They 21 

concluded that the flexural rigidity of critical sections showed little difference in 22 

hybrid-reinforced specimens before the occurrence of steel yielding compared with 23 

their counterparts strengthened only by BFRP bars. On the other hand, the samples 24 
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reinforced with BFRP bars showed a brittle failure, which occurred by the rupture in 1 

FRP bars. 2 

Based on the above-mentioned information, it can be concluded that the use of 3 

hybrid reinforcement (steel/FRP bars) in structural members seems a very effective 4 

solution to enhance the efficiency of construction system by providing higher load 5 

capacity and improving ductility and serviceability. However, very limited research 6 

was found in the literature on the behaviour of large-scale members reinforced with 7 

a hybrid system, especially multi-span continuous beams. Therefore, this research 8 

aims to study the serviceability, moment redistribution and ductility of multi-span 9 

continuous hybrid reinforced concrete beams (steel/GFRP). The applicability of the 10 

available existing equation for predicting the bearing capacity of two-span RC 11 

beams has also been validated with the current findings. The findings obtained from 12 

this study are expected to contribute to developing and establishing guidelines for 13 

designing structural elements reinforced with a hybrid reinforcement system. In 14 

addition, the results may also offer a greater grasp of the nonlinear behaviour of 15 

continuous concrete structures strengthened by GFRP and steel bars to design 16 

practitioners and researchers. 17 

2 EXPERIMENTAL PROGRAM 18 

2.1 Specimens Geometrical Dimensions  19 

The test program consists of five continuous GFRP/ steel reinforced concrete 20 

beams. As depicted in Fig 1, the geometrical dimensions of all specimens were the 21 

same, having 200 mm width, 300 mm depth and two identical spans (2600 mm for 22 

each). The hybrid GFRP/steel reinforcement at sagging and hogging regions was 23 

the main parameter investigated, as explained below. 24 
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 1 

(a) Test setup 2 

 3 

(b) Longitudinal view of test specimens and strain gauge locations. 4 
 5 

 6 

(c) Section A-A 7 

 8 

(d) Section B-B  9 

Fig. 1. Geometrical dimensions of the tested specimens. 10 
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 1 

2.2 Hybrid Reinforcement Details of Test Specimens 2 

Table 1 and Fig. 1 detail the hybrid reinforcement for all tested specimens. The 3 

specimens were designed based on the sectional analysis of hybrid reinforced 4 

sections as detailed by Kara et al [21]. Fig. 2. plots the boundaries of failure modes 5 

for different GFRP/steel reinforcement combinations. The solid and dotted lines 6 

shown in Fig. 2 demonstrate the boundaries of FRP rupture and concrete crushing 7 

for concrete grades 40 and 70 MPa, respectively. As can be noted from Fig. 2. the 8 

mode of failure between the upper and lower boundary demonstrates the yield of 9 

reinforcing steel prior to the crushing of concrete. The zone of GFRP rupture before 10 

concrete crushing is located beyond the lower boundary, while the concrete 11 

crushing zone before the yield of steel bars is fallen beyond the upper boundary. 12 

All sections of hybrid-reinforced, except two sections, were intended to collapse due 13 

to steel yielding followed by concrete crushing, preceding the rapture of GFRP, as 14 

shown in Fig 2. The selection of reinforcement in this study was designed to cover 15 

the influence of different parameters including hybrid reinforcement configurations, 16 

steel reinforcement configurations and GFRP reinforcement configurations in 17 

sagging/hogging zones.  18 

The control specimen (beam B1) was reinforced with a similar hybrid reinforcement 19 

ratio in sagging and hogging sections. The beam was reinforced with two 20 

longitudinal steel bars of Ø16 mm and two GFRP longitudinal bars of Ø12.7 mm as 21 

represented by point 3 in Fig 2, where concrete crushing is expected to occur before 22 

FRP rupture. Beam B2 was reinforced with the same amount of hybrid 23 

reinforcement used in the bottom side of beam B1 but with a lower reinforcement 24 

ratio on the top side (2Ø8 mm of steel and 2Ø9.5 mm of GFRP bars), promoting 25 

FRP rupture (point 2). An opposite longitudinal arrangement (GFRP and steel bars) 26 
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to beam B2 was used for beam B3. In beam B4, the top reinforcement was identical 1 

with that used in beams B3 and B1 (point 3), while the bottom part was strengthened 2 

with 2Ø12.7 mm of GFRP bars and 2Ø8 mm of steel bars (point 1). The top layer of 3 

beam B5 was reinforced by 2Ø9.5mm of GFRP bars and 2Ø16 mm of steel bars 4 

(point 4), whereas the bottom part was made with the same reinforcement used in 5 

B4.  6 

The longitudinal FRP and steel reinforcement were located at the first and second 7 

layers providing 30 mm and 80 mm concrete cover respectively. To avoid the 8 

possible occurrence of shear failure, Ø 10 mm steel stirrups were placed at 100 mm 9 

(center to center) along the entire length of all tested beams. It should be mentioned 10 

that the reinforcing steel in the hogging moment region was curtailed beyond the 11 

mid-span point load as shown in Fig 1.  12 

Table 1. Reinforcement details and concrete properties for the tested specimens. 13 

 14 

Beam 
notatio

n 

Reinforcement of 
mid-span at the 

bottom  
(Area mm2) a 

Reinforcement of 
over-central 

support top bars 
(area mm2) a 

Reinforcement ratio 
Concrete 

properties ( 𝑀𝑃𝑎) 

𝐴𝑠/𝐴𝑓  c 
𝑓𝑐𝑢  𝑓𝑐𝑡  𝑓𝑟 

𝐴𝑠 𝐴𝑓
𝑏 𝐴𝑠 𝐴𝑓

𝑏 
Saggi

ng 
Hoggin

g 

Saggi
ng 

Hoggin
g 

B1 
2∅16 
(402) 

2∅12.7 

(279) 
2∅16 
(402) 

2∅12.7 
(279) 

1.4 1.4 5.30 5.30 50.7 3.1 3.3 

B2 
2∅16 
(402) 

2∅12.7 

(279) 

2∅8 
(100.5

) 

2∅9.5 
(170) 

1.4 0.6 5.30 2.15 69.5 3.6 

4.2 
B3 

2∅8 
(100.5) 

2∅9.5 

(170) 
2∅16 
(402) 

2∅12.7 
(279) 

0.6 1.4 2.20 5.30 69.6 3.8 

B4 
2∅8 

(100.5) 
2∅12.7 

(279) 
2∅16 
(402) 

2∅12.7 
(279) 

0.4 1.4 1.30 5.30 62.2 3.4 

B5 
2∅8 

(100.5) 
2∅12.7 

(279) 
2∅16 
(402) 

2∅9.5 
(170) 

0.4 2.4 1.30 8.60 66.6 3.5 

a Reinforcement details presented are based on section (a-a) shown in Fig.1 
b Based on the measured reinforcing bar size in Table 2. 
c Axial stiffness ratio  =𝐴𝑠𝐸𝑠/𝐴𝑓𝐸𝑓. 
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 1 

Fig. 2. Flexural failure modes for different GFRP and steel reinforcement 2 
combinations. 3 

 4 
2.3 Material properties 5 

Table 2 shows the characteristics of GFRP and steel reinforcement utilised in the 6 

study. The GFRP bars properties were experimentally measured using pull-out 7 

tensile test [22], whereas the characteristics of deformed steel were in accordance 8 

with the ASTM A615 (2016) [23]. Figure 3 presents one of the tests conducted to 9 

measure the tensile test of GFRP bars.  10 

All beams were constructed using ready-mixed concrete which had a 20 mm 11 

maximum particle size of aggregate. After casting, all beams were covered by 12 

polyethene sheets until the day of testing to prevent losing the moisture needed for 13 

the hydration process.   On the day of testing each specimen, three cylinders (150 14 

× 300 mm) and three 100 mm cubes were also tested and the mean values of 15 

splitting tensile strength (𝑓𝑐𝑡) and cube compressive strength ( 𝑓𝑐𝑢,)  were calculated 16 

and presented in Table 1. In addition, the rupture modulus (𝑓𝑟) was acquired from 17 

testing two 100x100x500 mm prisms as listed in Table 1. The elasticity modulus of 18 

concrete and poison’s ratio were taken as 4700√𝑓𝑐
′ and 0.2, respectively. It should 19 
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be mentioned that, unlike other beams, beam B1 was cast separately with lower 1 

concrete compressive strengths. Figure 4 shows the construction stages of test 2 

specimens. 3 

 4 

 5 

 6 
 7 

 8 

Figure 3. Tensile test of GFRP bar (a) during the bar testing, (b) after failure. 9 

 10 

Table 2. Characteristics of steel and GFRP reinforcements utilised in the 11 
specimens 12 

 13 

Bar type 
Bar 

diameter 
(mm) 

Modulus 
of 

elasticity 
(GPa) 

Tensile 
strength 

(MPa) 

Yield 
strength 

(MPa) 

Rupture 
strain 

 
Yield 
strain 

 

Longitudinal Steel 
 
 
 

Longitudinal GFRP 

 
8 
 

16 
 

9.50 
(10.40*) 

 

200 
 

200 
 

55 

N/A 
 

N/A 
 

1100 

580 
 

580 
 

N/A 

- 
 
- 
 

0.020 

0.0029 
 

0.0029 
 

N/A 

12.70 
(13.33*) 

55 1200 N/A 0.021 N/A 

Steel stirrups 10 200 N/A 580 - 0.0029 

* Bar diameter measured according to ACI 440.3R-12 [22] 

(a) (b) 
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 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 

 14 
Fig. 4. Construction stages of test specimens, (a) formwork preparations, (b) 15 

concrete after casting. 16 
 17 
2.4 Test rig and instrumentation 18 
 19 
The tested beams had two identical spans supported by one central hinge support 20 

and two end rollers as shown in Fig. 5. As illustrated in Fig 1, the specimens were 21 

loaded at each span using an independent steel reaction frame and a hydraulic ram. 22 

The applied load and two end supports reactions were determined via three load 23 

cells. Moreover, seven linear variable differential transducers (LVDTs) were 24 

connected with the specimens to record the deflections at different locations. Three 25 

LVDTs were installed to measure any movement at the middle and two end 26 

supports. The vertical deflections at the two mid-spans of each specimen were 27 

recorded using two LVDTs. The last two LVDTs were utilised to equally record the 28 

deflections on one span of the beams at a spacing of L/4, where L represents the 29 

specimen span length. The variation of reinforcing steel strain during loading, at 30 

sagging and hogging regions, was recorded using three electrical resistance strain 31 

(ERS) gauges had 5 mm length, whilst a data logger was utilised to automatically 32 

record the readings obtained from load cells, strain gauges and LVDTs at the 33 

applied load. 34 

 35 

(a) (b) 
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    1 
 2 
 3 

Figure 5. (a) Test setup, (b) Some devices used in the experiments. 4 
 5 

 6 
 7 
3. RESULTS AND DISCUSSIONS 8 
 9 
3.1 Crack propagation and reinforcement strains 10 
 11 
Figure 6 demonstrates the patterns of crack occurred in continuous hybrid 12 

reinforced concrete beams at failure, whereas Table 3 illustrates the visible cracking 13 

load of all tested beams at mid-span and over the central support. The first visible 14 

crack was observed in the hogging region. From Fig. 6, it can easily be noted that 15 

cracks are more located around the middle support in the hogging zone of beam 16 

B3, in comparison with beam B2, whereas the opposite results were observed in the 17 

sagging regions of these beams. In terms of beam B4, the first crack was 18 

simultaneously reported at a load of 35 KN at mid-span and over middle support. 19 

As the same hybrid reinforcement ratio was used in beams B4 and B5 at mid-span 20 

sections, a very similar cracking pattern was observed in the vicinity of the mid-span 21 

region.  By comparing beams B5 with B2, it can be noted that the effect of increasing 22 

the reinforcing steel ratio at the total applied load of 240 kN has become more 23 

pronounced and led to the formation of a larger number of cracks in the hogging 24 

(a) (b) 



13 
 

zone. This might be attributed to the high axial stiffness of steel reinforcement, 1 

governing the crack widths, where smaller crack spacings were formed. 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

Fig. 6. Failure cracking patterns of the specimens tested. 11 

 12 

 13 
Table 3. First cracking, yield and failure loads of the tested specimens. 14 

 15 

Beam 
notation 

𝑃𝑐𝑟  (𝑘𝑁) 𝑃𝑦 (𝑘𝑁) 
𝑃𝑢 (𝑘𝑁) Observed failure mode 

Sagging  Hogging Sagging Hogging 

B1 43 40 310 255 465 
Flexure-tension failure at 
middle support and mid-span.  

B2 45 40 288 145 452 
GFRP rupture over middle 
support.  

B3 40 35 155 238 364 GFRP rupture at mid span. 

B4 35 35 175 210 450 Flexure-tension failure at 
middle support and mid-span. B5 30 25 180 165 423 

where 𝑃𝑐𝑟  is first cracking, 𝑃𝑦 is the yield load and 𝑃𝑢 is the ultimate load. 

Note: 𝑃𝑐𝑟 , 𝑃𝑦  𝑎𝑛𝑑 𝑃𝑢  are the total loads applied on each specimen tested. 

 16 

Fig. 7 presents the relationship between the total applied load and cracking width at 17 

the mid-span. The cracking widths were measured using two high-quality digital 18 

cameras. The images captured were subsequently processed using version 6.0 of 19 

 B1   

 B2 

C-H-7B3 

C-H-8B4 

C-H-9B5 
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Image-Pro Plus software. The serviceability limits of cracking width specified by 1 

CAN/CSA S6-06 [24] (0.5 mm for elements exposed to exterior exposure and 0.7 2 

mm for other elements) were also included in Fig 7 for comparison purposes at the 3 

service load of 67% of ultimate loads in Table 3. The crack width results of B4 were 4 

not addressed in Fig 7 because of malfunctioned cameras. 5 

It was also observed that flexural crack widths are highly dependent on the hybrid 6 

reinforcement ratio. In comparison with beam B1, beam B2, which was strengthened 7 

at mid-span by the same reinforcement ratio, exhibited fewer widths of cracks at the 8 

same level of loading. This reduction in crack widths might be ascribed to the higher 9 

compressive strength of concrete of B2. The cracking width in beam B2 was less 10 

than 0.5 mm, which corresponded to the service load, while beam B3 recorded a 11 

crack width higher than 0.7 mm at the service load, highlighting the influence of the 12 

mid-span reinforcement ratio. According to beams B1 and B5, it is noted that the 13 

requirements for interior exposure were only obtained, while the exterior criteria 14 

were not met. 15 

 16 

Fig. 7. Crack width at the mid-span of the tested specimens. 17 
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Figs. 8 and 9 show the tensile strain behaviour of reinforcing steel during loading. 1 

Fig. 8, presents the tensile steel strain in the sagging section against the total 2 

applied loading, while Fig. 9 shows the tensile steel strain at the internal support 3 

against the total applied loading. Generally, the test specimens exhibited a tri-linear 4 

steel strain response. Prior to reaching the cracking stage, the tensile strains of the 5 

longitudinal steel bars were extremely low, whilst a sudden increase in the strain of 6 

the tensile steel reinforcement was noticed in the sagging/hogging zones after the 7 

formation of cracks. For specimen B2, the steel yielded first in the hogging region. 8 

Conversely, the tensile steel reinforcement in the sagging zone yielded first in beam 9 

B3. This is mainly attributed to the appropriate hybrid reinforcement ratio used, 10 

especially the number of steel bars at the middle support and mid-span sections in 11 

beams B3 and B2, respectively, where less reinforcement was found at middle 12 

support and mid-span sections of these beams, respectively. Moreover, the tensile 13 

steel bars, in beams B4 and B5 in the sagging zones, yielded almost at the same 14 

loading level, reflecting the similarity of the bottom hybrid reinforcement ratio. In 15 

specimens B2 and B5, the experimental tensile steel strain response in the hogging 16 

and sagging zones, respectively, was not fully captured beyond a certain load as 17 

shown in Figs. 8 and 9 as a result of strain gauge malfunction. 18 



16 
 

 1 

Fig. 8. Total applied load against tensile steel strains at the mid-span of the tested 2 
beams. 3 

 4 
 5 
 6 

 7 
Fig. 9. Total applied load against tensile steel strains at middle support of the 8 

tested beams. 9 
 10 

 11 
3.2 Failure modes 12 
 13 
During the current work, different failure modes were observed, corresponding to 14 

the variations in the behaviour of the tested beams. Three specimens, B1, B4 and 15 

B5 failed in a ductile manner as a result of reinforcing steel yielding in the tension 16 

zone, followed by crushing in concrete at sagging and hogging zones (See Fig 10). 17 

0

100

200

300

400

500

0 2000 4000 6000 8000 10000 12000

Lo
ad

, k
N

Strain, microstrain

B4

B1

B2

B5
B3

Steel
yield 
strain

0

100

200

300

400

500

0 2000 4000 6000 8000 10000 12000

Lo
ad

, k
N

Strain, microstrain

Steel
yield 
strain

B4
B1

B2

B5

B3



17 
 

The failure in B2 and B3, on the other hand, occurred due to GFRP rupture over the 1 

middle support and mid-span areas, respectively, (See Figs 10-B and 10-C). 2 

As shown in Fig 10-A, a ductile failure was stated in beam B1 due to the yielding of 3 

tensile steel bars prior the crushing of concrete. In the continuous hybrid beam B2, 4 

GFRP bars ruptured in the hogging region before the crushing of concrete in the 5 

compressive zone, followed by yielding in tensile steel reinforcement in the sagging 6 

region as presented in Fig 10-B. On the other hand, beam B3 exhibited an opposite 7 

failure to that of B2 as illustrated in Fig 10-C. Beam B3 showed sagging flexural 8 

failure owing to steel reinforcement yielding in the tension zone of the mid-span 9 

region earlier than that at the central support, where the rupture of GFRP bars took 10 

place. In addition, the over support and mid-span sections of specimens B2 and B3, 11 

respectively, experienced wide cracks, indicating the occurrence of GFRP bars 12 

rupture, as predicted in Fig 2 and depicted in Figs 10-B and 10-C. 13 

The failure of specimen B2 was mainly due to GFRP bars rupture in the hogging 14 

moment area before the crushing of concrete in the sagging moment area. 15 

Conversely, the crushing of concrete was observed in beam B3 at the mid-span 16 

after the rupture of GFRP over intermediate support. For hybrid beams B4 and B5, 17 

the failure was initiated due to the crushing of concrete in the middle support section, 18 

followed by concrete crushing in the sagging moment zone, and wide cracking at 19 

the middle support section. 20 

 21 

 22 

 23 

 24 
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  1 Deformed shape near failure Failure at Middle support 
region 

Failure at Mid-span 
region 

B) B2 

C) B3 

D) B4 

E) B5 

Fig. 10. Failure modes of tested beams.  

 

 

 

A) B1 
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3.3 Load Deflection Response 1 

The relationship between the total applied load and the mid-span deflections of 2 

specimens is depicted in Fig. 11. All specimens illustrated linear load-deflection 3 

behaviour up to the cracking load. After cracking, the results showed that the flexural 4 

rigidity of the mid-span section had an impact on the stiffness reduction in the tested 5 

specimens, as shown in Fig. 11. Generally, the ratio of hybrid steel-GFRP 6 

reinforcement at the mid-span section is one of the main factors for reducing the 7 

deflections of the tested beams. This behaviour can be explained by the predicted 8 

enhancement of the flexural stiffness at mid-span. It can also be observed that beam 9 

B3 showed higher deflection compared to B2 at the same level of loading, since the 10 

flexural stiffness of B2 was greater than what was recorded in the sagging moment 11 

zone in B3.  12 

Regarding the effect of the area of GFRP bars at the hogging section on load-13 

deflection response, Fig. 11 shows that beam B4 was slightly stiffer than beam B5 14 

beyond a load value of approximately 350 𝑘𝑁. This was observed although the 15 

sagging zone in beams B4 and B5 were reinforced with the same hybrid 16 

reinforcement ratio. This mostly resulted from the differences in the top area of 17 

GFRP bars at the hogging zone. On the other hand, the influence of GFRP 18 

reinforcement ratio in the sagging area on load-deflection behaviour could be easily 19 

observed by comparing specimens B3 with B4. Both beams were reinforced by the 20 

same ratio of steel and hybrid reinforcement at hogging and sagging sections, 21 

respectively. In comparison with beam B3, B4 provided higher flexural stiffness at 22 

failure loading, while approximately the half of deflection value was recorded.  23 

The allowable deflection is mainly controlled by the function and type of the structure 24 

element. The Canadian Standard Association CSA S806-12 [20] recommends the 25 
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allowable deflection to be between L/480 - L/180 (5.5mm -15 mm, where L is the 1 

beam span). It was found that the deflection value corresponding to the calculated 2 

service load (67% of ultimate load) for the hybrid beams (B1, B2, B3, B4 and B5) 3 

was 5, 20, 16, 20 and 18 mm, respectively. It should be noted that the deflections 4 

associated with the service loading did not achieve the serviceability limit of the 5 

investigated beams. The results obtained could be utilised to establish a guideline 6 

to provide a suitable hybrid reinforcement ratio, and thus, the achieved stiffness 7 

behaviour of beams strengthened by hybrid reinforcement might be fallen within the 8 

serviceability limits. 9 

 10 

 11 
Fig. 11. Load-deflection response of the tested beams. 12 

 13 
3.4 Redistribution of Support Reactions 14 
 15 
Because the beams were statically indeterminate, the end support responses were 16 

assessed using two load cells. Therefore, the actual internal forces (i.e., bending 17 
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moments) were obtained by measuring the end support reactions(R) along the 1 

length of the specimens.  2 

Figs. 12 and 13 show the end support reaction and middle support reaction against 3 

the total applied loading for the tested specimens, respectively. As the two end 4 

support reactions were quite similar because of the symmetrical arrangement, only 5 

one end support reaction was presented in Fig 12. To compare the measured 6 

reactions with the calculated ones, the calculated end support reaction (R=0.3125P) 7 

and middle support reaction (R=1.375P) taken from the elastic analysis were also 8 

plotted in Figs. 12 and 13, respectively.  As expected, the measured end support 9 

reactions of all tested beams were almost identical with the calculated ones before 10 

the crushing of concrete due to the linear elastic characteristic of concrete as shown 11 

in Fig 12. 12 

The hybrid beams demonstrated a remarkable load redistribution after cracking, 13 

except for specimen B1, indicating signs of moment redistributions between the 14 

sagging and hogging zones. The end support reaction of B1 remained close to that 15 

obtained from the elastic analysis, since a similar reinforcement was provided in 16 

sagging and hogging areas. The results also showed that the reaction of the end 17 

support for beam B2 was slightly high compared to the elastic one, indicating the 18 

redistribution of load from the mid-support to the mid-span as a result of the higher 19 

axial stiffness in the mid-span region. 20 

 On the contrary, beam B3 showed an opposite reaction response to beam B2, 21 

because of the reverse reinforcement arrangement of beam B3 in comparison with 22 

beam B2. Beams B4 and B5 demonstrated similar load redistribution behaviour up 23 

to reaching about 150 𝑘𝑁, and then beam B4 exhibited larger moment redistribution 24 

until failure. This increase in moment distribution might be explained by the higher 25 
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GFRP reinforcement ratio in the hogging section in beam B4 compared with beam 1 

B5. 2 

 3 
Fig. 12.  Load-end support reactions of the tested specimens.  4 

 5 

      6 

        Fig. 13.  Load-Middle support reactions of the tested specimens. 7 
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3.5 Bending Moments Redistribution 1 
 2 
To evaluate the moment redistribution ratio (β) in the tested beams, the measured 3 

bending moments in sagging and hogging zones and the elastic bending moment 4 

diagrams along the hybrid continuous beam span at failure were plotted in Fig 14. 5 

The moment redistribution ratio (β) at the mid-span and over support sections could 6 

be obtained by comparing the measured values with the elastic bending moments 7 

as given by Eq. (1): 8 

𝛽 = (
𝑀𝑚−𝑀𝑒

𝑀𝑒
) × 100%                                                                                   (1) 9 

where 𝑀𝑚 is the experimental bending moment taken from the measured load and 10 

𝑀𝑒 is the moment calculated from the elastic analysis. The positive value of β at a 11 

certain section represents the increase of moment at the calculated section due to 12 

redistribution from another section at failure, whereas the negative value indicates 13 

the opposite behaviour. 14 

Regardless of B1, Fig. 14 shows that the distribution of the measured moment at 15 

failure is significantly different from that elastically calculated. The similar distribution 16 

of elastic and experimental bending moment distribution of B1 is mainly because of 17 

using the same top and bottom reinforcement arrangements along the beam length, 18 

leading to obtaining similar stiffness at the middle support and mid-span zones. The 19 

increased reinforcement ratio at the hogging zone also lowered the rotational 20 

capability at the middle support. The moment redistribution from sagging to hogging 21 

regions occurred in hybrid beams B1, B3, B4, and B5 as shown in Figs 14-A, 14-C, 22 

14-D and 14-E, respectively, On the other hand, the redistribution of moments from 23 

the hogging to sagging zone occurred only in hybrid beam B2 as seen in Fig 14-B, 24 

which might be explained by the sufficient moment capacity in the region. The 25 

results also showed that the area and steel reinforcement arrangement had a 26 
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profound influence on the moment redistribution ratio at failure. The smaller area of 1 

hybrid reinforcement in the sagging region of continuous beams, the higher moment 2 

redistribution ratio, as shown in Fig 14-C (beam B3). However, it is important to 3 

mention that increasing the area of GFRP reinforcement in the bottom side, resulted 4 

in decreasing the moment redistribution ratio, which can be noticed by comparing 5 

hybrid beams B3 and B4. Moreover, the increase of GFRP area in the hogging 6 

section did not show any effect on moment redistribution as observed from beams 7 

B4 and B5. Generally, the larger amount of reinforcement in the middle support 8 

section contributes to controlling the crack widths, which resulted in making hogging 9 

areas stiffer than mid-span sections. Hence, the moment redistribution from the 10 

sagging to the hogging moment zone is taken place. 11 

By comparing the measured bending moments with the elastic ones at failure for 12 

each specimen, it could be observed that beam B2 redistributed up to 15% of the 13 

hogging bending moment (See Fig. 14-B), whereas beams B3, B4 and B5 14 

redistributed up to 43%, 19% and 18% of sagging bending moments as shown in 15 

Figs 14-C to 14-E, respectively.  16 

 17 

 18 

 19 

 20 

 21 

 22 
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 1 

 2 
 3 

Fig 14. Measured versus elastic bending moment diagrams at failure. 4 

 5 

The current standards permit a ratio of moment redistribution at the ultimate load for 6 

RC continuous beams, based on the strain level at the internal steel reinforcement. 7 

However, the divergence from the elastic response is also controlled by crack 8 

development, and hence a considerable percentage of moment redistributions may 9 

occur at low load values. Based on this assumption, the analysis of moment 10 

redistributions for the tested beams during loading appears pertinent as described 11 
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in Fig. 15. For specimens B1, B4 and B5a, a positive redistribution of moments was 1 

always noted in the hogging region, whilst there was a negative moment 2 

redistribution at the sagging zone over the whole inelastic range.  Beams B2 and B3 3 

exhibited different behaviour from others. For B2, the moment redistribution was 4 

reported negative at the mid-span, and positive at the middle support before 5 

vanishing and gradually exhibits an opposite behaviour with the continued applied 6 

load. Beam B3 demonstrated an inverse behaviour to B2, as shown in Fig. 15. 7 

However, the anomalous behaviour of B3 during the very early stage could be 8 

attributed to the occurrence of premature cracking at the mid-span, accompanied 9 

by initial redistribution toward the inner support. 10 

The first cracking load in the hogging region, as presented in Table 3, was between 11 

12.5 to 20kN (note the load shown in Fig. 15 is the mid-span point load which is 12 

one-half of the loads presented in Table 3). Therefore, the beginning of moment 13 

redistribution took place with the formation of the first crack in each tested beam. 14 

The moment redistribution ratio increased after steel yielding except for B1. The 15 

steel bars in B1, B2 and B5 initially yielded in the hogging zone at a load of 127.5 16 

kN, 72.5 kN and 82.5 kN, respectively (one-half of the loads presented in Figs 8 and 17 

9). On the other hand, steel bars in B3 and B4 first yielded in the sagging region at 18 

a load of 77.5 kN and 87.5 kN, respectively (one-half of the loads presented in Figs 19 

8 and 9).  20 

By comparing the results shown in Fig. 14 at failure with the results presented in 21 

Fig. 15 over the entire inelastic range, it can be seen that all specimens exhibited 22 

higher moment redistributions before failure. The maximum moment redistribution 23 

ratios before failure in the hogging zone of beams B1, B2, B3, B4 and B5 were 13%, 24 

17%, 55%, 42% and 40%, respectively. Beam B5 which was strengthened by less 25 
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reinforcement of steel bars in the mid-span showed a higher moment redistribution 1 

ratio than beam B2. However, B3 showed the highest moment redistribution ratio, 2 

which was strengthened by lowe GFRP reinforcement in the sagging region and 3 

higher GFRP reinforcement in the hogging section compared with beam B5. The 4 

comparison between the results obtained from beams B3 and B4 showed more 5 

influence of the GFRP reinforcement ratio in the sagging section, whereas by 6 

comparing beams B4 and B5, the results presented higher impact of GFRP bars in 7 

the hogging section. When the reinforcement of GFRP bars in the sagging section 8 

is higher than that of the hogging section, the opposite arrangement is expected in 9 

the section. Thus, the section would develop a higher ratio of moment redistribution 10 

as shown in B2 and B5. 11 

Therefore, to achieve high moment redistribution ratios, the hybrid reinforcement 12 

ratio in one critical section should be smaller than that of other critical sections. 13 

However, the small amount of hybrid reinforcement should be positioned in the 14 

hogging section to guarantee the moment redistribution is out of the hogging region 15 

as illustrated in beam B2.  16 

As can be seen in Figs. 14 and 15, the experimental findings demonstrated that the 17 

amount of redistribution is mainly dependent on two stages, namely crack 18 

development, which contributes to about 40-55 % of the total redistribution, and 19 

steel yielding. In addition, of course, the reinforcement configuration is considered 20 

the key parameter for controlling the amount of moment redistribution ratio. 21 

 22 
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  1 
 2 

 3 

 4 

 5 

 6 

 7 

 8 

Fig. 15. Total variation of β with applied load for the tested specimens. 9 
 10 

The values of the moment redistribution factor (𝛽) at both the mid-span (sagging 11 

moment) and over the middle support (hogging moment) for the tested beams are 12 

summarised in Table 4. For all hybrid continuous beams, the value of 𝛽 at the 13 

hogging section was found always to be greater than the ones at the sagging 14 

section, and the ratio of hogging to sagging moment redistribution (λ) is 15 

approximately 1.67 for all tested beams. This study confirmed the results of [21] that 16 
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the redistribution of moment at the hogging zone is about 60% higher than the 1 

sagging moment redistribution, as calculated in Table 4. 2 

 3 
Table 4. Moment redistribution at failure of tested beams. 4 

 5 

 6 
4. Beam Ductility 7 
 8 
The ductility in beams can be described as the ability of beams to withstand inelastic 9 

deformation without losing its load-carrying capacity before reaching failure. For 10 

traditional RC elements, the ductility can be computed as the ratio of deformation, 11 

expressed as curvature, rotation or displacement [25], at ultimate load to that at the 12 

first yield of reinforcing steel. This is mostly due to the fact that steel exhibits obvious 13 

higher plastic deformation once it is being yielded. However, since the beams tested 14 

in this investigation were strengthened by hybrid steel/FRP reinforcement and FR, 15 

deformation and energy-based approaches were employed to evaluate the flexural 16 

ductility of the tested beams. 17 

 18 
4.1 Deformation Based Method 19 
 20 
The deflection ductility index, 𝜇∆1, was selected to assess the ductility index of the 21 

tested specimens by using Eq. 5 [25]. 22 

𝜇∆ =
∆𝑢

∆𝑦
                                                                                                      (5) 23 

Beam notation 

Moment redistribution,  𝛽 % 
λa 

 
Sagging Hogging 

B1 -2.3 3.7 -1.60 
B2 9.0 -15.0 -1.67 
B3 -26.0 43.6 -1.67 

B4 -11.8 19.8 -1.67 

B5 -10.7 18.0 -1.68 

a λ = ratio of hogging to sagging moment redistribution. 
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where ∆𝑢  and ∆𝑦 are the mid-span deflections corresponding to the ultimate load 1 

and tensile steel yielding load in either the tension side of mid-span section or over 2 

support regions (the second shift in the slope of the load-deflection response).  3 

4.2 Energy Based Method 4 
 5 
It has been reported [26] that the ductility of structural members can be determined 6 

from the ratio between the total energy and the elastic energy at failure loading as 7 

described in Fig 16. The ductility index (𝜇𝑒𝑛) based on the energy method was given 8 

by Eq. 6 [26]. 9 

𝜇𝑒𝑛 = 0.5 (
𝐸𝑡𝑜𝑡

𝐸𝑒𝑙𝑎
+ 1)                                           (6) 10 

where 𝐸𝑡𝑜𝑡 (= 𝐸𝑖𝑛𝑒𝑙+𝐸𝑒𝑙𝑎) is the total energy, represents the region located under the 11 

loading deflection curve up to the failure, and 𝐸𝑒𝑙𝑎 is the recovered elastic energy in 12 

the case of unloading as illustrated in Figs 16 and 17. 𝐸𝑒𝑙𝑎 can be determined from 13 

the unloading test. However, if such result is not obtained, the elastic energy can be 14 

computed from the triangle area created between the failure load and the slope of 15 

the two initial straight lines of the load deflection curve, as illustrated in Fig 16. The 16 

failure load might be described as either the ultimate load (as taken in this study) or 17 

that corresponding to 80% of the ultimate load. The calculated 𝐸𝑒𝑙𝑎 and E𝑖𝑛𝑒𝑙 and 18 

∆𝑒𝑙 from experimental results are presented in Table 5. 19 

 20 

 21 

 22 

 23 

 24 

The experimental deflection (𝜇∆) and energy ductility (𝜇𝑒𝑛) for each beam are shown 25 

in Table 6. To obtain the ductility index 𝜇∆, the deflections at the lower yielding load 26 

Table 5: Calculated energy and experimental values of deflection 

Beam no E𝑒𝑙𝑎  (𝑘𝑁. 𝑚𝑚) E𝑖𝑛𝑒𝑙  (𝑘𝑁. 𝑚𝑚) ∆𝑒𝑙(mm) 

B1 3349 11348 16.2 

B2 3133 16298 15.9 

B3 3525 16847 13.1 

B4 5430 17562 17.2 

B5 4314 14845 17.1 
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of the tensile reinforcement in the sagging or hogging zones was utilised as shown 1 

in Table 6. The ratios of energy ductility to displacement ductility are also presented 2 

in Table 5. The comparison showed that the ratios of energy ductility to 3 

displacement ductility ranged between 40-60% for all examined specimens. 4 

As shown in Table 6, hybrid beam B2 exhibited a higher energy ductility index than 5 

that of specimens B1, B3, B4 and B5 due to the earlier yielding of the flexural 6 

reinforcement at the hogging zone in B2. Moreover, Fig 17 shows the ultimate load 7 

of beam B2 stayed almost constant with an extended displacement range (long 8 

plateau). On the other hand, the other beams exhibited a shorter plateau, and the 9 

residual capacity and the corresponding displacement were still considerable as 10 

shown in Fig 17. 11 

 12 

 13 
 14 

 15 
 16 

Fig. 16. Total, elastic, and inelastic energies (Naaman and Jeong, [26]). 17 
 18 
 19 

 20 

Table 6. Experimental values of deflections and ductility ratios of the test beams. 

Beam no ∆𝑦 (𝑚𝑚) ∆𝑢 (𝑚𝑚) 𝜇∆ 𝜇𝑒𝑛 
𝜇𝑒𝑛

𝜇∆
 

B1 10 45 4.5 2.70 0.6 

B2 6 60 10 3.60 0.36 

B3 7 51 7.29 3.40 0.47 

B4 9 52 5.8 2.62 0.45 

B5 8 52 6.50 2.72 0.42 
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 1 

 2 

 3 

 4 

 5 

 6 

  7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
 21 

Fig. 17. Total applied load versus mid span deflection of the tested specimens. 22 

 23 

5. Flexural Load Capacity Prediction 24 
 25 
The calculations of the flexural strength of the tested beams considered the 26 

equilibrium condition and assumed that the sections of middle support and mid-span 27 

reached their flexural capacities of 𝑀𝑢ℎ  and 𝑀𝑢𝑠, respectively. As presented in ACI 28 

440.2R.08 [27], the equilibrium of stresses and strain compatibility are both 29 

considered in calculating the load capacity. Therefore, the applied load(𝑃𝑢) at the 30 
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mid-span is determined from Eq 7. It should be noted that the self-weight of the 1 

specimen is not considered. 2 

𝑃𝑢 =
2

𝐿
(𝑀𝑢ℎ + 2𝑀𝑢𝑠)                                            (7) 3 

where 𝑀𝑢ℎ is the moment capacities of mid-span (sagging), 𝑀𝑢𝑠 is the moment 4 

capacities over central support (hogging), and 𝐿 represents the length of the span. 5 

The reason behind choosing the ACI 440.2R.08 is that the strengthening of RC 6 

structure is one type of hybrid construction in which FRP reinforcement is placed 7 

close to the exterior surface area.  8 

Additionally, the two methods developed by Pang et al [28] and Yinghao and Yong 9 

[8] were utilised to estimate the flexural behaviour of hybrid sections. The predicted 10 

moments of resistance and the experimental moments for both middle support and 11 

mid-span sections at failure are described in Table 7. The results showed good 12 

agreement between the calculated and measured values, with accuracy ratios 13 

ranging from 0.99 to 1.34 as shown in Table 8. 14 
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Table 7. Comparison between the predicted and experimental moment capacities of the tested beams. 

 
 

Table 8. Comparison between the predicted and experimental failure loads of the tested beams. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Beam 
notation 

Experimental 
moment 

at 
failure, 𝑀𝑒𝑥𝑝(𝑘𝑁. 𝑚) 

Predicted moment at failure, 𝑀𝑝𝑟𝑒(𝑘𝑁. 𝑚) 
𝑀𝑒𝑥𝑝

𝑀𝑝𝑟𝑒

 

ACI 440.2R.08 [26] 
Pang et al, (2015) 

[27] 
Yinghao and Yong 

(2013) [8] 
ACI 440.2R.08 [26] Pang et al, (2015) [27] 

Yinghao and Yong 
(2013) [8] 

Sagging Hogging Sagging Hogging Sagging Hogging Sagging Hogging Sagging Hogging Sagging Hogging Sagging Hogging 

B1 92.3 117.7 88.00 117.0 99.8 99.8 78.4 78.4 1.05 1.01 0.92 1.18 1.18 1.50 
B2 100.1 93.6 99 100 109 64.5 84.8 55 1.01 0.94 0.92 1.45 1.18 1.70 
B3 54.6 127.4 62 107 64.5 109 54.8 85 0.88 1.19 0.85 1.17 1.00 1.50 
B4 75.8 131.3 79 93 74 105 67.4 83 0.96 1.41 1.02 1.25 1.12 1.58 
B5 76.7 121.6 81 92 76 95 68.4 73 0.95 1.32 1.01 1.28 1.12 1.67 

Average 0.97 1.17 0.94 1.27 1.12 1.59 
Standard deviation 6% 20% 7% 11% 7% 9% 

Beam 
notation 

Experimental 
Failure load, 

𝑃𝑒𝑥𝑝 (𝑘𝑁) 

Predicted failure load, 𝑃𝑝𝑟𝑒 

(𝑘𝑁) 

𝑃𝑓𝑑 

𝑃𝑒𝑥𝑝

𝑃𝑝𝑟𝑒

 

ACI 
440.2R.08 

[26] 

Pang et al, 
(2015) [27] 

Yinghao and Yong 
(2013) [8] 

ACI 
440.2R.08 

[26] 

Pang et al, 
(2015) [27] 

Yinghao and Yong 
(2013) 

B1 465 451 461 362 1.03 1.01 1.29 
B2 452 458 435 346 0.99 1.04 1.31 
B3 364 355 366 299 1.02 0.99 1.22 
B4 450 386 389 335 1.17 1.16 1.34 
B5 423 391 380 323 1.08 1.11 1.31 

Average 1.06 1.06 1.29 
Standard deviation 7% 7% 5% 

𝑃𝑓𝑑   is the predicted failure load based on fully ductile materials 
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6. Conclusions 
 
The current study investigated the flexural performance of five specimens 

made of two-span continuous concrete beams strengthened by hybrid 

steel/GFRP reinforcement bars were reported. Based on the findings obtained 

from the experimental work, the following conclusions can be drawn: 

• The beams reinforced with varying hybrid reinforcement ratios in the 

sagging and hogging zones exhibited more ductile behaviour than those 

reinforced with similar hybrid reinforcement ratios in both regions. 

•  Adding more steel or GFRP reinforcement resulted in improving the 

flexural stiffness of hybrid beams after the first cracking. However, the 

stiffness of continuous concrete beams is more reliant on the hybrid 

reinforcement in the sagging region than that found in the hogging 

region.  

• Similar hybrid reinforcement ratios in sagging/hogging areas led to 

limited moment redistribution behaviour. On the other hand, hybrid 

beams strengthened by varying hybrid reinforcement ratios in critical 

sections demonstrated a remarkable moment redistribution up to 43% 

at failure.  

• The stiffness of critical sections is a key factor in determining the 

direction of moment redistribution whether from mid-span to middle 

support or vice versa.  

• The energy-based methods seem to be more appropriate for predicting 

the ductility index of concrete beams reinforced by hybrid GFRP/steel 

beams than deformation methods because a result of their is difficult to 

predict the steel yield point by the deformation approaches.  
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• Using the collapse mechanism with plastic hinges at sagging/ hogging 

zones yielded good predictions for the load capacity of hybrid reinforced 

concrete continuous beams. 

• Based on the data collected from other studies and the findings 

obtained from the current study, it is suggested for the future work to 

conduct further investigations on the parameters that control the 

behaviour of hybrid reinforced beams, such as compressive strength, 

the area of FRP/steel reinforcement and different types of FRP bars. 

Furthermore, it is also recommended to investigate the behaviour of 

FRP/steel reinforced concrete beams made from eco-friendly 

sustainable materials. Geopolymer concrete might be the right choice 

as it can be produced wiht zero Portland cement content [29, 30].   
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