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H I G H L I G H T S   A B S T R A C T  
• Using hybrid FRP/ steel bars in reinforcing 

concrete beams demonstrated better flexural 
performance.  

• Existing design method for reinforced 
concrete beams with hybrid reinforcements 
is reviewed. 

•  Experimental and analytical studies 
regarding hybrid reinforced concrete beams 
are presented. 

• Further research directions are proposed to 
better understand the effect of many 
parameters on the flexural capacity.   

 Reinforced concrete beams are the most generally used structural parts in 
building, bridges, and many other structures. In the past two decades, many 
investigations have been conducted using various fiber-reinforced polymer (FRP) 
material types /steel bars to reinforce concrete beams under flexural test. The 
purpose of this paper is to review the flexural performance of concrete beams 
reinforced with hybrid FRP and steel bars to better understand their behavior. 
The main parameters addressed by researchers were dimensions of beams, FRP 
bar material type, and hybrid reinforcement ratio. The researchers established 
that the use of the combination between steel and FRP reinforcement bars 
improves the performance of the concrete beams. Moreover, the studies showed 
that the ductility of the hybrid reinforced beams increased compared to that of 
conventional steel reinforced beams, however, it decreased when the ratio of 
(Af/As) increased. The application of using hybrid FRP/steel bars in reinforcing 
concrete beams will further increase upon utilizing techniques for reducing the 
brittleness and higher cost of FRP bars. The general structure of this paper 
consists of presenting the formulas offered by ACI 440.1R-15 building code 
relating to the flexural strength calculation of concrete beams reinforced with 
FRP/steel bars. The paper also details some of the current experimental tests and 
analytical works published for concrete beams reinforced with hybrid system, 
and outlines research directions and identifies gaps required for additional 
research.  
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1. Introduction 
 Traditionally, reinforced concrete, which consists of a combination of concrete and steel reinforcement bars, is used in 

constructing facilities and structures. When exposed to harsh environmental conditions, steel bar corrosion could cause the loss 
of durability and service life of RC structures [1-5]. In the past two decades, researches have been renewed in material called 
Fiber Reinforced Polymer (FRP) to replace steel bars in traditional RC members, as a result of its noncorrosive property [6,7]. 
This material constructed of fibers within a polymeric resin [8]. FRP bars first used in Russia as reinforcement bars [9,10]. 
Then, in 1990, FRP composite started to be used as reinforcement material in inadequate structures in the USA [11]. 
Thereafter, various studies have made on strengthening and retrofitting by FRP composite as externally bonded or interior 
reinforcement [12]. Based on previous studies, there are four types of FRP: Carbon Fiber Reinforced Polymer (CFRP), Glass 
Fiber Reinforced Polymer (GFRP), Basalt Fiber Reinforced Polymer (BFRP), and Aramid Fiber Reinforced Polymer (AFRP) 
[13,14]. These products have been proposed to use as an alternative to traditional steel rebars due to their high tensile strength, 
harsh corrosive resistance, lighter weight compared to steel bars, and nonmagnetic feature [15-18]. FR composite is the most 
popular choice to retrofit many concrete elements including, columns, shear walls, slabs, and beams [19,20]. In spite of these 
advantages, the elastic modulus of FRP bars are lower than that of steel rebars, where for GFRP bars is 30-50 GPa, for CFRP 
is 120-150 GPa, and for AFRP is 70-180 GPa, which results in cracks and large deflection [21,22]. In spite of the higher 
strength of FRP bars in comparison with steel bars (In case of CFRP and BFRP bars, the tensile strength is at least 600 MPa, 
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483 MPa for GFRP bars, and 1720 MPa for AFRP bars) [23], the FRP bars show a brittle behavior without a yield point 
contrasting to the inelastic performance of the steel rebars. The linear elastic behavior of the FRP bars until failure results in 
this brittle behavior without any clear indication. Hence, concrete elements should utilize over-reinforcement with FRP bars to 
comply with the serviceability condition [24]. Moreover, steel bars can be easily bent to various shapes compared to FRP bars 
[16]. To overcome these problems, hybrid FRP/steel reinforcement bars can be used in concrete beams [25,26], as presented in 
Figure 1. The ductileness of FRP-reinforced concrete beams can considerably improve by adding the steel reinforcing bars, 
because suitable ductility can provide warning before failure [27]. Therefore, in a hybrid concrete beam, FRP bars provide 
strength and steel bars provide ductility. The hybrid section was firstly proposed in 1995 [28]. The proposed section consists of 
steel bars located at the inner level, while the FRP bars were positioned at the exterior level. The results showed that a 
sufficient corrosion resistance and the required flexural capacity was achieved. 

 
Figure 1: Concrete reinforced beams with hybrid FRP/steel rebars [21] 

The bond characteristics between FRP bars and the surrounding concrete mainly affect the crack distribution of the 
concrete beam, hence adequate bonding improves the ability of the concrete members to sustain flexural load [15]. El Refai et 
al. [29] proposed a bond coefficient, which depends on the hybrid reinforcement ratio (Af/As), and the size effect of FRP bars. 
However, the effect of the surface texture of the FRP reinforcement bars does not take into account on the bond coefficient 
because of the limited available data.  

Until now, an inadequate number of existing studies that have been accomplished to investigate the effectiveness of using 
hybrid steel/FRP bars as flexural reinforcement in concrete beams. Therefore, several issues associated with their flexural 
performance remain unsolved. This paper attempts to address the current knowledge of the behavior of hybrid reinforced 
beams under flexural test. To take a complete advantage of data collected from the literature, this paper reviews their failure 
modes and common parameters that effect their performance under flexure test. The equations provided by the international 
code (ACI 440.1R-15) to estimate the flexural capacity of concrete beams reinforced by hybrid bars are also included in this 
paper. Moreover, this paper identifies the main knowledge gaps in hybrid reinforcements and future research suggestions in 
this area. The outcome of this paper will help researchers in deep understanding the performance of concrete beams when 
hybrid FRP/steel bars are used as flexural reinforcements. 

2. Estimation of Flexural Strength of Concrete Beams According to ACI Design Provisions 
Before investigating the influence of reinforcing concrete beams with combined FRP and steel bars, it is useful to explore 

the estimation of flexural capacity in American Concrete Institute code ACI 440.1R-15 [30]. This guide contains design 
guidelines for internal and externally bonded FRP reinforcements.  

The nominal flexural strength of a concrete beam can be expressed as shown in Equations (1) -(5) [31].  
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 Where ρf is the FRP reinforcement ratio, Ef is the elastic modulus of the FRP bars, ρs is the steel reinforcement ratio, εcu 
is the ultimate concrete strain, which is equal to 0.003, fy is the yield stress of steel bars, Af is the area of the FRP bars, ff is 
tensile stress of FRP bars, f fu is the tensile strength of FRP, εfu is the design rupture strain of FRP reinforcement, fc' is the 
concrete compressive strength, b is the breadth of the concrete beam, d is the depth of the beam, β1 is compressive stress block 
parameter, a is the depth of corresponding rectangular stress block.      

For a hybrid FRP/steel reinforced concrete beam, it important to specify the effective reinforcement ratio, ρeff, and the 
balanced ratio, ρeff,b , as presented in Equations (6) and (7). The effective ratio, ρeff, is compared to the balanced ratio, ρeff,b, 
to indicate the flexural failure mode of the concrete beam. If ρeff > ρeff,b, then the concrete beam is over reinforced and the 
expected failure is concrete crushing. On the other hand, if ρeff ≤ ρeff,b, then the concrete beam is under reinforced and 
yielding of the steel bars are anticipated prior to concrete crushing [29,32].   

 

   ρeff = ρs +𝐸𝐸𝑓𝑓

𝐸𝐸𝑠𝑠 
 𝜌𝜌𝑓𝑓   (6) 
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The balanced reinforcement ratio for concrete beam reinforced with steel bars only is a condition of concrete crushing and 

yielding of steel are the failure modes. While, for a concrete beam reinforced with FRP bars only, the mode of failure is 
concrete crushing and rupture of FRP bars [33]. The balanced ratio for a hybrid concrete beams with FRP/steel bars combined 
the two cases, where the failure mode is the crushing of concrete, steel bars yielding, and rupture of FRP bars take place at the 
same time [34]. However, steel bars will have yielded long before the rupture FRP bars, which make this condition is 
impossible to happen. Therefore, the balanced ratio is proposed to give a state of concrete crushing and failure of FRP bars 
take place simultaneously, with steel bars yielding.    

3.  Flexural Behavior of Hybrid Reinforced Beam 
The flexural behavior of hybrid reinforcement beam depends on the type of FRP material, number of reinforcement bars, 

and hybrid reinforcement ratio. Many previous studies investigated the effect of these parameters on the bending capacity, 
crack width, and ductility of the hybrid beams under flexure test. In general, the strength capacity of hybrid concrete beams has 
proven to be better in comparing to that of beams reinforced with FRP or steel bars only [29,35,36].    

3.1 Common Failure Modes of Hybrid Reinforced Beam 
The generally detected failure modes in beams reinforced with hybrid FRP/steel bars are either be controlled by concrete 

crushing or reinforcement bars rupture [37]. Qu et al. [31] used GFRP bars to reinforced six beams with dimensions of 
(180mmx250mm) and length of 1800 mm. Steel stirrups with 10 mm diameter were used as shear reinforcement. Two steel 
bars with 10 mm diameter were used to reinforce the compression part of the shear span of the beam. A four-point bending test 
was used in this paper. The load-deflection relationships presented that the flexural performance of hybrid beams can be 
partitioned into four segments: first phase-elastic stage; second phase-after concrete crushing and afore steel bar yielding; third 
phase- post-yielding of steel bars stage prior to ultimate load and fourth phase- failure stage, as presented in Figure 2. It can be 
noted that the flexural stiffness improves as effective ratio increasing. The same conclusion was proposed by Nguyen et al. 
[38] for high GFRP/steel reinforcement ratio, as shown in Figure 3 (a-d). On the other hand, the beams with lack of 
GFRP/steel reinforcements failed suddenly after GFRP rupture at the end of the third phase. Therefore, it can be concluded that 
the beams with low FRP/steel ratio undergo merely the first three phases, while the beams with high FRP/steel ratio showed 
the fourth phase, which is described by the descendant branch of load-displacement responses as a result of the increasing 
deflection with gradually decreasing in load after the third phase. 

 
Figure 2: Experimental displacement plots of the tested beams [31] 
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Figure 3: Load-displacement plots of hybrid GFRP/ steel reinforcement beams [38] 

Moolaei et al. [39] inspected flexural test on hybrid reinforced concrete beams constructed of GFRP and steel rebars. 
Three different reinforcement ratios, ρeff, were considered in this work, which were 1, 1.2, and 1.4 times the balanced 
reinforcement ratio, ρeff,b. The results showed that the beams with hybrid reinforcement ratio 1.2 ρeff,b and  1.4 ρeff,b 
demonstrated higher loading capacities and cracking loads than the beams with ρeff= ρeff,b.  

The effect of the concrete compressive strength and variable types of reinforcements on the behavior of hybrid reinforced 
beams were studied by Kim and Kim [21]. After yielding of the steel bars, the hybrid beams displayed less decreased rigidity 
than steel reinforced beams. This is because, in the hybrid beams, FRP bars resist the increasing load after yielding of the steel 
bars. It was also reported that the concrete strength increasing improve the capacity of the specimens. However, the deflection 
at the peak capacity of the hybrid beams was developed about 86-116% than the beams with steel reinforced beams. For the 
same concrete strength, the use of the hybrid reinforcement led to higher first cracking load as compared to the specimens with 
steel reinforcement only. Vu and Phan [40] conducted an experimental test on six beams reinforced with hybrid GFRP/steel 
bars with cross section of 150 mmx250 mm and span of 2700 mm loaded under four-point bending scheme. The work aimed to 
investigate the effect of various GFRP/steel ratios on the cracking load. The results showed that, in the groups of beams 
reinforced with various GFRP area (Af) and fixed steel bars area (As), the cracking moment improves with the increase of 
GFRP bars ratio. Nevertheless, the influence of GFRP bars area on the cracking moment is less than that of steel area due to 
the greater elastic modulus of steel in comparison with GFRP bars.      

Table 1 summarizes the performances of RC beams reinforced with hybrid FRP/steel bars under flexural. It can be seen 
that GFRP is the most common strengthening type. Most of the studies reveal that the compressive strength of the concrete and 
the strengthening material effect the performance of RC beams in terms of failure mode under flexure. Moreover, it can be 
noted that using high strength concrete along with increasing the area of FRP bars, in comparing to the steel area, cause rupture 
of FRP bars before collapse.  
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Table 1: Summary of the performances of RC beams reinforced with hybrid FRP/steel bars under flexural 

Failure mode FRP type fc'(MPa) Af/As 

Steel yielding, concrete crushing 
 

GFRP [36,41-46] 20-68 0.3-3 
CFRP [47] 75.9 0.3-0.8 
BFRP [25,48]  32-36 0.4-2 
AFRP [49] 38 0.6-4.5 

Steel yielding, FRP rupture 
 

GFRP [38,50-53] 30-197 0.2-5.2 
BFRP [53] 30 0.1-2.1 
AFRP [54] 30 0.1-0.3 

FRP bar slipping, concrete crushing BFRP [25] 41 2 
Concrete crushing CFRP [21] 40 1 

GFRP [21,39]  34-40 0.5-1.8 
[55] 28 0.4-1 

 

3.2 Ductility  
Another key aspect that affects the flexural behavior of the RC beams is the ductility, which can be computed as the ratio 

of the peak to the yielding deflection. For the only-FRP reinforced beams, no yielding behavior was recorded because of the 
linear elastic performance of the FRP bars [39]. Maranan et al. [56] concluded that using hybrid system in supporting concrete 
beams improved the ductility of the concrete beams, and it decreases with reinforcement ratio decreasing. Three hybrid beams 
reinforced by BFRP/steel bars were tested by Ge et al. [55] with dimensions of 200mmx300mmx2500 mm. The results 
revealed that the ductility of the hybrid beam is somewhat between the ductility of the conventional beam reinforced with steel 
bars and the ductility of RC beam reinforced with BFRP bars only. Another similar study on the ductility of hybrid beams was 
performed by Yoo et al. [52]. The examiners observed that the ductility of hybrid reinforced beams ranged 4.02-6.46 as 
compared to the ductility of steel RC beams, which was below 2. Therefore, it can be concluded that the use of the hybrid 
reinforcement has advantages in terms of ductility and deformability than the beams reinforced with FRP bars only. Moolaei et 
al. [39] implemented experimental tests to investigate the flexural performance of three hybrid GFRP/steel reinforced beams. 
The results showed that the higher ductility was recorded for the hybrid samples having reinforcement ratio of 1.4 ρeff,b 
comparing with their companions with steel-only reinforced beams.  

Thamrin et al. [57] tested eight hybrid reinforced beams until failure with two-point load. The clear span of all the tested 
beams was 2000 mm with overall depth of 250 mm. The test parameters include examine the effect of various hybrid bars ratio 
and the bars' position. Two types of FRP bars (CFRP and GFRP) were used along with steel bars. The concrete compressive 
strength at 28 days was 20 MPa. The authors detected that the ductility of the hybrid beams was greatly related to the ratio 
(Af/As). The lower hybrid reinforcement ratio led to the highest ductility, but at the cost of the capacity.  

3.3 Crack Width 
The anti-corrosive feature of FRP reinforced beams results in disregarding the limitation of the crack width. Nevertheless, 

the presence of steel bars in hybrid FRP/steel reinforcement beams require controls on the width of flexural cracks that can be 
developed throughout the beam life time [29]. To calculate the maximum crack width of hybrid beams, Gergely–Lutz formula 
can be utilized as presented in Equation 8 [58]: 

 Wmax= kgεsβ1�𝑑𝑑𝑐𝑐𝐴𝐴3   (8) 

 
Where Kg is the function presents the influence of the bond actions of steel bars on the crack width of hybrid reinforced 

concrete beams, which is equal to 0.4 [59]. εs is the strain of the steel bars, and β1 is the ratio between the distance from the 
steel bars to the neutral axis and the space from the tensile area edge to the neutral axis.  Maranan et al. [56] suggested that the 
reinforcement ratio controls the length and width of the cracks through allocating efficiently the cracks along the length of the 
hybrid beams.  

 Kim and Kim [21] found that the number of cracks increased more quickly in concrete beams with FRP bars in comparing 
with steel-only reinforced beams. The reason for this is the lower modulus of elasticity of FRP bars resulted in higher 
deflection, which caused more cracks. However, at failure, the concrete beams with FRP-only reinforced beams and hybrid 
CFRP/steel beams showed smaller crack width, as presented in Figure 4 (a-f).  

 Conversely, the comparisons of crack width made by El Refai et al [29] showed that the crack width of hybrid reinforced 
beams was 0.54 mm at the onset of steel yielding as compared to 1 mm for the beam reinforced with GFRP bars only. Hence, 
they proposed that the use of steel reinforcement in the hybrid reinforced beams was the key of reducing crack width of beams 
beyond their service load. Also, the researchers recognized that increasing the reinforcement ratio resulted in decreasing crack 
width for all beams whether they reinforced by FRP-only or hybrid reinforced. Sun et al. [48] tested several concrete beams 
under flexural reinforced with BFRP-only bars, CFRP-only bars, and hybrid BFRP/steel bars. Generally, the researchers found 
that the crack development was controlled by FRP bars. However, the hybrid beam showed the smallest crack width as 
compared with other beams as a result of the bonding of steel bars to the surrounding concrete [60]. Ruan et al. [61] reported 
that the average crack width of the hybrid reinforced beams is greater than that of the reinforced beams with steel-only, and it 
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is effected by the effective ratio ρeff. The larger effective ratio, the smaller the average cracking width.  Furthermore, it was 
established that the ultimate crack width develops faster in the single-layer hybrid reinforced beam compared to the double-
layer hybrid beam.    

The difference in crack pattern between two reinforcing material (CFRP and GFRP) was noted by Thamrin et al. [57] after 
failure. The low elastic modulus of GFRP bars caused higher deflection, hence wider and higher cracks in the beams reinforced 
with GFRP/steel in comparison to the other concrete beams reinforced with CFRP/steel.  

 
Figure 4: Crack pattern of concrete beams tested by Kim and Kim [21] 

4.  Aspect Behavior of Flexural Capacity 
In general, it can be identified from the studies with concrete compressive strength more than 35 MPa that the beams had 

collapsed in concrete crushing mode of failure followed by FRP bars rupture. Also, it was observed that the concrete 
compressive strength has more important effect on the flexural capacity for continuous hybrid beams, as shown in Figure 5.  

 
Figure 5: Effects of Concrete compressive on the ultimate flexural strength 

Figure 6,  presents the effect of different hybrid reinforcement ratios on the bending capacity of concrete beams. It is found 
from the data gathered from some literatures that the influence of the higher hybrid reinforcement ratio have had greater 
moment capacities than under-reinforced beams (ρeff.% < ρeff,b%). Interestingly, the test results of this graph tend to propose 
the benefit of the combination of concrete compressive strength fc' > 38 MPa and ρeff.% > 1 in developing the flexural 
capacity of the hybrid concrete beam. However, further studies are recommended to validate this assumption. 

As mentioned before, FRP reinforcement bars are responsible for resisting the flexural strength, while the steel bars are 
employed to improve the ductility of the concrete beams. From the perspective of ductility, investigation and analysis of the 
flexural results of hybrid beams shows that decreasing the hybrid ratio (Af/As) led to increase the values of absorption energy. 
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In other words, with the contribution of the concrete compressive strength, the ductility of most concrete beams can be 
improved with high concrete compressive strength and low hybrid ratio.  

Also, the type of FRP material has an effect on the ductility and deformation of the concrete beams. The aforementioned 
literatures showed that failure recognized from the concrete beams with hybrid CFRP/steel reinforcement bars is the sudden 
failure by concrete crushing immediately after reaching the peak load at low deflection, compared to other FRP types such as 
GFRP and AFRP. The higher modulus of elasticity of the CFRP bars generates the brittleness failure. Conversely, the position 
of the hybrid reinforcement has a little effect on the capacity and ductility of the reinforced concrete beams [57]. 

  
Figure 6: Effects of hybrid ratio on the ultimate moment 

5.  Future Research Directions 
This review shows that the employment of hybrid FRP/steel bars currently seems to be the most effective way to reinforce 

concrete beams than using either steel or FRP bars only. However, there still some obstacles require further investigations, 
which can be presented as follows: 

 It can be noticed from the previously available studies, the most of specimens (nearly 92%) had a normal 
compressive strength between (20-48.5) MPa. However, the studies on flexural strength of hybrid 
reinforced concrete regarding high strength concrete (HSC) are very limited and needs to be extended.   

 The studies cover an area where are a very limit scope of the structural performance of hybrid deep beams 
under flexural test.  

 To date, studies regarding continuous hybrid beams reinforced with FRP/steel bars are still limited. 
However, studies on simply supported hybrid beams have been widely published. 

 A limited standards for hybrid FRP/steel design. Developments of design guidelines and recommendations 
are required.   

 Inadequate knowledge concerning FRP/ high strength steel bars in reinforcing concrete beams.  
 Further research is needed to assess the influence of the surface texture of the FRP bars on the flexural 

performance of the concrete members.    

6.  Conclusion 
This paper reviewed the current knowledge in researches related to the influence of RC beams with hybrid FRP/steel 

rebars. The article emphasized the influence of the ratio as being the indicator of the mode of failure of hybrid RC beams. 
There are two types of reinforcement, steel and FRP bars, if the hybrid ratio is not well designed, the brittle failure of FRP bars 
decreases the flexural strength of the hybrid reinforced concrete beam. Also, the adequate hybrid ratio can limit the maximum 
crack width in concrete. Based on the available information in this review, it is noted that the hybrid reinforcement of CFRP or 
GFRP with steel bars is widely used among FRP composites because of their high resistance under flexure test, and low cost. 
However, there is progressively need to use hybrid FRP/ steel bars in reinforcing different structures. At the end, this paper 
brings lights to new research needs for who interested in hybrid reinforcement for concrete structures. 
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