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ABSTRACT 

Flexural and Serviceability Behaviour of Steel-GFRP Hybrid Reinforced Concrete Beams and 

One-way Slabs 

 

Mostafa Rabea Attia Ibrahim, Ph.D. 

Concordia University, 2024 

 

A steel-glass fibre-reinforced polymer (GFRP) hybrid reinforced concrete (RC) section would 

benefit from the superior advantages of steel at serviceability limit states, particular advantages of GFRP 

at ultimate limit states, and ductility provided by steel reinforcement. Replacing some steel rebars with 

GFRP bars can reduce the construction costs of the project by lowering the material and labour costs. 

Moreover, replacing some steel rebars exposed to harsh environmental conditions, such as corners, with 

GFRP bars can increase the service life of the element. This thesis investigates the serviceability and 

flexural behaviour of steel-GFRP hybrid RC flexural members through analytical investigations and 

experimental studies. It also provides design recommendations for designing hybrid RC flexural 

members and assesses the design equations of deflection, crack width, yielding and ultimate moment 

capacity in North American standards and guidelines. 

This research started with analytical investigations to set a platform for designing steel-GFRP 

hybrid RC sections. Practical design charts were developed for the proposed design recommendation 

based on the fundamentals of section analysis. An extensive parametric study was undertaken to 

transform steel RC sections into alternative steel-GFRP hybrid RC sections with the same total number 

of bars. The study then experimentally investigated the flexural and serviceability behaviour of steel-

GFRP hybrid RC beams and one-way slabs through testing and analyzing 15 RC beams and eight RC 

one-way slabs. The experimental results were analyzed and compared in terms of the first cracking 

moment and yielding moment, failure modes, flexural capacity, concrete and rebar strain, mid-span 

deflection, crack width, and ductility. Based on the cracked section analysis, new equations were 

proposed to estimate the rebar strain and maximum mid-span deflection for the post-yielding stage in 

the hybrid RC beams. The experimental results were also used to assess the bond-dependant coefficient, 

kb of the steel, GFRP, and hybrid RC beams and one-way slabs. 
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Chapter 1  

Introduction  

1.1 Background 

The mechanical properties of GFRP bars are considerably different from those of steel rebars. While 

steel rebars are ductile, GFRP rebars are linear elastic to failure. GFRP rebars have higher tensile strength 

than steel rebars. However, they have a lower modulus of elasticity than steel rebars. The design of steel 

RC elements is, in many cases, controlled by the ultimate limit state (ULS) requirements, resulting in 

sections that are over-designed for the serviceability limit state (SLS), i.e., crack width and deflections. 

The design of GFRP RC elements is typically controlled by SLS checks [1], resulting in over-designed 

sections for the ULS. This dissimilarity in behaviour inspired this project to investigate the feasibility of 

having a steel-GFRP hybrid RC section where some steel rebars are replaced with more affordable GFRP 

bars. 

Such a steel-GFRP hybrid RC section would benefit from the superior advantages of steel at SLS, 

particular advantages of GFRP at ULS, and ductility provided by steel reinforcement. Replacing some 

steel rebars with GFRP will reduce the initial costs of the project by lowering the material and labour 

costs. Moreover, replacing steel rebars exposed to harsh environmental conditions, such as corners and 

the outermost reinforcement layer, with GFRP bars can increase the service life of the element [2ï8]. In 

addition, steel-GFRP hybrid RC sections provide higher ductility and stiffness than GFRP RC sections 

[4ï6,8,9]. Replacing some steel rebars with GFRP bars could be an economical solution in the case of a 

shortage in the supply of steel rebars, especially in large quantities of steel reinforcement. Moreover, 

steel-GFRP hybrid RC beams can have less crack width under the same service moment than GFRP RC 

flexural elements [10]. 

The flexural behaviour of steel-GFRP hybrid reinforced flexural members has been studied 

experimentally by many researchers, who verified the feasibility of using steel in combination with GFRP 

bars to enhance a concrete section [2,7,11,12]. Aiello and Ombres [11] performed experimental and 

theoretical investigations on steel-Aramid FRP (AFRP) hybrid RC beams. The study focused on 

structural behaviour, including the ultimate and serviceability conditions for deflection, curvature, 

ductility, crack width, and spacing. The test results showed that using steel rebars in combination with 

AFRP bars reduced crack width and crack spacing and enhanced the deformability of FRP RC beams 

but the contribution of the additional steel rebars to the flexural capacity was low. Leung and Balendran 

[7] conducted an experimental study on the load-deflection behaviour of seven concrete beams reinforced 

with steel rebars and GFRP bars. The experimental results showed that the flexural strength of hybrid 



2 

 

RC beams was higher than those reinforced with either steel rebars or GFRP bars with more cracks. It 

was also reported that the hybrid RC beams demonstrated an enhanced post-yielding stiffness, which 

supported the GFRP bars' efficacy after yielding steel rebars. Qu et al. [2] investigated experimentally 

and theoretically the flexural behaviour of beams reinforced with different steel and GFRP reinforcement 

configurations. The main parameters studied were the amount of reinforcement and the ratio of GFRP to 

steel. It was reported that hybrid steel-GFRP RC beams with normal effective reinforcement ratios 

demonstrated good load carrying capacity, ductility, and serviceability. Lau and Pam [12] conducted an 

experimental study on 12 concrete beams consisting of plain concrete beams, steel RC beams, GFRP RC 

beams, and hybrid RC beams. The test results showed that hybrid RC beams behaved more ductile than 

GFRP RC beams. 

Many studies have investigated the serviceability behaviour of steel-GFRP hybrid reinforced 

flexural members experimentally, and these have verified the feasibility of using steel in combination 

with GFRP bars to enhance a concrete section [10,13ï17]. Yinghao and Yong [15] conducted an 

experimental study on four high strength concrete reinforced with either GFRP or steel-GFRP hybrid 

reinforcement. The results confirmed that the layer of steel reinforcement played an important role in 

controlling the deflection stiffness after cracking. The authors also confirmed the validity of using 

Froschôs model to predict the cracking behaviour of GFRP RC beams and hybrid RC beams when the 

bond-dependent coefficient, Ὧ ρȢυ and Ὧ ρȢπ, respectively. Safan [10] studied the flexural 

behaviour of hybrid RC beams by testing 12 beams reinforced with either steel reinforcement or steel-

GFRP hybrid reinforcement. The test results confirmed that the GFRP bars in the hybrid reinforcement 

system were reasonably effective in maintaining sufficient flexural capacity. He also concluded that the 

use of GFRP bars was reasonably effective in controlling the crack width of steel RC beams to acceptable 

serviceability levels.   

El Refai et al. [14] studied the structural behaviour of steel-GFRP hybrid RC beams in addition to a 

theoretical investigation for bond behaviour. The study included constructing and testing six concrete 

beams reinforced with steel-GFRP hybrid reinforcement and three beams reinforced with pure GFRP 

bars. The authors concluded that the deflection equation of CSA S806-12 accurately predicted the 

deflection of the hybrid RC beams with high effective reinforcement ratios. Based of the experimental 

results, an equation for the prediction of bond dependent coefficient, Ὧ was proposed to calculate the 

crack width of hybrid RC flexural members.  

Qin et al. [16] performed an experimental study on six beams reinforced with either steel, GFRP or 

hybrid steel-GFRP reinforcement in addition to building a finite element model to perform a parametric 
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study of the replacement ratio ὃ ὃϳ . The authors recommended that over-reinforced hybrid RC beams 

should be designed to have ὃ ὃϳ  in the range of 1-2.5 to provide suitable post-yielding strength and 

stiffness to satisfy the ductility requirement. The authors also mentioned that the FRP bars is used to 

carry the strength while steel rebars is dominantly responsible for enhancing ductility. Maranan et al. 

studied the flexural behavior of steel-GFRP hybrid geopolymer-concrete beams reinforced with a 

combination of steel and GFRP reinforcements. Test results showed that hybrid RC beams demonstrated 

less brutal and more ductile failure with an increased number of cracks compared to GFRP RC beams. It 

was also concluded that hybrid reinforcement system was effectively improving the serviceability and 

the ductility of geopolymer-concrete beams. Ruan et al. [13] tested and analyzed nine beams reinforced 

with different configurations of steel and GFRP reinforcement to study the flexural and serviceability 

behaviour of steel-GFRP RC beams. Test results showed that hybrid RC beams exhibited a deflection of 

1.15 to 2.1 times that of steel RC beams with equal section substitution between two bars at the same 

load level. It was also concluded that the maximum crack width of hybrid RC beams was larger than that 

of steel RC beams, with a noticeable increase with increasing, ὃ ὃϳ . Recently, Ali et al. [17] studied 

the flexural behaviour of concrete bridge-deck slabs reinforced with basalt fiber-reinforced polymer 

(BFRP) and steel reinforcement. The authors studied 11 RC slabs reinforced with either BFRP or steel-

BFRP hybrid reinforcement. Test results showed the influence of the effective reinforcement ratio and  

ὃ ὃϳ  in controlling the post-cracking behaviour of hybrid RC slabs. The authors concluded that the 

CSA S806-12 deflection model predicted the experimental results precisely. Calculations of the bond-

dependent coefficient, Ὧ of BFRP using the experimental results yielded an average value of 1.27, which 

was considered close to the 1.2 recommended value by ACI 440.11-22. 

1.2 Motivation and Research Significance 

As mentioned earlier, the design of steel RC elements is, in many cases, controlled by ULS 

requirements, resulting in over-designed sections for the SLS. The design of GFRP RC elements is 

typically controlled by SLS checks [1], resulting in over-designed sections for the ULS. Using steel 

rebars in combination with GFRP bars is expected to enhance the ultimate capacity and ductility of 

conventional steel RC flexural members. 

The behaviour of steel-GFRP hybrid RC sections has been studied by many researchers [7,10,20,11ï

16,18,19], and the feasibility of having a concrete section reinforced with steel and GFRP bars was 

experimentally confirmed. However, these studies focused on adding steel rebars to GFRP-reinforced 

members or replacing some GFRP bars with steel rebars. Replacing steel rebars with GFRP bars has not 

been studied by any researcher. Studies on hybrid RC members focus on serviceability aspects such as 
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deflection, crack width, and flexural behaviour. Several experimental studies were recently conducted 

on hybrid reinforced members' deflection and cracking behaviour. Further investigation is required to 

determine the factors that affect the cracking behaviour. Moreover, only a few researchers have studied 

the ductility of hybrid reinforced RC elements under flexural loads, which still needs more investigation. 

Additionally, no research or design code sets a baseline for the design of steel-GFRP hybrid RC elements. 

Thus, the theoretical investigations aim to set a platform for designing steel-GFRP hybrid RC 

sections. Design considerations for designing steel-GFRP hybrid RC flexural elements need to be 

investigated. A parametric study is needed to determine the feasibility of transforming steel RC sections 

into alternative steel-GFRP hybrid RC sections with the same number of bars. Keeping the same total 

number of bars in the section will only result in minimal changes to the structural drawings of the project, 

in that the design engineer can add a revision note stating the permissible replacement ratio of the original 

steel RC sections. 

The experimental study aims to experimentally investigate the flexural and serviceability behaviour 

of steel-GFRP RC beams using a monotonic four-point load flexural test. The main test parameters are 

the bar diameter, the GFRP to steel replacement ratio, and the effective reinforcement ratio. The relevant 

codes and standards equations for predicting the flexural response, deflection, and crack width need to 

be assessed and compared with the experimental results. 

1.3 Research Objectives and Scope of Work 

The objective of this research is to investigate the flexural and serviceability behaviour of steel-

GFRP hybrid reinforced concrete beams and slabs. To achieve this goal, both analytical and experimental 

studies were conducted as explained in the following scope of work: 

1- Setting a platform for designing steel-GFRP hybrid sections 

2- Conducting an analytical study to transform steel RC sections to alternative steel-GFRP hybrid 

RC sections with the same total number of bars to increase the ultimate capacity without violating 

the serviceability requirements such as deflection, crack width, and rebar stress. 

3- Proposing the optimum replacement ratio, ὃ ὃϳ  to control the serviceability of hybrid RC 

sections. 

4- Investigating a limit for the steel stress at the service stage to ensure appropriate behaviour for 

steel bars in the hybrid RC members before steel yielding. 

5- Assessing deflection and first cracking moment predictions in the relevant standards and 

guidelines. 
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6- Investigating the cracking behaviour of hybrid RC beams and one-way slabs, including the bond-

dependent coefficient, Ὧ. 

7- Comparing the existing models for ductility indices using the experimental results. 

8- Studying one-way slabs beside beams to confirm the findings on a different flexural element, 

which might differ in the cracking or deflection behaviour. 

1.4 Thesis layout 

Six chapters, a Table of contents, a List of Figures, References, and an Appendix compose this 

dissertation. The chapters discuss the analytical investigations and the experimental work completed. 

The following is the content of the chapters: 

¶ Chapter 1 presents the introduction, research objectives, research scope, and a description 

of the thesis layout. 

¶ Chapter 2 provides a literature review on flexural capacity and failure modes, ductility and 

energy absorption, and previous experimental research on crack width and deflection 

predictions. Finally, a summary and gaps in the literature were provided. 

¶ Chapter 3 presents a comprehensive analytical study that aims to study the feasibility of 

replacing some steel rebars with GFRP bars in the steel RC section and set a platform for 

designing steel-GFRP hybrid RC sections. Design considerations are suggested for the 

design of steel-GFRP hybrid RC flexural elements. The design considerations are 

recommended for both SLS and ULS, except for the deflection. Practical design charts are 

developed for the proposed design recommendation based on the fundamentals of section 

analysis. Finally, an extensive parametric study was undertaken to transform steel RC 

sections into alternative steel-GFRP hybrid RC sections with the same total number of bars. 

¶ Chapter 4 provides an experimental study of the flexural behavior of 15 RC beams, 

including five concrete beams reinforced with steel rebars, two reinforced with GFRP bars, 

and eight reinforced with steel-GFRP hybrid reinforcement. The test parameters are the bar 

diameter, reinforcement ratio, and replacement ratio. The experimental results of the tested 

beams include crack propagation and failure modes, flexural capacity and yielding moments, 

strain distribution, flexural response, the effect of the reinforcement ratio of yielding and 

ultimate moments, and ductility and energy absorption. 

¶ Chapter 5 introduces the experimental results of 15 RC beams, including the first cracking 

moment and flexural behaviour, concrete and rebar strain, midspan deflection, and crack 
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width. A comparison between the experimental results and the prediction using CSA 

standards and ACI guidelines is discussed. 

¶ Chapter 6 provides an experimental study of the flexural and serviceability behaviour of 

eight RC slabs, including two concrete slabs reinforced with steel rebars, two concrete slabs 

reinforced with GFRP bars, and four concrete slabs reinforced with steel-GFRP hybrid 

reinforcement. The test parameters are the bar diameter, bar spacing, and replacement ratio. 

The experimental results of the tested slabs include crack propagation and failure modes, 

strain distribution, moment-deflection response, crack width, and ductility and energy 

absorption. 

¶ Chapter 7 summarizes the conducted research work, the main findings and conclusions 

drawn from this study, and the recommendations for future work. 

¶ Appendix A provides additional figures for experimental work done in chapters 4, 5, and 6, 

including the construction procedures, the testing of beams and slabs, and the testing of the 

materials used in the construction. 

¶ Appendix B provides a design example for the analytical work in Chapter 3 for steel RC 

slab to obtain the replacement ratio using the proposed step-by-step design procedure. 

It should be mentioned that there could be some overlap between the chapters' content due to the 

nature of this paper-based thesis format. This could be found in the introduction of each chapter, the 

design and details of test specimens, the test setup, testing instrumentation, and the loading protocol. 
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Chapter 2  

Literature survey 

This chapter provides a critical review of previous studies conducted on hybrid reinforced concrete 

elements. Flexural capacity and failure modes are discussed in section 2.1. Deflection predictions is 

addressed in section 2.2. Crack width is discussed in section 2.3. The concept of ductility and energy 

absorption is addressed in section 2.4. summary of previous research conducted, appointing the research 

gaps in the literature, is discussed in section 2.5. 

2.1 Flexural Capacity and Failure Modes 

Many researchers [2,13,15,21]  have experimentally confirmed that the strain distribution of hybrid 

RC beams is the same as that of steel RC beams, meaning that the assumption that plane sections remain 

plane after bending is valid for hybrid RC beams. Many researchers [10,15,20] have recommended the 

ductile failure mode for hybrid RC beams, which means concrete crushing and steel yielding prior to 

FRP rupture. Considering this failure mode and based on the strain compatibility, force equilibrium, and 

rectangular stress block for the stress distribution in the concrete compression side, as shown in Figure 

2.1, the stress in the GFRP bars at the ultimate, Ὢ and nominal moment capacity ὓ  can be calculated 

using the following equations:  

Ὢ
ρ

τ

ὃὪ

ὃ
Ὁ‐ Ὁ‐

‌‍ὦὨὪ ὃὪ

ὃ

ρ

ς

ὃὪ

ὃ
Ὁ‐ Ὢ  (2.1) 

ὓ ὃὪ ὃὪ Ὠ
‍ὧ

 ς
 (2.2) 

‌ πȢψυ (2.3a) 

‍ πȢψυ
πȢπυὪ ςψ

χ
πȢφχ (2.3b) 

‌ πȢψυπȢππρυὪ πȢφχ (2.4a) 

‍ πȢωχπȢππςυὪ πȢφχ (2.4b) 

The rectangular stress block hypotheses for the stress distribution in the compressive zone of concrete of 

FRP RC flexural members proposed by ACI 440.11-22 [22]and CSA S806-12 [23] standard are different. 

As strain compatibility is valid for the hybrid RC flexural sections, the aforementioned hypotheses can 

be used for hybrid RC flexural members. The main difference between the two hypotheses in ACI 

440.11-22 and CSA S806-12 is the definition of the stress block parameters ‌ and ‍ as expressed in 

Eqs. (2.3a) and (2.4a) and Eqs. (2.3b) and (2.4b), respectively. The other main difference is the maximum 



8 

 

concrete compressive strain, which equals 0.003 and 0.0035 for ACI 440.11-22 and CSA S806-12, 

respectively. The equivalent rectangular stress diagram of hybrid RC members is shown in Figure 2.1. 

 

Figure 2.1 Equivalent rectangular stress diagram of hybrid RC flexural members 

Hybrid RC beams have three components that can fail: steel rebars, FRP bars, and concrete. As such, 

Pang et al. [20] defined two balanced reinforcement ratios ”ȟ and ”ȟ. The yield reinforcement ratio 

”ȟ is defined as the reinforcement ratio corresponding to steel yielding and concrete crushing 

simultaneously prior to FRP rupture, as expressed in Eq. (2.5). The critical reinforcement ratio ”ȟ is 

defined as the reinforcement ratio corresponding to FRP rupture and concrete crushing simultaneously 

after the yielding of steel rebars, as expressed in Eq. (2.6). Pang et al. proposed the term effective 

reinforcement stiffness, ” ȟ, in Eq. (2.7) and mechanical reinforcing index, ” ȟ, in Eq. (2.8) to consider 

the different stiffnesses and strengths, respectively, of the steel rebars and GFRP bars. Additionally, Pang 

et al. [20] suggested some limits for the effective reinforcement ratio in Eq. (2.7) and Eq. (2.8) to prevent 

FRP rupture and ensure steel yielding before concrete crushing. 
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2.2 Deflection Predictions 

Beam deflection can be calculated theoretically using a moment of inertia. RC beams generally have 

three different stages of the moment of inertia: a gross moment of inertia, Ὅ, before the beam cracks, a 

cracked moment of inertia, Ὅ , after the beam becomes fully cracked and a stage between Ὅ and Ὅ . To 

predict the deflection at the service stage of a flexural element, the ACI 318-08 [24] code presents the 
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concept of an effective moment of inertia, Ὅ, to describe the moment of inertia between the stage of the 

uncracked section and the stage of the fully cracked section. The concept of the effective moment of 

inertia was originally presented by Branson in 1977 for steel RC beams. ACI 440.1R-06 [25] adopted a 

new equation for Ὅ to account for the decreased tension stiffening demonstrated by FRP RC elements 

by including a reduction factor ‍, as expressed in Eqs. (2.9) and(2.10). This modification was needed 

because Bransonôs equation overestimates the Ὅ of FRP RC beams, especially lightly reinforced concrete 

beams [26]. Bischoff and Scanlon [27] showed that Bransonôs equation does not work properly for steel 

reinforcement ratios lower than 1% or for FRP RC beams. They presented a new equation for the 

effective moment of inertia as expressed in Eq. (2.11). It was shown that this new equation is appropriate 

for steel RC elements at all reinforcement ratios or FRP RC beams [27]. ACI 318-19 [28]code 

recommends using the effective moment of inertia Ὅ  in Eq. (2.11) to calculate the deflection of steel 

RC flexural members after the moment reaches (2/3) Mcr. ACI 318-19 [28] code recommends using Eq. 

(2.11) but with cracking moment reduction factor of (2/3) to consider effective cracking moment and 

reduced concrete tensile strength. Eq. (2.11) was updated later in ACI440.1R-15 based on the research 

done by Bischoff and Scanlon [29]to include an additional factor ‎ to consider the variation in stiffness 

along the length of the element, as expressed in Eq. (2.12). The ‎ factor depends on the load and boundary 

conditions, and ACI440.1R-22 allows for the factor to be taken as ‎ πȢχςπȢχςὓ ὓϳ . However, 

a more accurate value can be found in the Bischoff and Gross 2011 study. ACI 440.11-22 recommends 

using Eq. (2.12) but with cracking moment reduction factor of 0.8. 

Ὅ
ὓ

ὓ
‍▀Ὅ ρ

ὓ

ὓ
Ὅ Ὅ (2.9) 
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(2.12) 

where Ὅ  is the cracked moment of inertia, which is calculated using the cracked section analysis; Ὅ is 

the gross moment of inertia of the section disregarding the reinforcement; ὓ  is the applied moment; 
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ὓ  is the cracked moment; ” is the FRP reinforcement ratio; and ”  is the FRP balanced reinforcement 

ratio. 

Yoon et al. [30] developed a new method based on the tension stiffening approach of Bischoffôs 

(2005) expression for Ὅ to predict the deflection after the yielding of steel of hybrid RC beams. Figure 

4 shows the flexural element response, including tension stiffening for hybrid RC beams with steel and 

FRP reinforcements. Yoon et al. developed the expression shown in Eq. (2.13) that can be used after 

steel yielding for deflection calculations, while Eq. (2.11) can be used before steel yielding. Many 

researchers [15,19,31] have used the Yoon et al. model and found good agreement between the 

experimental results and the deflection predictions. 

Ὅ
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Ὅ
Ὅ

ὓ
ὓ
ρ
Ὅ
Ὅ

ὓ
ὓ

ρ
Ὅ
Ὅ

Ὅ 
(2.13) 

where ὓ  is the steel yielding moment and Ὅ is the moment of inertia after steel yields, which can be 

approximately calculated using the value of Ὅ  for the beam cross-section without considering the steel 

reinforcement [30]. 

The CSA S806-12 [23]recommends using a closed-form equation for maximum deflection 

calculation based on loading conditions for GFRP RC beams. The deflection equation for four-point 

loading is given in Eq. (2.14). El Refai et al. [14] concluded that the CSA S806-12 equation was 

conservative in predicting the deflection of hybrid RC beams. In addition, they claimed that more data 

are required for the assessment of the CSA S806-12 equation for hybrid RC beams with reinforcement 

ratios (” ȟ) higher than 1.1%. 

ῳ
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τψὉὍ
σ
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ὒ
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ὒ
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where ὒ is the distance between the support and the point where ὓ ὓ , as shown in Eq. (2.15); ὥ is 

the distance between the supports and the load; ὖ is the total applied load on the beam; Ὁ is the concrete 

modulus of elasticity; ὒ is the span of the beam; and – can be calculated in Eq. (2.16). 

ὒ ὥ
ὓ

ὓ
 (2.15) 

– ρ
Ὅ

Ὅ
 (2.16) 

It is obvious from the literature survey that some factors affect the serviceability behaviour, 

including the bond coefficient, Ὧ, and crack width of hybrid RC members. Additionally, the ratio of the 

GFRP reinforcement area to the total reinforcement area (ὃ ὃϳ ) affects the flexural behaviour and the 
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serviceability behaviour of hybrid RC members. More experimental data are required to provide a better 

estimation of the bond coefficient factor Ὧ and to determine the appropriate value for ὃ ὃϳ  for a given 

steel RC member. 

2.3 Crack Width Predictions 

The concrete structure members will typically develop flexural cracks under the service limit state 

due to the low tensile strength of concrete. Many design codes, standards, and guidelines provide 

procedures to control the crack width either by limiting the spacing between longitudinal rebars in the 

flexural members as for ACI provisions or limiting crack control parameter, ᾀ as for CSA standards. The 

Japanese Society of Civil Engineers [32] proposed disregarding the crack width limitations for FRP RC 

members, given the anti-corrosion properties of GFRP bars. Nonetheless, the presence of steel rebars in 

the hybrid RC beams requires limiting the crack width under service loads. A few studies in the literature 

investigated crack width predictions and proposed equations or expressions to evaluate the crack width 

of hybrid RC beams. 

Aiello and Ombres [11] studied the performance of hybrid RC beams, including the cracking 

behaviour. They used the modified version (Eqs. (2.17)-(2.19)) of the well-known Gergely-Lutz [33] 

equation made by different authors for crack width evaluation of FRP RC beams. Faza and GangaRao 

[34] proposed Eq. (2.17), while Gao suggested Eq. (2.18) (ACI 1996b[35]). The only difference between 

the two models is the inclusion of the bond-dependent coefficient, Ὧ, in Gaoôs model (ACI 1996b [35]), 

which suggested a value of 1.5 for kb in the absence of experimental data. Aiello and Ombres mentioned 

that Gaoôs model can predict the crack width of hybrid RC beams with overestimation at the 

serviceability stage; however, it depends strongly on kb values. On the other hand, the Faza and 

GangaRao model has a good prediction at a low range of applied service loads while underestimating the 

crack width at a higher range of service loads [11]. 

ύ πȢπρρς‍
Ὁ

Ὁ
Ὢ Ὠὃ ρπ    άά (2.17) 

ύ πȢπρρς‍ὯὪ Ὠὃ ρπ    άά (2.18) 

Ὧ Ὧ
Ὁ

Ὁ
 (2.19) 

Ge et al. [36] adopted the crack width equation of Gergely Lutz to fit hybrid RC beams and proposed 

Eq.(2.21), where ” ὃȾὦὬ and ” ὃȾὦὬ. The authors claimed that the theoretical values of the 

maximum crack width calculated by Eqs. (2.20) and (2.21) were compatible with the experimental 

results. 
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ύ πȢτ‍ὼ‐ Ὠὃ (2.20) 

ὼ ’ ” ’ ”  (2.21) 

where ’ is the relative bond coefficient of steel rebars, which is equal to 1.0 for deformed rebars and ’ 

is the relative bond coefficient of FRP bars, which is equal to the ratio of the bond strength of the FRP 

bar and the bond strength of the steel rebar measured using a pull-out test and from the same diameter. 

Qu et al. [2] used ACI440.1R-06 Eqs. (2.22) and (2.23) for hybrid RC beams since it predicts the 

maximum crack width in steel and FRP RC beams. They proposed using a Ὧ value of 1.4 in the ACI 

equation for hybrid RC beams. The authors compared the ACI equations and the test results. They found 

that the crack width predictions by the ACI model were different from the experimental results when the 

load level went beyond the yielding of the steel. They emphasized the importance of the kb factor in the 

predictions of crack width in hybrid RC beams and suggested that more effort should be made to 

determine a proper value for Ὧ of hybrid RC beams. 

ύ ς ‐‍ Ὧ Ὠ ίȾς  
(2.22) 

‐
ὓ

ὃὉ ὃὉ Ὠρ Ὧσϳ
 (2.23) 

where ύ = maximum crack width; ‐ = tensile strain at the centroid of the reinforcing zone; ‍  = 

ratio of the distance from the neutral axis to the extreme tension fibre to the distance from the neutral 

axis to the centre of the tension reinforcement; Ὠ = thickness of the cover from the tension face to the 

centre of the closest bar; Ὧ =1.0 for steel, 1.4 for FRP, and 1.4 for hybrid steel/GFRP reinforcement; 

and ί = longitudinal reinforcement spacing. 

Many researchers [13,14] used the previous equations of ACI (Eqs. (2.22) and (2.23)) to predict the 

maximum crack width for hybrid RC beams. El Refai et al. proposed an expression to determine the Ὧ 

value for crack width calculation in the ACI equations for hybrid RC beams, as expressed in Eq.  (2.24). 

The authors compared the ACI equations, which included the new definition of Ὧ, with the test results 

and found a good agreement between the theoretical and experimental results. They also found that the 

ACI equation could not predict the crack width beyond steel yielding regardless of the Ὧ value. The 

authors recommended a thorough investigation to accurately determine the kb factor for hybrid RC beams 

to consider different characteristics of available FRP bars. Ruan et al. [13] applied the Ὧ expression of 

El Refai and compared the theoretical predictions of the crack width with the experimental results. Ruan 

et al. found good agreement between the predictions of the maximum crack width using Eqs. (2.22)-
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(2.24) and the experimental results. Yinghao and Yong [15] concluded that Eq. (2.22), with a Ὧ of 1.0 

can accurately predict the crack width for hybrid RC beams. 

Ὧ ρȢτ‌
ὃ

ὃ
 (2.24) 

where ‌ accounts for the GFRP bar diameter; ‌ ρȢπ for the 12 mm diameter and ‌ ρȢς for the 16 

mm diameter; and ὃ and ὃ are the reinforcement areas of the GFRP bars and steel rebars in the hybrid 

RC beam, respectively. 

2.4 Ductility and Energy Absorption 

The ductility of beams can be defined as the ability to absorb energy or sustain inelastic deformations 

and large rotations without severe damage. For conventional steel RC beams, ductility refers to steel 

yielding or the ability to deform before concrete crushing. The ductility of steel RC beams can be defined 

by the ductility index, which is considered the ratio of total deformation at the ultimate stage to the 

deformation at the yielding stage. FRP bars do not show a distinct yielding point as steel rebars, which 

necessitates developing a new approach to describe the ductility of FRP RC beams. Many researchers 

[37,38] have developed different expressions to describe the ductility of either FRP RC or hybrid RC 

beams. These expressions belong to two main concepts: the energy-based ductility concept and the 

deformation-based ductility concept. 

Naaman and Jeong [37] developed a ductility index А using an energy-based concept for beams 

reinforced with steel and FRP, which considers the ratio of the total energy to the elastic energy, as 

expressed in Eq. (2.25) and shown in Figure 6. 

А πȢυ
Ὁ

Ὁ
ρ (2.25) 

where Ὁ  is the total energy, calculated as the area under the load-deflection curve up to the failure 

load, and Ὁ  is the elastic energy, which is a portion of the total energy. The failure load is either the 

maximum or the failure load of the load equivalent to 80% of the maximum load on the descending part 

of the load-deflection curve. Ὁ  can be calculated from the unloading tests; however, the slope Ὓ can be 

calculated using Eq. (2.26) and Figure 2.2 

Ὓ
ὖὛ ὖ ὖ Ὓ

ὖ
 (2.26) 

where ὖ is the cracking load, ὖ is the intersection between the tangents in Figure 2.2, and Ὓ and Ὓ are 

the slopes of the two initial straight lines. 
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Although Eq. (2.25) was obtained from the load-deflection curve, the same expression can be used 

for the moment-curvature or moment-rotation curves. 

 

Figure 2.2 Ductility index based on the energy concept [37] 

Emadi and Hashemi [38] modified the ductility index originally developed by Naaman and Jeong 

to the expression shown in Eq. (2.27) to be used in RC beams strengthened with CFRP plates. 

Аȟ πȢυ
Ὁ

Ὁ
ρ  (2.27) 

where Ὁ  is the beam energy until the ultimate state and can be calculated using the area under the load-

deflection curve up to the ultimate deflection and Ὁ is the beam energy until the first steel yielding of 

the main steel and can be calculated using the area under the load-deflection curve up to yielding 

deflection. 

Vijay and GangaRao [39] developed a ductility factor, defined as the ratio of the energy at the 

ultimate state, by calculating the area under the moment-curvature curve to the energy calculated based 

on curvature limiting. A conventional value of 0.0005/d (rad/mm) is assumed, where d is the effective 

depth of the cross-section. 

A further modification was performed later by Tan [40] to propose a ductility index, which is defined 

as the area under the load-deflection curve up to a failure load of 80% of the peak load (ὃȢ ) to the area 

under the load-deflection curve up to pseudo-yield deflection (ὃ ). Tan defined pseudo-yield deflection 

as the deflection corresponding to the intersection of the line passing through the origin and the yield 

load and the constant line through the peak load. Tan proposed this index for the ductility evaluation of 

hybrid RC beams. 

Many researchers have developed a deformability index based on the deformation-based ductility 

concept. Jaeger et al. [41] introduced the terminology ñdeformability factorò as an indicator of ductility 
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that includes a curvature and moment corresponding to 0.001 concrete strain to evaluate the ductility of 

FRP RC beams, as described in Eq. (2.28). This model was established for RC rectangular beams and 

was based on the concrete crushing failure mode. The authors argued that the concrete strain at the top 

compression fibre is almost 0.001 for RC beams under service load conditions. This deformability index 

was used later in the CSA-S6-10 provisions for FRP RC beams. This standard recommends that the 

deformability index should not be less than 4 for GFRP RC rectangular beams. 

А
•

•Ȣ

ὓ

ὓȢ
 (2.28) 

where ὓ  and •  are the moment and curvature at the ultimate limit state, respectively, and ὓȢ  and 

•Ȣ  are the moment and curvature corresponding to a concrete strain of 0.001 at the top compression 

fibre. 

The original version of the deformability index, А proposed by Jaeger et al. neglected steel yielding. 

El refai et al. [14] modified the deformability index А for GFRP and hybrid RC beams, which considers 

the steel yielding instead of the 0.001 concrete strain condition as described in Eq. (2.29). 

Аȟ
•

•

ὓ

ὓ
 (2.29) 

where ὓ  and •  are the moment and curvature at steel yielding, respectively. 

Zou [42] included the cracking behaviour in a new deformability factor ὤ, which accounts for the 

cracking moment and curvature at the first cracking, as shown in Eq. (2.30). The author proposed the ὤ 

factor by this shape because the sustained service load in concrete beams prestressed by FRP or steel 

tendons is usually less than or near the cracking load level. However, it may not necessarily be relevant 

for hybrid RC beams. 

ὤ
ῳ

ῳ

ὓ

ὓ
 (2.30) 

where ῳ  and ὓ  are the deflection and the moment at the ultimate state, respectively, and ῳ  and 

ὓ  are the deflection and the moment at the first cracking, respectively. 

Lau and Pam [12] introduced the conventional displacement ductility index for hybrid RC beams, 

which is defined as the ratio of deflection at the ultimate limit state (ῳ ) and the deflection at the yielding 

stage. The authors defined the term yielding as the stage when the load-deflection curve turns nonlinear. 

Pang et al. [20] emphasized the need for a quantitative and qualitative evaluation of ductility that is 

dependent on the steel yielding point for hybrid RC beams to compare the ductility of hybrid RC beams 

to that of steel RC beams. Pang et al. developed a new ductility index that considers the energy ratio 

between hybrid RC beams and steel RC beams and the deformation at ultimate and at yielding of the 
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hybrid RC beams. The equal reinforcement area and axial stiffness developed for steel RC and hybrid 

RC beams, as shown in Figure 2.3 and Figure 2.4, respectively, were used for ductility index analysis. The 

energy absorption of steel RC beams, Ὗ, and that of hybrid RC beams, Ὗ , can be calculated from Eqs. 

(2.31) and (2.32) with the help of Figure 2.3 and Figure 2.4. The authors noticed that when either the 

reinforcement areas or the axial stiffnesses of the reinforcement are the same for the steel and hybrid RC 

beams, the energy absorption ratio (А ὟȾὟ) changes with the FRP to steel reinforcement ratio 

ὃȾὃ. They concluded that considering the previous observation is important for the determination of 

the suitable ratio, ὃȾὃ to meet the ductility conditions of conventional steel RC beams А . The new 

ductility index Аcan be calculated using Eq. (2.33). 

 

  

Figure 2.3 Ideal moment-curvature curves of the RC 

beams for the same reinforcement areas [20] 

Figure 2.4 Ideal moment-curvature curves of the RC 

beams for the same axial stiffness of the reinforcement 

[20] 

 

where Ὗ  is the area under the moment-curvature curve of the hybrid RC beam; Ὗ is the area under the 

moment-curvature curve of the equivalent steel RC beam; Ὀ  is the ultimate deformation (i.e., 

displacements, curvature, rotations) of the hybrid RC beam; Ὀ  is the deformation of the hybrid RC 

beam at the onset of steel yielding; ‪ is the ductility reduction factor; and А is the ductility requirement, 

which is based on the conventional definitions for steel RC beams to ensure adequate ductility. 

Ὗ
ὓ •

ς
ὓ • •  (2.31) 

Ὗ
ὓ •

ς

ὓ ὓ • •

ς
 (2.32) 

А
‪Ὀ

Ὀ
А  (2.33) 

‪ Ὗ Ὗ ρȢπϳ  (2.34) 
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2.5 Summary and gaps in the literature 

Based on the previously discussed literature, the following gaps in knowledge and their 

corresponding suggestions for future research work are explained: 

1- Many researchers have studied enhancing the GFRP RC elements by adding steel rebars to 

improve the serviceability behaviour, especially the deflection. A few researchers have studied 

the option of adding GFRP bars to a steel RC element to enhance the ultimate flexural capacity 

and durability. 

ü It is suggested to study the feasibility of replacing some steel rebars with GFRP bars in 

steel RC beams and one-way slabs. Knowing that GFRP bars exhibit higher ultimate 

strength and are corrosion resistant, the current research aimed to replace steel rebars with 

GFRP bars to increase the ultimate capacity without violating serviceability requirements 

such as deflection, crack width, and rebar stress. Replacing steel rebars with some GFRP 

bars has not been studied by any researcher. 

2- Several experimental studies were recently conducted on hybrid reinforced members' deflection 

and cracking behaviour. However, most of these studies compared the cracking behaviour of 

different replacement ratios without providing an equation to describe the different affecting 

factors. Some studies in the literature suggested using a fixed value for the bond-dependent 

coefficient, Ὧ, which overestimates the crack width predictions compared to the experimental 

results. Some other studies provided an equation that requires the FRP pull-out test, which is 

considered not a practical design solution, or provided an equation that depends only on the 

ὃ ὃϳ  ratio or GFRP bar diameter, which needs more investigation. 

ü It is recommended to provide more experimental data for a better estimation of the bond-

dependent coefficient, Ὧ. 

3- A few researchers have proposed a different limit for the optimum GFRP reinforcement area to 

the total reinforcement area (ὃ ὃϳ ) but only for controlling hybrid RC beams' ductility and 

ultimate capacity behaviour. 

ü No research has been done to propose the optimum, ὃ ὃϳ  ratio to control the 

serviceability of hybrid RC beams, which requires more investigation in the current 

research work. 

4- A few researchers have studied the ductility of hybrid reinforced RC elements under flexural 

loads while proposing many ductility indices without agreeing on an appropriate index to 

describe the behaviour of hybrid RC beams. 
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ü It is recommended that the existing models for ductility indices be compared and verified 

using the experimental results. 

5- While proposing an equivalent hybrid RC beam for a steel or GFRP RC beam, no research or 

design code sets a limit for the maximum service stress of the steel rebars. Neglecting the steel 

yielding while studying the hybrid RC element can result in unrealistic alternatives and should 

be considered in the proposed hybrid RC element. 

ü Investigating a limit for the steel stress at the service stage is required to ensure appropriate 

behaviour for steel bars in the hybrid RC members before steel yielding. Moreover, no 

research or design code sets a baseline for designing steel-GFRP hybrid RC elements, 

which still needs more investigation. 

6- One of the gaps in the literature is in studying hybrid RC slabs, and no research has been done 

to study the flexural and serviceability behaviours of hybrid RC slabs. 

ü The current study proposes including one-way slabs beside beams to confirm the findings 

on a different flexural element, which might differ in the cracking or deflection behaviour. 
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Chapter 3  

A simplified approach for design of steel-GFRP hybrid reinforced concrete sections 

3.1 Abstract 

The corrosion of steel reinforcement is one of the main reasons for the deterioration of reinforced 

concrete (RC) structures subjected to harsh environments. Glass fibre-reinforced polymer (GFRP) 

reinforcing bars have emerged as an ideal solution at an affordable cost for eliminating this issue. The 

design of steel RC elements can be controlled by ultimate limit state (ULS) requirements, resulting in 

over-designed sections for the serviceability limit state (SLS). On the other hand, the design of GFRP 

RC elements is typically controlled by SLS checks, resulting in over-designed sections for the ULS. 

Replacing some steel rebars with GFRP bars could be an economical solution in the case of a shortage 

in the supply of steel rebars, especially in large quantities of steel reinforcement. This replacement with 

GFRP bars would be even more economically attractive if the replaced steel bars were stainless, epoxy-

coated, zinc-coated or galvanized. This research aims to set a platform for designing steel-GFRP hybrid 

RC sections. Based on fundamental theories of reinforced concrete beams and the available literature, 

design considerations are suggested for the design of steel-GFRP hybrid RC flexural elements. Using the 

proposed design recommendations, an analytical study was undertaken to develop simplified design 

charts for transforming steel RC sections to alternative steel-GFRP hybrid RC sections with the same 

total number of bars. This research proposes a step-by-step design procedure using design charts to find 

a replacement ratio of an alternative steel-GFRP hybrid RC section using properties of a steel GFRP RC 

section that would suit its design purpose.  

3.2 Introduction  

The corrosion of steel reinforcement deteriorates the structural components of reinforced concrete 

(RC) structures subjected to severe environmental conditions, thus reducing the service life and 

increasing the maintenance cost of the main structure. Using zinc-coated, galvanized, and stainless-steel 

reinforcing bars is considered a solution in design practice. However, those alternatives are more 

expensive, resulting in a higher construction cost. Glass fibre-reinforced polymer (GFRP) reinforcing 

bars have emerged as a possible solution for eliminating corrosion issues in RC structures. GFRP rebars 

have been employed worldwide for the past few decades owing to their unique benefits: corrosion 

resistance, high strength, non-magnetic characteristics, affordable cost and light weight [43]. 

The mechanical and physical properties of GFRP rebars are considerably different from those of 

steel rebar. While steel rebars are ductile, GFRP rebars are linear elastic to failure. GFRP rebars have 
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higher tensile strength than steel rebars. However, they have a lower modulus of elasticity than steel 

rebars.  

The design of steel RC elements can be controlled by the ultimate limit state (ULS) requirements, 

resulting in over-designed sections for the serviceability limit state (SLS), i.e., crack width, bar spacing, 

and deflections. The design of GFRP RC elements is typically controlled by SLS checks [1], which 

results in sections that are over-designed for the ULS. This dissimilarity in behaviour inspired this study 

to investigate the feasibility of having a steel-GFRP hybrid RC section where some zinc-coated, 

galvanized, or stainless-steel rebars is replaced with GFRP bars. 

It is noteworthy that the deflection checks can govern the design of steel RC elements in some cases. 

In such cases, the alternative steel-GFRP hybrid RC element will require more reinforcement and/or 

larger section depth to satisfy the deflections. Bischoff and Scanlon [29] developed span-depth ratio 

equations in the form of the deflection-to-span limit of ACI 318 and reinforcement ratio for steel RC 

beams and one-way slabs to satisfy strength and deflection requirements. They stated that deflection 

requirements are satisfied for the majority of slabs using the minimum thickness value of ACI 318, except 

for the heavily loaded slabs with a dead load to live load ratio of 2.0 [29]. Moreover, they concluded that 

the deflection requirements may govern the design of typical steel RC beams[29]. 

A steel-GFRP hybrid RC section would benefit from the superior advantages of steel at SLS, 

particular advantages of GFRP at ULS, and ductility provided by steel reinforcement. Replacing some 

steel rebars with GFRP bars can reduce the construction costs of the project by lowering the material and 

labour costs. Moreover, replacing some steel rebars exposed to harsh environmental conditions, such as 

corners and the outermost reinforcement layer, with GFRP bars can increase the service life of the 

element [2ï8]. In addition, steel-GFRP hybrid RC sections provide higher ductility and stiffness than 

GFRP RC sections [4ï6,8,9]. Replacing some steel rebars with GFRP bars could be an economical 

solution in the case of a shortage in the supply of steel rebars, especially in large quantities of steel 

reinforcement. Moreover, steel-GFRP hybrid RC beams can have less crack width and less deflections 

under the same service moment than GFRP RC flexural elements [10]. 

The behaviour of hybrid sections has been studied by many researchers [12ï16,18,19], and the 

feasibility of having a concrete section reinforced with steel and GFRP bars was experimentally 

confirmed. However, no research nor design code sets a baseline for the design of steel-GFRP hybrid RC 

elements.  

Thus, this research aims to set a platform for designing steel-GFRP hybrid RC sections. Based on 

fundamental theories of RC sections under flexure and the available literature, design considerations are 

suggested for the design of steel-GFRP hybrid RC flexural elements. The design considerations are 
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recommended for both SLS and ULS, except deflection. Practical design charts are developed for the 

proposed design recommendation based on the fundamentals of section analysis. Finally, an extensive 

parametric study was undertaken to transform steel RC sections to alternative steel-GFRP hybrid RC 

sections with the same total number of bars. Keeping the same total number of bars in the section will 

only result in minimal changes to the structural drawings of the project, in that the design engineer can 

add a revision note stating the permissible replacement ratio of the original steel RC sections. 

3.3 Design Recommendations 

Using an appropriate design approach and criteria is crucial for safe operation and balancing 

performance and expenses. Many design codes, standards and guidelines have been developed to guide 

engineers in designing steel RC elements, such as ACI 318-19 [28], CSA A23.3-19 [44], AASHTO 

LRFD (2017) [45], and CSA S6-19 [46], and GFRP RC elements, such as ACI 440.1R-15 [43], CSA 

S806-12 [23], AASHTO LRFD for GFRP (2018) [47], and CSA S6-19[46]. However, neither of these 

codes or standards cover the design of steel-GFRP hybrid RC flexural elements. Despite the lack of 

information on steel-GFRP hybrid RC elements in design codes and guidelines, several experimental 

endeavours have been undertaken by many researchers. Moreover, CSA S806-12 [23] and ACI 440.2R-

17 [48] cover the strengthening of existing steel RC elements using FRP, which conceptually resembles 

the steel-FRP hybrid sections. The present study proposes design recommendations consistent with two 

design philosophies of ACI (ACI 318-19 [28], ACI 440.1R-15 [43], and AASHTO LRFD [45]) and CSA 

(CSA A23.3-19 [44], CSA S806-12 [23], and CSA S6-19 [46]). 

3.3.1 Design Recommendations for Steel-GFRP Hybrid RC Elements 

Theoretical calculations for steel-GFRP hybrid RC sections have not been stated in available design 

codes or guidelines. Thus, this study followed fundamental theories of RC sections under flexure and the 

available literature to propose design recommendations and perform design checks of steel-GFRP hybrid 

RC sections.  

3.3.1.1 Ultimate Limit State 

The steel RC sections are designed to be under reinforced; that is, the steel rebar yields before the 

extreme compression fibre reaches the maximum compression strain. The maximum compression strain 

limit is 3500 ÕŮ for CSA A23.3-19 and 3000 ÕŮ for ACI 318-19. The neutral axis depth is determined 

using the equilibrium of the internal forces and strain compatibility, and then the moment resistance is 

computed. For CSA A23.3-19, the ultimate material strengths are multiplied by the material resistance 

factors of • πȢψυ and • πȢφυ for steel and concrete, respectively. For ACI 318-19, the moment 
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strength reduction factor (‰) is considered to calculate the moment resistance of the flexural elements, 

as follows:  

‰

ừ
Ừ

ứ
πȢω                                                    ὭὪ ‐ ‐ πȢππσ

πȢφυ
πȢςυ‐ ‐

πȢππσ
       ὭὪ‐ ‐ ‐ πȢππσ 

πȢφυ                                                                  ὭὪ ‐ ‐

 (3.1) 

where ‐ is the strain in the steel reinforcement at the ULS and ‐ is the yielding strain of the steel rebar. 

As per ACI 440.1R-15, the guaranteed tensile strength of the GFRP rebars should be reduced by an 

environmental reduction factor (ὅ) to account for the long-term effects of environmental exposure. ACI 

440.1R-15 recommends environmental reduction factors (ὅ) of 0.7 and 0.8 for concrete elements 

exposed and unexposed to earth and weather, respectively. Research [49] has shown that an 

environmental reduction factor of 0.85 can be considered for vinyl-ester-based GFRP bars #3 or larger, 

regardless of the exposure type. Thus, the environmental reduction value of πȢψυ can be adopted for the 

design checks as per ACI design philosophy. Note that the ultimate tensile strength of GFRP 

reinforcement Ὢ  and the ultimate tensile strain of GFRP reinforcement ‐  used for ACI herein are 

the guaranteed tensile strength and strain of GFRP bars reduced by ὅ, respectively. 

The critical step to determining the moment capacity of the hybrid steel-GFRP RC sections is to 

understand their flexural failure modes and account for them in the design process. Figure 3.1 shows the 

strain distribution and different failure modes of singly-reinforced steel-GFRP hybrid RC sections. A 

steel-GFRP hybrid RC section can generally undergo two flexural failure modes: compressive failure of 

the concrete (failure mode I) or rupture of the GFRP (failure mode II). Failure mode I can occur either 

before (failure mode I-a) or after (failure mode I-b) the yielding of steel reinforcement. In failure mode 

I, the steel reinforcement yields before GFRP rupture since the ultimate strain of GFRP rebar is higher 

than the yield strain of steel rebar. The flexure failure mode of steel RC sections considered in practical 

design is concrete crushing after yielding of steel. Failure after steel yielding (failure modes I-b and II) 

is most desirable because it provides a ductile failure mode for steel-GFRP hybrid RC sections and an 

advanced warning before failure. The failure mode of concrete crushing before steel yielding (failure 

mode I-a) can also be considered in the design if higher safety levels are considered. More research is 

required to propose safety factors by performing reliability analysis for the hybrid RC sections.  
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Figure 3.1. Strain distribution and failure modes of singly reinforced steel-GFRP hybrid RC sections 

The moment resistance of a hybrid RC section can be obtained using the equilibrium of internal 

forces and strain compatibility. The approaches to calculating the moment resistance of a hybrid RC 

section for the two acceptable failure modes I and mode II-b are described below. 

3.3.1.1.1 Failure mode I -b 

For failure mode I-b, the neutral axis depth of the section can be obtained by solving the equilibrium 

of internal forces (Eq. (3.2) and Eq. (3.3)) as follows: 

CSA: ‌•Ὢ‍ὦ ὧ  • ὃὪ •ὃὉ ‐
Ὠ ὧ

ὧ
 (3.2) 

ACI:  πȢψυὪ‍ὦ ὧ   ὃὪ ὃὉ ‐
Ὠ ὧ

ὧ
 (3.3) 

where ‌ is the ratio of the average stress in the rectangular compression block to the specified concrete 

strength; ‍ is the ratio of the depth of the rectangular compression block to the depth of the neutral axis; 

Ὢ is the concrete compressive strength; ὃ and ὃ are the areas of the steel and GFRP reinforcements, 

respectively; ὦ is the width of the cross-section; ὧ is the distance from the extreme compression fibre to 

the neutral axis; Ὢ is the yield stress of steel; Ὁ is the  modulus of elasticity of GFRP reinforcement; Ὠ 

is the distance from the extreme compression fibre to the center of reinforcement; ‐  is the maximum 

concrete compressive strain (0.0035 for CSA A23.3-19 and 0.003 for ACI-318-19); • πȢφυ έὶ πȢχπ 

is the material resistance factor for cast in situ or precast concrete, respectively; • πȢψυ is the material 

resistance factor for steel reinforcement; and • πȢχυ is the material resistance factor for GFRP rebars 

per CSA S806-12. The moment resistance of a steel-GFRP hybrid RC section, ὓȟ , can be obtained 

using Eq. (3.4) and Eq. (3.5) for CSA and ACI, respectively, as follows: 

CSA: ὓȟ  •Ὢὃ Ὠ
‍ὧ

ς
•ὃὪ Ὠ

‍ὧ

ς
 (3.4) 

ACI:  ὓȟ  ‰ὓ ȟ ‰Ὢὃ Ὠ
‍ὧ

ς
‰ὃὪ Ὠ

‍ὧ

ς
 (3.5) 
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where ‰ is the moment strength reduction factor, as shown in Eq. (3.6); Ὢ is the tensile stress in the 

GFRP bars at the ULS; and ὓ ȟ is the nominal moment capacity of the steel-GFRP hybrid RC section. 

‰ 
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       ὭὪ ‐ ‐ ‐ πȢππσ 

πȢφυ                                                                 ὭὪ ‐ ‐

 (3.6) 

In this equation, ‐ is the strain in GFRP reinforcement, and ‐ is the yielding strain of steel rebar. 

3.3.1.1.2 Failure mode II 

When the controlling failure mode is the rupture of GFRP rebar after steel yielding, the stress in steel 

and GFRP reinforcements at the ULS are known. However, the neutral axis depth and stress in concrete 

are unknown (see Figure 3.1). Since the strain in concrete is less than the code specified maximum strain 

limits, the equivalent concrete block parameters (e.g., ‌ and ‍) are not valid. The accurate section 

analysis, in this case, requires considering the nonlinear stress distribution over the concrete compression 

block, which demands computational effort. As shown in Figure 3.1, the neutral axis depth in failure 

mode II is less than the neutral axis depth of the section when the concrete crushing coincides with the 

GFRP rupture. This balanced neutral axis depth for GFRP tension failure and concrete crushing (herein 

referred to as ὧȟ) can be calculated using Eq. (3.7).  

 ὧȟ
‐

‐ ‐
Ὠ (3.7) 

The moment resistance of a hybrid section at this controlling failure mode can be conservatively 

computed using Eq. (3.8) and Eq. (3.9) as follows: 

CSA: ὓȟ  •Ὢὃ Ὠ
‍ὧȟ
ς

•ὃὪ Ὠ
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(3.8) 

ACI:  ὓȟ  ‰ὓ ȟ ‰ Ὢὃ Ὠ
‍ὧȟ
ς

‰ὃὪ Ὠ
‍ὧȟ
ς

 
(3.9) 

A similar lower bound calculation of the resistance moment is proposed by ACI 440.1R-15 for concrete 

sections internally reinforced with GFRP bars in the case of tension failure. 

 

3.3.1.2 Serviceability Limit States 

The cracking moment, ὓ , of RC sections is determined using Eq. (3.10), 

ὓ  
ὪὍ 

ώ
 

(3.10) 

where Ὅ  is the moment of inertia of the gross section, Ὅ ὦὬ ρςϳ , where Ὤ is the height of the section; 

Ὢ is the modulus of rupture of concrete; and ώ is the distance from the centroidal axis of the gross 

section. 
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Once the applied moment exceeds ὓ , the section is considered cracked. The distance to the neutral axis 

of the cracked section is expressed as a fraction ὯὨ of the effective depth Ὠ. To determine the location 

of ὯὨ at this stage, the moment of the tension area about any convenient axis is set equal to the moment 

of the compression area. Solving this equilibrium for the case of a section reinforced with one layer of 

steel reinforcement results in a quadratic equation. The solution of the quadratic equation for Ὧ gives: 

 Ὧ ὲ” ςὲ”  ὲ” 
(3.11) 

where, ὲ Ὁ Ὁϳ  is the modular ratio of steel reinforcement; Ὁ is the modulus of elasticity of steel 

reinforcement; Ὁ is the modulus of elasticity of concrete; and ” is the ratio of steel reinforcement 

(ὃ ὦὨϳ . The cracked moment of inertia, Ὅ , is determined by Eq. (3.12):  

 Ὅ
ρ

σ
ὦ ὯὨ  ὲ ὃ Ὠ ὯὨ (3.12) 

Similarly, for the case of a singly-reinforced steel-GFRP hybrid RC section, Ὧ and Ὅ  can be calculated 

from Eq. (3.13) and Eq. (3.14) as follows: 

 Ὧ ὲ” ὲ” ςὲ” ὲ”  ὲ” ὲ”  (3.13) 

 Ὅ
ρ

σ
ὦὯὨ ὲὃ ὲὃ Ὠ ὯὨ (3.14) 

where ὲ Ὁ Ὁϳ  is the modular ratio of GFRP reinforcement. 

Employing the transformed section theory and analysing using conventional elastic theory for the case 

of a singly-reinforced RC section, the stress in steel reinforcement Ὢ  and bending moment ὓ are related 

by the equation: 

 Ὢ ὲ
ὓὨ ὯὨ

Ὅ
 (3.15) 

Alternatively, employing elastic theory for stresses, the Ὢ  in the steel reinforcement of the steel and 

hybrid RC sections under a bending moment, ὓ, can be calculated by Eq. (3.16) and Eq. (3.17), 

respectively. 
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3.3.1.2.1 Tensile stress in steel and GFRP reinforcement 

To avoid permanent deformations of steel-GFRP hybrid RC members due to inelastic deformation of 

steel reinforcement, the steel reinforcement should be prevented from yielding under service load levels. 
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To the best of the authorsô knowledge, no research has been done on steel-GFRP hybrid RC sections to 

propose the stress limit under service load. El-Tawil et al. [50] studied the behaviour of RC elements 

externally strengthened using CFRP laminates and suggested that the steel stress under service loads be 

limited to πȢψυὪ. This stress limit accounts for the increase in steel stresses due to cyclic fatigue in 

addition to shrinkage and creep under sustained loads [50]. Based on their conclusions, ACI 440.2R-17 

suggests that the service stress in steel reinforcement be limited to πȢψὪ. The stress limit of πȢψυὪ is 

adopted in this research, as shown in Eq. (3.18). Further research is needed to propose a limit for the 

service stress in steel reinforcement in steel-GFRP hybrid RC members. 

Ὢ  πȢψυὪ (3.18) 

Moreover, the stress level in GFRP reinforcement under sustained and fatigue loads should be limited to 

avoid creep rupture of GFRP reinforcement. ACI 440.1R-15 suggests a creep rupture stress limit of 

πȢςπὪ . Based on CSA S806-12, the maximum strain in GFRP under sustained loads shall not exceed 

0.002. Research has shown that a stress limit of πȢσπὪ  is a conservative value to avoid creep rupture of 

GFRP reinforcing bars [51]. Given that in a singly-reinforced steel-GFRP hybrid RC section, the steel 

and GFRP rebars are at the same depth, the service stress level of πȢψυὪ will always govern the creep 

rupture limits of GFRP reinforcement in sections reinforced with Grade 60 steel and Grade III GFRP 

rebars. However, the creep rupture stress limit should be carefully checked when using steel 

reinforcement with higher yield strengths or beams having GFRP rebar at a lower layer than steel rebar.  

3.3.1.2.2 Cracking behaviour 

In CSA A23.3-19 and CSA S806-12, the criterion to control the crack width is the crack control 

parameter (z), as shown in Eq. (3.19) and Eq. (3.20), respectively. These equations can be rewritten for 

the strain in the reinforcement, as shown in Eq. (3.21). This equation can be used for steel-GFRP hybrid 

RC sections, given that the bond coefficient (Ὧ) of the hybrid section is calibrated accordingly. For steel 

reinforced sections, CSA A23.3-19 [44] limits z to 25,000 N/mm and 30,000 N/mm for exterior and 

interior exposures, respectively. For GFRP reinforced sections, CSA S806-12 [23] prescribes higher 

limits of 38,000 N/mm and 45,000 N/mm, respectively. These increased limits allow a larger crack width 

because GFRP RC elements are not susceptible to corrosion. No z limit has been suggested in the 

literature for steel-GFRP hybrid RC elements. Thus, to cover the general case and be conservative, the 

limits prescribed by CSA A23.3-19 [44] can be used to check steel-GFRP hybrid sections. In cases where 

the design engineer is confident that a less restrictive maximum allowable crack width is suitable, a less 

restrictive allowable z may be used. 

ᾀ  ὪὨὃ Ⱦ (3.19) 
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ᾀ  Ὧ
Ὁ

Ὁ
Ὢ Ὠὃ Ⱦ (3.20) 

ᾀ  ὯὉ‐ Ὠὃ Ⱦ  (3.21) 

In Eq. (3.19), Eq. (3.20) and Eq. (3.21), ᾀ is a quantity limiting distribution of flexural reinforcement, Ὠ 

is the thickness of the concrete cover measured from the extreme tension fiber to the center of the nearest 

rebar, ὃ is the effective tension area of concrete surrounding the flexural tension reinforcement; Ὢ  is 

the tensile stress in outermost tension GFRP reinforcement at SLS, and ‐  is the strain level induced in 

GFRP reinforcement at SLS. Moreover, Ὧ is the bond dependent coefficient; Ὧ ρ for bars having 

bond characteristics similar to steel; Ὧ < 1 for rebars having superior bond than steel and Ὧ > 1 for bars 

having a bond inferior to steel.  

Another means of crack control in ACI 318-19 [28] and 440.1R-15 [43] is using the equation developed 

by Frosch [52] to limit the spacing of tension reinforcement to a maximum value, herein referred to as 

ί . In ACI 318-19 [28] the limit for the maximum bar spacing (Eq. (3.22)) is calibrated for a maximum 

crack width of 0.44 mm. ACI 440.1R-15 [43] prescribes a similar equation (Eq. (3.23)) and allows 

selecting the maximum crack width of 0.4 to 0.7 mm, provided that the stress in tensile reinforcement 

does not exceed a limit.  

ί ȟ  σψπ
ςψπ

Ὢȟ
ςȢυὧ σππ

ςψπ

Ὢȟ
 (3.22) 

ί ȟ  ρȢρυ
Ὁύ

Ὢȟ Ὧ
ςȢυὧ πȢως

Ὁύ

Ὢȟ Ὧ
 

(3.23) 

provided that Ὢ
Ὁύ

ςὨ‍Ὧ
 

In these equations ί ȟ  is the maximum permissible center-to-center bar spacing for flexural crack 

control of the steel RC section; ὧ is the concrete clear cover; ί ȟ  is the maximum permissible center-

to-center bar spacing for flexural crack control in GFRP RC sections; and ύ is the maximum allowable 

crack width. The term ‍ in Eq. (3.25) is the ratio between the distance from the cracked neutral axis to 

the extreme tension fibre and the distance from the neutral axis to the level of the tensile reinforcement. 

It can be calculated from the following equation: 

 ‍
Ὤ ὯὨ

Ὠ ὯὨ
 (3.24) 

Eq. (3.23) can be rewritten, for the strain in the reinforcement, as shown in Eq. (3.25) [53]. Eq. (3.22), 

Eq. (3.23), and Eq. (3.25) are general and become identical for steel reinforcement at a maximum crack 

width of πȢτφ άά. Therefore, Eq. (3.25) can be used for the serviceability design of concrete members 

reinforced with either black steel or GFRP bars [53], given that the bond dependent coefficient, Ὧ, of 

the reinforcement is appropriately calibrated. Consequently, it is rational to use Eq. (3.25) in the case of 
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hybrid reinforced members, if Ὧ is calibrated with experimental results. The maximum crack width 

value of πȢτφ άά can be used for steel-GFRP hybrid RC sections. In cases where the design engineer is 

confident that a less restrictive maximum allowable crack width is suitable, the term ύ may be increased. 

ί ȟ  ρȢρυ
ύ

‐Ὧ
ςȢυὧ πȢως

ύ

‐Ὧ
 

(3.25) 

provided that ‐
ύ

ςὨ‍Ὧ
 

The bond-dependent coefficient (Ὧ) is an important parameter affecting the accuracy of crack width 

predictions. Research has shown that the Ὧ factor of GFRP RC beams depends on many parameters, 

including surface deformation [43,54,55]. Available GFRP design codes and guidelines prescribe 

different values for the bond-dependent coefficient based on the surface deformation [23,43,46,47]. El 

Refai et al. [14] conducted an experimental study on several steel-GFRP hybrid sections. They concluded 

that the bond-dependent coefficient of hybrid sections is dependent on the ratio of the area of GFRP bars 

to steel (ὃȾὃ) and bar diameter and can be obtained using Eq. (3.26). It is worth noting that only sand-

coated GFRP rebar was used in their experimental study. Ruan et al. [13] reported that the maximum 

crack width of singly-reinforced steel-GFRP hybrid RC sections can be efficiently predicted using Eq. 

(3.26). Yinghao and Yong [15] concluded that Ὧ ρ can be used to estimate the  crack width of steel-

GFRP hybrid reinforced concrete sections. This study used the Ὧ proposed by El Refai et al. with the 

minimum Ὧ ρ to evaluate the z and maximum allowable spacing of steel-GFRP hybrid RC sections.  

Ὧ ρȢτ‌
ὃ

ὃ
 (3.26) 

In Eq. (3.26) ‌ is a parameter that accounts for the effect of GFRP bar size on its bond to concrete, with 

smaller diameters having a better bond. El Refai et al. [14] reported that the values of ‌ were 1.2 and 1.0 

for sand-coated GFRP bars with diameters of 16 mm and 12 mm, respectively. There are a limited test 

data on the bond dependent coefficient of steel-GFRP hybrid RC sections. In this study, the values of ‌ 

were taken as 1.2 and 1.0 for the GFRP bars with diameters of 15.9 mm (#5) and larger and 12.7 mm 

(#4) and smaller, respectively. More experimental studies are recommended to propose a Ὧ coefficient 

for steel-GFRP hybrid RC sections for other surface deformations. 

3.3.2 Deflections 

The deflection of steel-GFRP hybrid RC elements can govern the design. It is, however, essential to note 

that given the suggested limit on the stress of steel reinforcement under service loads, see Eq. (3.18), the 

service deflections of steel-GFRP hybrid RC elements will be within the elastic range of the stress-strain 

of steel reinforcement.  



29 

 

CSA A23.3-14 [44] recommends using Eq. (3.27) as the effective moment of inertia for deflection 

calculations, with a reduced cracking moment of πȢυὓ . CSA S806-12 [23] adopted closed-form 

solutions of integration of curvature along member length for different loading conditions proposed by 

Razaqpur et al. [56]. It has been reported that the calculation of deflections using the effective moment 

of inertia of Eq. (3.27) underestimates the deflection of steel-GFRP hybrid RC beams [13].  

 Ὅ
ὓ

ὓ
Ὅ ρ

ὓ

ὓ
Ὅ Ὅ (3.27) 

ACI 318-19 and ACI 440.1R-15 allow the deflections to be calculated using the effective moment of 

inertia expression of Bischoff [27,57], with an inclusion of an integration factor ‎ to account for the 

variation in stiffness along the member depending on the type of loading and support conditions. 

 
Ὅ

Ὅ

ρ ‎
ὓ
ὓ

ρ
Ὅ
Ὅ

Ὅ 
(3.28) 

where, ὓ  is the code specified cracking moment for deflection calculations, and ὓ  is the service 

moment at the critical section. While ACI 318-19 uses a reduced cracking moment of ὓ ςσϳὓ , 

such a reduced cracking moment is not included in ACI 440.1R-15 expression. Bischoff and Gross (2011) 

recommended using a reduced cracking moment of ὓ πȢψὓ  for FRP RC members [58]. Bischoffôs 

expression for the effective moment of inertia has been shown to offer realistic approximations of 

deflection regardless of the type of reinforcement, given that a reasonable reduced cracking moment is 

used [27]. Thus, it is expected that Bischoffôs expression provides reasonable estimations of the 

deflections of steel-GFRP hybrid RC members, with Ὅ  being calculated from Eq. (3.14) for steel-GFRP 

hybrid RC sections. Nonetheless, Araba and Ashour reported that the ACI 440.1R-15 equation 

underestimates the deflections of continuous steel-GFRP hybrid RC beams [19]. Maranan et al. [18] 

reported that the ACI 440.1R-15 equation conservatively predicted the midspan deflection at the service 

stage of geopolymer-concrete beams reinforced with steel-GFRP hybrid reinforcement. From the 

experimental evidence available in the literature, the deflections can be calculated and checked using Eq. 

(3.28) with a reduced cracking moment of ὓ ςσϳὓ .More research is required to confirm the 

suitability of the available deflection equations in design codes and standards for steel-GFRP hybrid RC 

elements. 

3.3.3 Additional  Design Considerations 

Minimum reinforcement should be provided to avoid the failure of RC members upon cracking. It 

is also required to provide shrinkage crack control. The contribution of concrete in resisting the shear 

forces is another influential parameter for checking the shear resistance of a steel-GFRP hybrid RC 
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section. Moreover, development and splice lengths of reinforcing bars should be provided. Due to the 

scarcity of research, these subjects are not discussed herein.  

3.4 An Alternative Hybrid RC Section for a Steel RC Section with the Same Number of 

Reinforcements 

One of the objectives of this research is to investigate the feasibility of transforming a singly-

reinforced steel RC section to an alternative steel-GFRP hybrid RC section without violating the 

proposed design recommendations. Consequently, section analysis was performed to introduce 

simplified design equations and charts for the design of steel-GFRP hybrid RC sections. To simplify the 

analytical study, the total number of bars of the original steel RC section was kept the same as that of the 

alternative steel-GFRP hybrid RC section. Moreover, a parametric study is undertaken to apply the 

proposed design recommendations on several singly-reinforced steel RC sections. 

 

3.4.1 Analytical Study 

3.4.1.1 Ultimate Limit States 

Replacing some steel rebars with GFRP will change the resisting moment capacity of the hybrid section. 

The resistance moment capacity of a steel-GFRP hybrid RC section becomes less than that of the original 

steel RC section if the GFRP rebar stress at the ULS becomes less than Ὢ. Using the fundamentals of 

section analysis described in a preceding section, for a steel-GFRP hybrid RC section to have the same 

moment resistance as its original steel RC section with the same number of bars, the strain in GFRP 

rebars should be ‐ •Ὢ •Ὁϳ  for CSA, and ‐ Ὢ Ὁϳ  for ACI. The latter requires that the ‰ factor 

of the steel-GFRP hybrid RC section be equal to its original steel RC section, which is the case in practical 

design cases due to an increase in strain at the ULS of an alternative hybrid section. Strain compatibility 

gives the following neutral axis depth of the section at those strains: 

CSA: ὧ
‐

‐ •Ὢ •Ὁϳ
Ὠ (3.29) 

ACI:  ὧ
‐

‐ Ὢ Ὁϳ
Ὠ (3.30) 

Solving the equilibrium of internal forces of the section at these ultimate strains for the corresponding 

reinforcement ratio gives the following: 

ἍἡἋȡ ‌•Ὢ‍ὦ ὧ   ὃ ὃ •Ὢᵼ‌•Ὢ‍ὦ 
‐

‐ •Ὢ •Ὁϳ
Ὠ ὃ ὃ •Ὢᵼ ὃ ὃ ὦὨϳ

‌‍
•Ὢ

•Ὢ

‐

‐ •Ὢ •Ὁϳ
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ἋἍἓȡ πȢψυὪ‍ὦ ὧ   ὃ ὃ ὪᵼπȢψυὪ‍ὦ 
‐

‐ Ὢ Ὁϳ
Ὠ ὃ ὃ Ὢᵼ ὃ ὃ ὦὨϳ

πȢψυ
Ὢ

Ὢ
‍ 

‐

‐ Ὢ Ὁϳ
 

Given that the sum of the area of steel and GFRP rebars of the steel-GFRP hybrid RC section is the same 

as that of the original steel RC section (ὃ ὃ ὃ), the term ὃ ὃ ὦὨϳ  is equal to the 

reinforcement ratio of the original steel RC section (” ὃ ὦὨϳ ). The balanced reinforcement ratio 

(”ȟ) of the original steel RC section can be obtained from section analysis as follows: 

CSA ”ȟ  ‌‍
• Ὢ

• Ὢ

‐

‐ ‐
 (3.31) 

ACI  ”ȟ  πȢψυ‍
Ὢ

Ὢ

‐

‐ ‐
 (3.32) 

Plugging ”ȟ of the original steel RC section (Eq. (3.31) and Eq. (3.32)) into the equilibrium gives: 

CSA: ”  
‐ ‐

‐ •Ὢ •Ὁϳ
 ” (3.33) 

ACI:  ”  
‐ ‐

‐ Ὢ Ὁϳ
 ” (3.34) 

Thus, for steel RC sections with a reinforcement ratio greater than ‐ ‐ ‐ •Ὢ •Ὁϳ  and 

‐ ‐ ‐ Ὢ Ὁϳ  times ”, the ultimate moment resistance of the hybrid section is lower than 

the original steel RC section, regardless of replacement ratio (ὃ ὃϳ ), per CSA and ACI, respectively. 

However, the amount of reduction in the moment resistance capacity depends on ὃ ὃϳ .  

As mentioned, the neutral axis depth of section (ὧȟ), can be calculated using Eq. (3.7) for controlling 

failure mode II. Solving the equilibrium of internal forces of the section at that balanced condition results 

in the following: 

ἍἡἋȡ ‌•Ὢ‍ὦ ὧȟ   ὃ•Ὢ ὃ•Ὢ ᵼ‌‍•Ὢ‍ 
‐

‐ ‐
ὦὨ ὃ ὃ •Ὢ ὃ•Ὢ ὃ•Ὢ  

ἋἍἓȡ πȢψυὪ‍ὦ ὧȟ   ὃὪ ὃὪ ᵼπȢψυὪ‍ 
‐

‐ ‐
ὦὨ ὃ ὃ Ὢ ὃὪ ὃὪ  

Plugging in ” of the original steel RC section (Eq. (3.31) and Eq. (3.32)) into the equilibrium and 

rearranging it gives: 
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CSA: ”

‐ ‐
‐ ‐

”

ρ
•Ὢ •Ὢ
•Ὢ

ὃ
ὃ

 (3.35) 

ACI:  ”

‐ ‐
‐ ‐

”

ρ
Ὢ Ὢ
Ὢ

ὃ
ὃ

 (3.36) 

Thus, for the steel RC sections with a reinforcement ratio less than Eq. (3.35) and Eq. (3.36), the failure 

mode is GFRP tension failure (failure mode II) for CSA and ACI, respectively. As Eq. (3.35) and Eq. 

(3.36) show, this reinforcement ratio is a function of ὃ ὃϳ . 

3.4.1.2 Serviceability Limit States 

3.4.1.2.1 Tensile stress in steel and GFRP reinforcement 

Replacing some steel rebars with GFRP increases the stress in steel rebars under a given moment, and 

this reduction is a function of ὃ ὃϳ . Under the same service moment, the ratio of stress in the steel 

reinforcement of the alternative steel-GFRP hybrid RC section to the original steel RC section 

(Ὢȟ ȾὪȟ ) can be calculated by dividing Ὢ  in Eq. (3.16) to Eq. (3.17), assuming ὃ ὃ ὃ as 

follows: 

 
Ὢȟ

Ὢȟ

ὃ Ὠ
ὯὨ
σ

ὃ
Ὁ
Ὁ
ὃ Ὠ

Ὧ Ὠ
σ

ρ

ρ
ὃ
ὃ
ρ
Ὁ
Ὁ

  
Ὠ
ὯὨ
σ

Ὠ
Ὧ Ὠ
σ

 (3.37) 

where Ὢȟ  is the stress in the outermost tension steel reinforcement at the service load in the alternative 

hybrid RC section, and Ὢȟ  is the stress in the outermost tension steel reinforcement at the service load 

in the original steel RC section. Given that the value of Ὧ for the original steel RC section, Ὧ , is greater 

than that of its alternative steel-GFRP hybrid RC section, Ὧ , the second term in the resulting Eq. (3.37) 

is less than unity. Thus, it can be concluded that: 

 

Ὢȟ

Ὢȟ

ρ

ρ
ὃ
ὃ
ρ
Ὁ
Ὁ

 
(3.38) 

Note that the second term in the right-hand side of Eq. (3.37) decreases as the ὃ ὃϳ  increases, and thus 

the difference between the two sides of this inequality becomes higher as ὃ ὃϳ  increases.  

The πȢψυὪ stress limit of Eq. (3.18) requires that the stress in the steel reinforcement of the original steel 

RC section, Ὢȟ , be less than the following: 
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Ὢȟ
Ὢ

πȢψυρ
ὃ

ὃ
ρ
Ὁ

Ὁ
 (3.39) 

3.4.1.2.2 Cracking behaviour 

For CSA, given that as per Eq. (3.38) Ὢȟ ȾὪȟ ρ ρ ὃȾὃ ρ ὉȾὉ , the ratio of the crack 

controlling parameter of the hybrid to that of the original steel RC section (ᾀ Ⱦᾀ ) can be calculated by 

dividing Eq. (3.19) and Eq. (3.21), as shown in Eq. (3.39). 

 

ᾀ

ᾀ
 
ὯὉ‐ Ὠὃ Ⱦ

Ὢȟ Ὠὃ
Ⱦ

ὯὪȟ
Ὢȟ

Ὧ

ρ
ὃ
ὃ
ρ
Ὁ
Ὁ

 (3.40) 

In Eq. (3.40), Ὧ defined in Eq. (3.26), can be written in terms of ὃȾὃ as follows: 

 Ὧ άὥὼρȢτ‌
ὃ ὃϳ

ρ ὃ ὃϳ

Ȣ

ȟρ  (3.41) 

As discussed, the allowable limit of z for hybrid RC sections can be kept the same as that for steel RC 

sections. Thus, for the ᾀ of the alternative steel-GFRP hybrid RC section not to exceed its limit (ᾀ ), 

ᾀȾᾀ ȟ  of the original steel RC section should satisfy Eq. (3.42). Should the design engineer be 

convinced that a less restrictive maximum allowable crack width is suitable, the limit in Eq. (3.42) may 

be increased by the ratio of ᾀ ȟ ᾀ ȟϳ . 

 ᾀ

ᾀ ȟ

ρ
ὃ
ὃ
ρ
Ὁ
Ὁ

Ὧ
 

(3.42) 

As discussed, ACI uses an indirect method of limiting the spacing to control the cracking of RC members 

(refer to the discussion on Eq. (3.22), Eq. (3.23), and Eq. (3.25)). From the strain compatibility of the 

section, the strain in the GFRP and steel of the hybrid section are equal (‐ Ὢȟ Ὁϳ ). Plugging this 

equilibrium into Eq. (3.25), the ratio of ί ȟ ί ȟϳ  is as follows: 

ί ȟ

ί ȟ
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Replacing Ὢȟ ȾὪȟ  with Eq. (3.38), ί ȟ ί ȟϳ  can be calculated in terms of ὃȾὃ, ὧὪȟ as: 

 
ί ȟ
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(3.43) 

where Ὧ is defined in Eq. (3.41). In this case study, the reinforcement spacing of the hybrid RC section 

is the same as that of the original steel RC section. Thus, for the spacing of the alternative steel-GFRP 
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hybrid RC section not to exceed its ί , ίȾί ȟ  of the original steel RC section should satisfy Eq. 

(3.44).  
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(3.44) 

In this equation, ί is the center-to-center bar spacing. It is a good practice to provide smaller-size bars 

with less spacing to minimize the crack width under service loads. 

Moreover, the tensile strain of steel-GFRP hybrid RC sections should satisfy the limits of Eq. (3.25). 

This limiting strain can be rewritten in terms of stress as follows: 

 Ὢȟ  
ύὉ

ςὨ‍Ὧ
ᵼὪȟ  

ύὉ

ςὨ‍Ὧ
ρ
ὃ

ὃ
ρ
Ὁ

Ὁ
 (3.45) 

The terms ‍, ύ and Ὧ, shown in Eq. (3.45), are for the alternative steel-GFRP hybrid RC section. 

Amongst ύ is the maximum allowable crack width (0.46 mm) and Ὧ is a function of ὃ ὃϳ , based on 

the available experimental results on sand-coated GFRP bars. The parameter ‍ of the steel-GFRP hybrid 

RC section is different from its original steel RC section depending on ὃ ὃϳ  and ὬὨϳ  of the section. 

For the practical cases of RC sections, the ratio of ‍ ‍ϳ  can vary between 1.00 and 1.04. To simplify 

the calculations, it can be conservatively assumed that ‍ ‍ . Thus, for the strain in the tensile 

reinforcement of the alternative steel-GFRP hybrid RC section to be less than ύ ςὨ‍Ὧϳ , the Ὢȟ Ὢϳ  

of the original steel RC section should be less than the limit shown in Eq. (3.46): 
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where ‍  is the ratio of the distance from the neutral axis to the extreme tension fiber to the distance 

from the neutral axis to the center of the tension reinforcement in the original steel RC section and can 

be computed from Eq. (3.24). In design, Ὢȟ Ὢϳ  should be less than the minimum limit values of Eq. 

(3.40) and Eq. (3.46). 

3.4.1.3 Deflection 

The instantaneous and long-term deflections of the member are essential checks for steel-GFRP hybrid 

RC members that should not be overlooked. For this case study, the deflection of an alternative RC 

member is more than that of the original steel RC member under the same moment. The deflection was 

not considered in this case study. This is because deflection calculations depend on many factors, 

including but not limited to the percentage of sustained load, reinforcement ratio, dead load to live load 

ratio, aspect ratio of the member cross section, time of the installation of nonstructural elements, 
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deflection limits, and length and boundary conditions of the member [23,29,48]. Moreover, there is a 

lack of experimental data available in the literature on the increase in the deflection of steel-GFRP hybrid 

RC elements over the long term. Providing simplified equations for the change in the instantaneous and 

long-term deflections of alternative steel-GFRP hybrid RC members remains outside the scope of this 

study. The deflections should be checked using the effective moment of inertia at the critical section 

presented in Eq. (3.28), as discussed earlier. It is noteworthy that the deflection checks can govern the 

design of steel reinforced concrete elements in some applications. In such cases, the alternative steel-

GFRP hybrid RC element will require more reinforcement or larger section depth to satisfy the design. 

3.4.2 Parametric Study 

A parametric study was undertaken to design various one-way steel RC slabs that can be considered 

in concrete construction. A flowchart, shown in Figure 3.2, was developed to obtain the maximum 

number of steel reinforcing bars in a slab that can be replaced with GFRP bars. A MATLAB [59] script 

was developed for this flowchart to design several steel RC slabs per CSA A23.3-14 and ACI 318-19 

and provide section-by-section design checks of alternative steel-GFRP hybrid RC sections. The design 

has been done for a one-meter-wide slab section, and for simplicity, the deflection and shear checks were 

not performed. Each steel RC slab was checked to evaluate the maximum number of existing steel rebar 

that can be replaced with GFRP rebar without compromising safety. The alternative steel-GFRP hybrid 

RC solution was considered unsuitable for its intended purpose if replacing one of the existing steel 

rebars with the same-size GFRP rebar violated any of the proposed design checks. 

Several design influential variables, including slab thickness (Ὤ), clear cover (ὧ), the ratio of live-

load to dead-load (ὒὈϳ ), exposure type, longitudinal bar diameter, and number of bars per meter length 

of the slab were considered. Table 3.1 lists the range of each variable used in this research.  
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Figure 3.2. Flowchart of the procedure for designing an alternative steel-GFRP hybrid RC one-way slab 

Table 3.1 The range of variables 

Variables Range of the variable  

Slab thickness (▐) 125, 150, 175, 200, 225 and 250 mm 

Clear cover (╬╬) 
20, 25, 30, and 40 mm (for all slab thicknesses), 50 mm (for slabs with a 

thickness of 175 mm and higher)  

The ratio of live-load to dead-load (╛╓ϳ ) 0.25, 0.35, 0.5, 0.75, 1.0, 1.5, 2.0, and 3.0 

Exposure type Interior and exterior exposures 

Longitudinal bar diameter (▀╫)
* #3, #4, #5, and #6 

Number of bars / m Between maximum and minimum reinforcement ratio of the corresponding code  
* The nominal diameters as per CSA S807-19[60] and ASTM D7957/D7957M ï 17[61] are used for GFRP and steel rebars. 

The factored (ultimate) moment to service moment ratio (‎ ) is calculated based on the live-load to 

dead-load ratios (ὒὈϳ ) listed in Table 1. For all considered slabs, it is assumed that the factored load was 

governed by the combination of dead-load (Ὀ) and live-load (ὒ), that is the governing load combination 

of ρȢςυὈ ρȢυὒ, & ρȢτὈ, and ρȢςὈ ρȢφὒ & ρȢτὈ as per CSA A23.3-14 and ACI 318-19, respectively. 
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Figure 3.3 shows the relationship between ‎  and the ὒὈϳ  ratio. This relationship can be derived as 

follows: 

CSA: ‎
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Figure 3.3. Relationship between ‎ ὓ ὓϳ  and the live-load to dead-load (ὒὈϳ ) ratio 

As mentioned, the ULS requirements usually govern the design of steel RC elements. Therefore, to 

check the section at the serviceability stage, it is assumed that the factored/ultimate moment (ὓ ) is equal 

to the moment resistance. The service moment (ὓ ) is then determined using Eq. (3.49) as follows: 

ὓ
ὓ

‎
 (3.49) 

It is worth noting that in practical cases, ὓ  of the steel RC section is higher than ὓ , due to the 

rounding up of the required reinforcement area for the equivalent number of bars. Consequently, the 

upper bounds of ὓ  and ὓ  are considered in this parametric study.  

The slab concrete had a normal strength with a compressive strength (Ὢᴂ ) of 35 MPa and a maximum 

aggregate size of 14 mm. The modulus of rupture of concrete (Ὢ  was considered to be πȢφς‗Ὢᴂ  and 

πȢφ‗Ὢᴂ  per CSA A23.3-14 and ACI 318-19, respectively, where the modification factor ɚ of 1.0 was 

used for normal-density concrete in this study. The steel rebars were Grade 400 and Grade 60 with 

nominal yield strength of 400 MPa and 420 MPa, and elastic modulus of 200 GPa for CSA and ACI, 

respectively. The GFRP rebar was a Grade III CSA S807-19 compliant rebar with a tensile strength of 

1000 MPa and modulus of elasticity of 60 GPa. To consider practical cases of steel RC slabs, the area of 
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the original steel RC sections was limited to πȢχυ”ȟὦὨ, where ”ȟ is calculated from Eq. (3.31) and 

Eq. (3.32), and the cases where the section was uncracked under service loads were ignored. 

3.4.2.1 Summary of Results 

3.4.2.1.1 Original Steel RC Sections 

Considering the variables listed in Table 3.1, a total of 25104 and 13190 steel RC sections were 

designed as per CSA A23.3-14 and ACI 318-19, respectively. Out of 25104 slabs designed per CSA 

A23.3-14, 12299 sections were designed for exterior exposure and 12805 for interior exposure. Figure 

3.4 illustrates the scatterplot of the resisting moment capacity of the original steel RC sections for 

different heights and the histogram of the moment capacities. As shown, the resistance moment of the 

steel sections (ὓȟ ) ranged from 12 to 288 kN-m/m and from 13 to 328 kN-m/m for CSA and ACI, 

respectively. 

  

(a) (b) 

Figure 3.4. Scatterplot of the resisting moment capacity of the original steel RC sections for different section 

heights and the histogram of the moment capacities: (a) CSA; and (b) ACI 

Figure 3.5 shows the range of stress under service loads in steel reinforcement in terms of (ὪȾὪ) of 

the original steel reinforcement for different ὓȾὓ  ratios. As shown in Figure 3.5(a), the service stress 

of steel bars in original steel RC sections ranges between approximately πȢυτὪ to πȢφψὪ, and πȢυωὪ to 

πȢχτὪ for sections considered for CSA A23.3-14 and ACI 318-19, respectively. This figure also shows 

that the range of ὪȟȾὪ under service loads varies by the ὓȾὓ  ratio: the higher the ὓȾὓ  ratio is, 

the lower the range of ὪȟȾὪ. The color bar in Figure 3.5 shows the frequency of slab sections. As 

shown, the ὪȟȾὪvalues of the most slabs are at the upper end of the corresponding range of each 
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ὓȾὓ  ratio. As shown, for the same ὒȾὈ ratio, the steel reinforcement is under higher stress at the 

service stage for sections designed per ACI 318-19 compared to CSA A23.3-14. This is due to the 

difference between the two codes in the load and strength reduction factors considered at the ULS. It is 

important to note that although CSA A23.3-14 and ACI 318-19 allow using Ὢȟ πȢφὪ and Ὢȟ

ςσϳ Ὢ in Eq. (3.19) and Eq. (3.22) to calculate z and ί , the analytical study shows that the stress 

can exceed πȢφὪ and ςσϳ Ὢ, respectively. As mentioned, the upper bound of ὓ  is considered in this 

parametric study, and thus, the range of ὪȟȾὪ in practical cases will be lower than those shown in 

Figure 3.5. 

  

(a) (b) 

Figure 3.5. Range of the stress under service load in steel reinforcement of the original steel RC sections 

(ὪȟȾὪ) for different ὓȾὓ  ratios: (a) CSA and (b) ACI 

Figure 3.6 shows the range of the crack control parameter of original steel RC sections for different 

ὓȾὓ  ratios. As shown in Figure 3.6(a), ᾀȾᾀ ȟ  ratio ranges from 0.25 to 1.0 for sections considered 

for CSA A23.3-14. The colour bar in this figure shows that the ᾀȾᾀ ȟ  of most slab sections is 

between 40 to 70 percent of their allowable code limit, and this range is independent of ὓȾὓ  ratio. For 

ACI 318-19, ίȾί  ratio ranges from 0.1 to 1.0 as shown in Figure 3.6(b). The ίȾί ȟ  ratio of most 

slab sections is less than 45 percent of their allowable code limit, regardless of ὓȾὓ  ratio. As expected, 

the results presented in Figure 3.5 and Figure 3.6 confirm that most steel RC sections are inevitably over-

designed for service limit states. 
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(a) (b) 

Figure 3.6. Range of the ratio of the crack control parameter of the original steel RC sections to their allowable 

limit for different ὓȾὓ  ratios: (a) CSA (ᾀȾᾀ ȟ ); and (b) ACI (ίȾί ȟ ) 

3.4.2.1.2 Governing Design Parameters 

Table 3.2 presents the distribution of the analytical results for CSA and ACI. Analytical results showed 

that 15999 out of 25104 and 6831 out of 13190 steel RC slabs had an alternative steel-GFRP hybrid 

section designed per CSA and ACI, respectively.  

Table 3.2 The distribution of the studied data 

Design 

Practice 

Steel RC 

section 

 
With an alternative hybrid RC section 

 Without an alternative hybrid RC 

section 

Total 
 

Total Failure mode I-b Failure mode II 
 

Total Serviceability 
ὓȟ

ὓ
ρ 

CSA 25104  15999 12524  3475  9105 2825 6280 

ACI  13190  10253 6831 3422  2937 818 2119 

Data provided in Table 3.2 illustrate that 50% and 52% of hybrid RC sections failed by Failure mode 

I-b, whereas 14% and 26% of the sections failed failure mode II, per CSA and ACI, respectively. As 

discussed, failure mode II occurs when the reinforcement ratio of the original steel RC section is less 

than that of Eq. (3.35) and Eq. (3.36), and this reinforcement ratio is a function of ὃ ὃϳ . Moreover, a 

considerable number of sections had no alternative steel-GFRP hybrid RC section because of their 

reduced moment capacity compared to their original steel RC sections (ὓ ὓ  ) (refer to the discussion 

on Eq. (3.33) and Eq. (3.34)). Those sections make up 28% and 15% of the studied sections using CSA 

and ACI, respectively. As mentioned, in practical cases, the ὓ  of the steel RC section is higher than ὓ , 
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and thus the boundary limits of ” ”ϳ  of Eq. (3.33) and Eq. (3.34) can increase. It is worth noting that 

deflection checks are not performed for the slabs. The total number of alternative sections in Table 3.2 

will be decreased if the deflection checks are considered. If deflection governs, the designer can increase 

the total number of bars, increase the section depth or reduce the replacement ratio and recheck the 

element. 

3.4.2.2 Comparison between Steel RC sections and Their Alternative Hybrid Sections 

3.4.2.2.1 Ultimate Limit State 

Figure 3.7 shows the scatterplot of the ”Ⱦ” ratios of the original steel RC section with an alternative 

steel-GFRP hybrid RC section versus the replacement ratio (ὃ ὃϳ ) along with the limiting curves of 

each failure mode. As expected from Eq. (3.33) and Eq. (3.34), Figure 3.7 confirms that the ”Ⱦ” of 

those sections are greater than ‐ ‐ ‐ •Ὢ •Ὁϳ  and ‐ ‐ ‐ Ὢ Ὁϳ  per CSA 

and ACI, respectively. Moreover, as expected from Eq. (3.35) and Eq. (3.36), slabs with failure mode II 

have lower ”Ⱦ”. Recall that the maximum ”Ⱦ” of the sections for the sections to have a governing 

tension failure mode is a function of ὃ ὃϳ , as shown in Figure 3.7. 

  

(a) (b) 

Figure 3.7. Histogram of ”Ⱦ” of the original steel RC section for sections with an alternative steel-GFRP RC 

section: (a) CSA and (b) ACI 

Figure 3.8 shows the scatterplot of ”Ⱦ” versus the moment capacity of the alternative steel-GFRP 

hybrid RC sections (ὓȟ Ⱦὓȟ ) of valid sections categorized based on their failure mode, while Figure 

3.9 illustrates the histogram of ὓȟ Ⱦὓȟ  of those sections. As shown, the ὓȟ Ⱦὓȟ  of sections with 

failure mode I-b ranges from 1 to 1.45 and 1 to 1.35 for CSA and ACI, respectively. Moreover, the 
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ὓȟ Ⱦὓȟ  of sections with failure mode II ranges from 1.06 to 1.45 and 1.05 to 1.36 for CSA and ACI, 

respectively. It is noteworthy that the ὓȟ  sections with failure mode I-b corresponds to their lower 

bound strength, and thus, considering the actual concrete stress distribution will increase their capacity. 

Figure 3.9 also shows that ὓȟ  decreases as ”Ⱦ” of the original steel RC section increases. 

  
(a) (b) 

Figure 3.8. Scatterplot of ”Ⱦ” versus ὓȟ Ⱦὓȟ  for: (a) CSA and (b) ACI 

  
(a) (b) 

Figure 3.9. Histogram of ὓȟ Ⱦὓȟ  ratios for: (a) CSA and (b) ACI 

3.4.2.2.2 Serviceability Limit States 

Tensile stress in steel and GFRP reinforcement  

Figure 3.10(a and b) shows the histogram of stress in steel reinforcement at SLS of original steel RC 

sections, ὪȟȾὪ, with an alternative hybrid RC section for different ὓȾὓ  ratios, while Figure 

3.10(c and d) presents the histogram of stress in steel reinforcement of their alternative hybrid RC 

sections, Ὢȟ ȾὪ. Comparing Figure 3.10(a and c), it is observed that using CSA, ὪȟȾὪ ranges from 
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approximately πȢυψὪ to πȢφψὪ, whereas Ὢȟ ȾὪ ranges between approximately πȢφςὪ up to πȢψυὪ, 

with most of the data being close to πȢψυὪ stress. Figure 3.10(b and d) shows that using ACI, ὪȟȾὪ 

ranges between approximately πȢυψὪ and πȢφψὪ, whereas Ὢȟ ȾὪ ranges between approximately 

πȢφφὪand πȢψυὪ, with most of the data on the high side of the range.  

  
(a) (b) 

  
(c) (d) 

Figure 3.10. The range of ὪȾὪ of original steel RC sections with an alternative hybrid section per: (a) CSA, 

(b) ACI; and hybrid section per: (c) CSA, and (d) ACI 

As expected, the stress in the steel reinforcement of alternative hybrid sections increases compared to 

the original steel RC sections. Figure 3.11 shows the relationship between ὃ ὃϳ  and the ratio of stress 

under service load in steel rebars of alternative steel-GFRP hybrid RC sections to their original steel RC 

section. The upper bound relationship of Eq. (3.38) is also plotted in Figure 3.11. The trend of the data 

confirms that the Ὢȟ ȾὪȟ  values of the sections are less than Eq. (3.38), with a reasonable accuracy. 
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(a) (b) 

Figure 3.11. The relationship between ὃ ὃϳ  and Ὢȟ ȾὪȟ : (a) CSA and (b) ACI. 

Figure 3.12 shows the scatterplot of the ὪȾὪ of the original steel RC section with an alternative steel-

GFRP hybrid RC section versus ὃ ὃϳ , along with the upper limit curve. As discussed, the upper-stress 

limit for ACI is a function of ‍Ὠ; the results show that the simplified approach provides a reasonably 

accurate yet conservative limit curve. For brevity, Figure 3.12 only shows the stress limit curve for Ὠ 

greater than 12.7 mm and ‍Ὠ ωπ άά; the other ‍Ὠ values provide similar accuracy.  

  
(a) (b) 

Figure 3.12. Scatterplot of the ὪȾὪ of the original steel RC section with an alternative hybrid RC section 

versus ὃ ὃϳ , along with the upper limit curve: (a) CSA; and (b) ACI (Ὠ ρςȢχ άά ‍Ὠ ωπ άά) 

Cracking behaviour 

As mentioned before, CSA and ACI use different criteria to control cracking at the service stage. 

While CSA A23.3-14 and CSA S806-12 utilize the direct checks of limiting crack control parameter (z) 

((3.19) and Eq. (3.20)), ACI 318-19 and ACI 440.1R-15 use an indirect method of controlling spacing 

(Eq. (3.22) and Eq. (3.23)). Figure 3.13 shows the distribution of the ratio of the crack control criteria to 

its code limit for CSA and ACI. 
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(a) (b) 

  
(c) (d) 

Figure 3.13. The distribution of the ratio of crack control criteria of steel and hybrid RC sections to their code 

limit per: (a and b) CSA and (c and d) ACI 

Figure 3.14 shows the relationship between the ὃȾὃ of alternative steel-GFRP hybrid RC sections 

and the ratio of the crack control parameter of hybrid sections to their original steel RC section (ᾀ Ⱦᾀ  

and ί ȟ Ⱦί ȟ ), for CSA and ACI, respectively. The relationships of Eq. (3.40) and Eq. (3.43) are 

also plotted in Figure 3.14 for CSA and ACI, respectively. As discussed, the upper-stress limit for ACI 

is a function of ὧὪ . For brevity, Figure 3.14(b) only shows the scatterplot of data for υυππὧὪ

υχππN/mm and the limit curve of Eq. (3.43) for ὧὪ υχππ.ȾÍÍ. The results show that Eq. (3.40) 

and Eq. (3.43) provide an accurate, yet conservative limit curve. The trend of the data shown in Figure 

3.14 demonstrates that the crack control parameter of alternative hybrid RC sections is more restrictive 

than their original RC section. This observation emphasizes the importance of Ὧ in the design of steel-

GFRP hybrid RC sections. 
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(a) (b) 

Figure 3.14. The relationship between ὃȾὃ and (a) ᾀ Ⱦᾀ  per CSA; and (b) ί ȟ Ⱦί ȟ  per ACI (Note: 

ὧὪ  is in N/mm) 

Figure 3.15 shows the scatterplot of ᾀȾᾀ  and ίȾί  of the original steel RC section with an 

alternative steel-GFRP hybrid RC section versus ὃ ὃϳ  of the alternative steel-GFRP hybrid RC section, 

along with the upper design limit curve to maintain the crack control parameter of the alternative hybrid 

section within the proposed limits, per CSA and ACI, respectively. For brevity, Figure 3.15(b) only shows 

the scatterplot of data for ὧὪ ρρπππ .ȾÍÍ and the limit curve of  Eq. (3.44) for ὧὪ

ρρπππ .ȾÍÍ. The results show that Eq. (3.42) and Eq. (3.44) provide an accurate, yet conservative, 

limit curve.  

  

(a) (b) 

Figure 3.15. Scatterplot of and the upper limit curves: (a) ᾀȾᾀ ȟ  versus ὃ ὃϳ  and (b) ίȾί ȟ  versus 

ὃ ὃϳ  (Note: ὧὪ  is in N/mm) 
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3.5 Design Charts and Procedure 

Based on the section analysis and discussions made in this study, the following step-by-step design 

procedure is developed to aid engineers in designing an alternative steel-GFRP hybrid RC section based 

on the properties of the steel RC section. It is important to note that the design charts provided in this 

section are for Grade 60 steel rebars and Grade III CSA S807-19 compliant GFRP rebars, and the 

alternative steel-GFRP hybrid RC section has the same dimensions, the total number of bars, bar spacing 

and bar diameter as the original steel RC section. Moreover, the design charts are per CSA A23.3-14 and 

ACI 3181-9 and the Ὧ value available in the literature. The design charts can be regenerated using Eq. 

(3.39), Eq. (3.42), Eq. (3.44), and Eq. (3.46) for subsequent code and standards. 

Step 0: Obtain the loading of the critical section. Calculate the following properties of the steel RC 

section: reinforcement ratio (” ὃ ὦὨϳ ), balanced reinforcement ratio (”) from Eq. (3.31) and Eq. 

(3.32); stress in steel reinforcement under service load (Ὢȟ ) from Eq. (3.15) or Eq. (3.16). For CSA, 

calculate ᾀ from Eq. (3.19); and ᾀ ȟ  which is 25,000 N/mm and 30,000 N/mm for exterior and interior 

exposures, respectively. For ACI, compute the spacing of tensile reinforcement (ί); clear concrete cover 

(ὧ); thickness of concrete cover (Ὠ ὧ Ὠ ςϳ ); ‍; and allowable spacing (ί ) from Eq. (3.22). 

Step 1: If ” ”ϳ  is less than ‐ ‐ ‐ •Ὢ •Ὁϳ  for CSA and ‐ ‐ ‐ Ὢ Ὁϳ  

for ACI, proceed to Step 2. If not, the ὓ  of the alternative steel-GFRP hybrid RC section will be less 

than that of the original steel RC section. The designer may check the utilization factor (ὓȟ ὓϳ ) of 

the section and decide if the reduction in the moment capacity is acceptable. They may also choose to 

increase the depth of the section to increase the moment capacity. 

Step 2: Connect the point of ᾀ ᾀ ȟ ϳ  and  ίί ȟϳ  to the corresponding limit curve on Figure 

3.16 for CSA and on Figure 3.17 for ACI, and obtain the ὃ ὃϳ  on the horizontal axis. 

 
Figure 3.16. Design chart for the estimation of the ὃȾὃ of the alternative steel-GFRP hybrid RC section based 

on ᾀ ᾀ ȟ ϳ  of the original steel RC section per CSA 
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(a) (b) 

Figure 3.17. Design chart for the estimation of the ὃȾὃ of the alternative steel-GFRP hybrid RC section based 

on  ίίϳ  of the original steel RC section per ACI: (a) Ὠ ρςȢχ άά; and (b) Ὠ ρςȢχ άά (Note: ὧὪ  is 

in N/mm) 

Step 3: Connect the point of ὪȟȾὪ to the corresponding limit curve on Figure 3.18 for CSA and on 

Figure 3.19  for ACI, and obtain the ὃ ὃϳ  on the horizontal axis. 

 
Figure 3.18. Design chart for the estimation of the ὃȾὃ of the alternative steel-GFRP hybrid RC section based 

on the ὪȟȾὪ of the original steel RC section for CSA 
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(a) (b) 

Figure 3.19. Design chart for estimation of the replacement ratio (ὃȾὃ) of the alternative steel-GFRP hybrid 

RC section based on the ὪȟȾὪ of the original steel RC section per ACI: (a) Ὠ ρςȢχ άά; and (b) Ὠ

ρςȢχ άά (Note: ‍Ὠ is in mm) 

Step 4: Calculate the governing ὃȾὃ as the least value of ὃȾὃ obtained from Step 2 and Step 3. 

Calculate the area of GFRP rebars that can be replaced, ὃ ὃȾὃ ὃ. Then, estimate the number of 

steel bars that can be replaced with GFRP bars by rounding down ὔ ὃȾὃ  to the closest integer 

number, where ὃ  is the area of one GFRP rebar. The designer may choose to use a higher number of 

smaller-size bars for the calculated ὃ, given that the minimum spacing limits are not violated.  

Step 5: Check the instantaneous deflection, long-term deflection, and shear capacity of the section. 

If the instantaneous or long-term deflection is not satisfied, the design engineer can reduce the 

replacement ratio, increase the total number of rebars and/or change the dimensions of the section. The 

design engineer can then obtain the replacement ratio of the new section using the proposed design charts 

and recheck the deflections. 

It is noteworthy that achieving an optimized alternative steel-GFRP hybrid RC section, while 

satisfying the code deflection requirements, may require a few trials. Increasing section depth (height), 

or reinforcement ratio to satisfy deflection requirements can result in an increase in ὃȾὃ obtained from 

Step 4. Thus, maintaining the same replacement ratio obtained from the original design trial (Step 4) for 

the new section and rechecking the deflections can provide a conservative preliminary design. The 

reinforcement and dimensions of the section can be further optimized by calculating the utilization 

factors of the element at the ULS and SLS using the proposed equations of Section 2.ò 
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In practice, the designer can use smaller bar sizes with less spacing to obtain a higher replacement 

ratio in an alternative steel-GFRP hybrid RC section. An example demonstrating the process of obtaining 

the replacement ratio using the proposed step-by-step design procedure is provided in the Appendix.  

3.6 Summary, Conclusions and Recommendations 

Design recommendations for steel-GFRP hybrid RC flexural elements at SLS and ULS are proposed 

based on fundamental theories of RC beams and available literature. Moreover, two approaches to 

calculate the moment resistance of a hybrid RC section are described. Based on experimental data 

available on RC beams strengthened externally with FRP, the steel stress limit at SLS of πȢψυὪ is 

proposed to be used for steel-GFRP hybrid RC sections.  

An analytical study is undertaken to estimate the maximum replacement ratio of an alternative 

steel-GFRP hybrid RC section with the same total number of bars as a singly-reinforced steel RC section 

without violating the proposed design recommendations. The results of the analytical study show that if 

the ” ”ϳ  of the original steel RC section is less than ‐ ‐ ‐ Ὢ Ὁϳ  for CSA and 

‐ ‐ ‐ •Ὢ •Ὁϳ  for ACI, the alternative steel-GFRP hybrid RC section has a resistance 

moment higher than that of the original steel RC section. Moreover, the results show that the replacement 

ratio of an alternative steel-GFRP RC section depends on the properties of the original steel RC section 

at SLS: the lower ᾀᾀ  ϳ , ίί  ϳ and Ὢ Ὢ ϳ  of the steel RC section is, the higher the replacement ratio 

of the alternative steel-GFRP hybrid RC section. The results also showed that the bond-dependent 

coefficient is an important parameter affecting the replacement ratio of an alternative steel-GFRP hybrid 

RC section.  

Simplified design charts are developed and a step-by-step design procedure is proposed for 

transforming steel RC sections to alternative steel-GFRP hybrid RC sections with the same total number 

of bars. Over 37000 steel RC slabs have been designed per CSA A23.3-14 and ACI 318-19. More than 

66 percent of the designed sections had an alternative steel-GFRP RC section. It is also shown that the 

alternative steel-GFRP hybrid RC section can have up to 40% higher moment resistance than their 

original steel RC sections. Moreover, the data analysis confirmed that the simplified assumptions made 

in this research are conservative and accurate. 

Further research on the crack width (bond-dependent coefficient, Ὧ), deflections (long-term and 

short-term), minimum reinforcement required to control shrinkage cracking, stress limit for steel 

reinforcements under service loads, development and splice lengths, and concrete contribution in shear 

of steel-GFRP hybrid RC elements are recommended. 
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Chapter 4  

Flexural behaviour of steel-GFRP hybrid reinforced concrete beams 

4.1 Abstract 

This paper presents the flexural behaviour of steel-glass fibre-reinforced polymer (GFRP) hybrid 

reinforced concrete (RC) beams. Five concrete beams reinforced with steel reinforcement, eight 

reinforced with steel-GFRP hybrid reinforcement, and two reinforced with GFRP reinforcement were 

tested in flexure under a four-point load test setup. The 15 RC beams were designed with different 

reinforcement ratios and steel and GFRP reinforcement configurations to investigate the effect of the 

ratio of GFRP to steel reinforcement and the influence of the effective reinforcement ratio on flexural 

behaviour. The experimental results of the beams were analyzed and compared in terms of failure modes, 

flexural capacity, strain distribution, flexural response, and ductility. Based on the experimental results, 

steel-GFRP hybrid RC beams exhibited a greater ultimate strength than the steel RC beams but a lower 

ultimate strength than the GFRP RC beams. Moreover, the steel and hybrid RC beams exhibited higher 

ductility and energy absorption than the counterpart GFRP beams with the same reinforcement area. In 

addition, the results showed that the effective steel reinforcement ratio significantly affected the flexural 

stiffness of hybrid RC beams during the post-cracking stage until the yielding of steel reinforcements. 

Based on the cracked section analysis, a new equation was proposed to estimate the rebar strain for the 

post-yielding stage in the hybrid RC beams. Finally, the beams' moment capacity, yielding moment, and 

concrete and rebar strain were determined using existing design models and compared with the 

experimental results. 

4.2 Introduction  

The mechanical and physical characteristics of steel rebar and GFRP rebar are different. Steel rebars 

are linearly elastic until yielding, while GFRP bars are linearly elastic until failure. Additionally, the 

tensile strength of GFRP bars is greater than that of steel rebars; however, GFRP bars demonstrate a 

lower modulus of elasticity than steel rebars. The characteristics of GFRP bars result in an enhanced 

ultimate capacity in GFRP RC beams compared to a lower ultimate capacity in steel RC beams. Still, 

unfortunately, the flexural stiffness of GFRP RC beams is less than that of steel RC beams. The 

advantageous properties of steel rebars at the service load level, the better benefits of GFRP bars at the 

ultimate load level, and the enhanced ductility presented by steel rebars would all be advantageous to 

steel-GFRP hybrid RC beams. Using steel and GFRP bars in the hybrid reinforcement system can 

increase the utilization of the material, aiming to enhance ultimate capacity and improve ductility. Using 
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steel reinforcement in combination with FRP reinforcement provided greater ductility and stiffness 

compared to FRB RC beams [11,14,19].  

The flexural behaviour of steel-GFRP hybrid reinforced flexural members has been studied 

experimentally by many researchers, who verified the feasibility of using steel in combination with GFRP 

bars to enhance a concrete section [12ï16,18,19]. Aiello and Ombres [11] performed experimental and 

theoretical investigations on steel-Aramid FRP (AFRP) hybrid RC beams. This study focused on the 

structural behaviour, including the ultimate and serviceability conditions for deflection, curvature, 

ductility, crack width, and spacing. The test results showed that using steel rebars combined with AFRP 

bars reduced the crack width and the crack spacing and enhanced FRP RC beams' deformability. Still, 

the contribution of the additional steel rebars to the flexural capacity was low. Leung and Balendran [7] 

conducted an experimental study on the load-deflection behaviour of seven concrete beams reinforced 

with steel rebars and GFRP bars. The experimental results showed that the flexural strength of the hybrid 

RC beams was greater than that of the beams reinforced with either steel rebars or GFRP bars with more 

cracks. It was also reported that the hybrid RC beams demonstrated an enhanced post-yielding stiffness, 

which supported the GFRP bars' efficacy after the steel rebars yielded. Qu et al. [2] investigated 

experimentally and theoretically the flexural behaviour of beams reinforced with different steel and 

GFRP reinforcement configurations. The main parameters studied were the amount of reinforcement and 

the ratio of GFRP to steel. It was reported that hybrid steel-GFRP RC beams with normal effective 

reinforcement ratios demonstrated good load carrying capacity, ductility, and serviceability. Lau and 

Pam [12] conducted an experimental study on 12 concrete beams consisting of plain concrete beams, 

steel RC beams, GFRP RC beams, and hybrid RC beams. The test results showed that hybrid RC beams 

behaved more ductile than GFRP RC beams. Recently, Ibrahim et al. [62] developed practical design 

charts for the design of steel-GFRP hybrid RC sections. An extensive parametric study was conducted 

to transform steel RC sections into alternative steel-GFRP hybrid RC sections with the same number of 

bars. 

This study aims to experimentally investigate the flexural behaviour of steel-GFRP RC beams using 

monotonic four-point load flexural tests. The main test parameters are the bar diameter, the GFRP to 

steel replacement ratio, and the effective reinforcement ratio. The paper reports and discusses 

experimental results such as crack propagation and failure modes, ultimate capacity, concrete and rebar 

strain, flexural response, and ductility and energy absorption. The relevant codesô and standardsô 

equations for predicting the flexural response are assessed and compared with the experimental results. 
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4.3 Experimental program 

In this study, a total of 15 full-scale beams reinforced with steel rebars, GFRP bars, or steel-GFRP 

bars were constructed and tested monotonically up to failure. The beams are 200 mm in width, 400 mm 

in height and 4350 mm in total length with a 3800 mm clear span, as presented in Figure 4.1. 

 

Figure 4.1 Dimensions of the beam specimens in elevation (units are in mm) 

4.3.1 Properties of materials  

The GFRP bars and steel rebars used in the experimental program are shown in Figure 4.2. The GFRP 

bars are ribbed Grade III, which refers to the high modulus bars (i.e., minimum specified tensile strength 

greater than or equal to 1000 MPa) according to the CSA S807-2019 standard [60]. Additionally, the 

tensile strength and elastic modulus of the GFRP reinforcing bars were determined by testing five 

representative bars as per ASTM D7205/D7205M-21 guidelines [63]. The nominal area of the GFRP 

bars as per ASTM D7957/D7957M-22 [61] was used to calculate the mechanical properties of GFRP 

bars. The diameters of the GFRP bars included in the study were No. 4 (13 mm), No.5 (16 mm), and 

No.6 (19 mm). The steel rebars were grade 400W, with a minimum yield strength of 400 MPa deformed 

rebars according to the CSA G30.18:21 standard [64]. Moreover, the yield strength of steel reinforcing 

rebars was determined by testing five representative bars according to the CSA G30.18:21 standard [64]. 

The diameters of the steel rebars included in the study are No. 4 (13 mm), 15M (16 mm), and 20M (19 

mm). Material properties of concrete, steel rebars, and GFRP bars are shown in Table 4.1. 

All the beams were constructed using normal strength concrete with a target strength of 35 MPa. The 

compressive strength (Ὢ) was determined on the day of testing (±1 week) by testing five 100 × 200 mm 

concrete cylinders in accordance with ASTM C39/C39M-21 [65]. In addition, the concrete tensile 

strength (Ὢ ) was evaluated by splitting tests for three cylinders with dimensions of 100 × 200 mm as 

per ASTM C496/C496M-17 [66]. The modulus of rupture for the concrete (Ὢ) was determined by testing 

three 150 × 150 × 500 mm prisms as per ASTM C78/C78M-22 [67]. The beams were reinforced in 

compression with two top grade 400W 10M steel bars with a nominal diameter of 11.3 mm and a 

corresponding Ὢ of 400 MPa. The shear span is reinforced with 100 mm closely spaced 10M steel 

stirrups to prevent any shear failure. At the mid-span section (constant moment zone), the stirrups were 
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spaced at 333 mm to minimize the confinement effect of the stirrups in the compression zone and stabilize 

the positions of the top and bottom longitudinal bars. The bottom concrete cover was 50 mm, and the 

side concrete cover is 25 mm for all the beams. 

 

Figure 4.2 Surface profile of steel and ribbed GFRP Grade III 

4.3.2 Test matrix 

The test matrix includes 15 full-scale beams reinforced with steel rebars, GFRP bars, or steel-GFRP bars, 

as presented in Figure 4.3. The beams were labelled to indicate the amount of reinforcement, type of 

reinforcement, and bar diameter. For example, 4S16+1G16 represents a hybrid beam reinforced with 4 

steel rebars and 1 GFRP bar with a diameter of 16 mm. The beam test matrix was selected to cover the 

different gaps in the literature. The main testing parameters were the bar diameter (13 mm, 16 mm, and 

19 mm), reinforcement ratio, and GFRP to steel replacement ratio, as shown in  

 

 

Table 4.2. Steel RC beams were designed to be under-reinforced so that steel rebars yielded before 

concrete crushing in the compression zone and before the GFRP bars ruptured. On the other hand, GFRP 

RC beams were designed to be over-reinforced to have concrete crushing in the compression zone before 

the GFRP bars ruptured. Furthermore, the hybrid RC beams were designed to allow the steel rebars to 

yield first and then the concrete to crush in the compression zone but before the GFRP bars ruptured 

based on the approach suggested by Pang et al. 2016. Pang et al. [20] defined two balanced reinforcement 

ratios for the hybrid RC beams, ”ȟ, as presented in Eq. (4.1), and ”ȟ, as presented in Eq. (4.2), in 

addition to effective steel reinforcement ratio, ” ȟ, as shown in Eq. (4.3), and effective FRP 

GFRP r ibbed #4 

GFRP r ibbed #5 

GFRP r ibbed #6 

Steel 20M 

Steel 15M 

Steel #4 
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reinforcement ratio ” ȟ, as shown in Eq. (4.4). Pang et al. [20] described three modes of failure for 

hybrid RC flexural members: the over-reinforced section when ” ȟ ”ȟ, which describes concrete 

crushing before steel rebars yield or FRP bars rupture; the under-reinforced section when ” ȟ ”ȟ; 

and ” ȟ ”ȟ, which describes concrete crushing after steel rebars yield and before the rupture of FRP 

bars and the last mode of failure when ” ȟ ”ȟ, which describes the rupture of FRP bars after steel 

rebars yielding and before concrete crushing. Pang et al. [20] prioritized the approach of the under-

reinforced sections when ” ȟ ”ȟ and ” ȟ ”ȟ since it provides sufficient warning by steel rebars 

yielding before sudden failure due to FRP bars rupture. 

”ȟ πȢψυ‍
Ὢᴂ

Ὢ

Ὁ‐

Ὢ Ὁ‐
 (4.1) 

”ȟ πȢψυ‍
Ὢᴂ

Ὢ

Ὁ‐

Ὁ‐ Ὢ
 (4.2) 

” ȟ ”
Ὁ

Ὁ
” (4.3) 

” ȟ ”
Ὢ

Ὢ
” (4.4) 

Table 4.1 Material properties of the concrete, steel rebars, and GFRP bars 

Specimen Ὠ (mm) Ὠ (mm) Ὢ(mm) Ὢ  (MPa) Ὢ (MPa) Ὢ (MPa) Ὢ  (MPa) Ὁ (GPa) 

4S19 19.5 ī 38.9 3.4 4.4 450 

450 

450 

ī ī 

3S19+1G19 19.5 19.1 38.9 3.4 4.4 450 1100 55.9 

2S19+2G19 19.5 19.1 38.9 3.4 4.4 450 

 

1100 55.9 

4G19 ī 19.1 38.9 3.4 4.4 ī 1100 55.9 

5S16 16.0 ī 43.6 4.0 4.8 370 ī ī 

4S16+1G16 16.0 15.9 43.6 4.0 4.8 503 1150 57.3 

3S16+2G16 16.0 15.9 43.6 4.0 4.8 370 1150 57.3 

4S16 16.0 ī 43.6 4.0 4.8 503 ī ī 

3S16+1G16 16.0 15.9 43.6 4.0 4.8 503 1150 57.3 

5S13 12.7 ī 43.6 4.0 4.8 530 ī ī 

4S13+1G13 12.7 12.7 43.6 4.0 4.8 530 1125 57.1 

3S13+2G13 12.7 12.7 43.6 4.0 4.8 530 1125 57.1 

4S13 12.7 ī 43.6 4.0 4.8 530 ī ī 

3S13+1G13 12.7 12.7 43.6 4.0 4.8 530 1125 57.1 

6G13 ī 12.7 38.9 3.4 4.4 ī 1125 57.1 
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Table 4.2 Details of the test specimens 

Specimen ὃ(mm2

) 

ὃ(mm2

) 

” (%) ” (%) ” ȟ(%) ” ȟ(%) ”ȟ(%) ”ȟ(%) ” ”ȟϳ  ὃ ὃϳ  

4S19 1200 ī 1.42 ī 1.42* 0.58 3.24 ī 0.44 ī 

3S19+1G19 900 284 1.06 0.33 1.16 0.77 3.24 0.31 ī 0.32 

2S19+2G19 600 568 0.71 0.67 0.89 0.96 3.24 0.31 ī 0.95 

4G19 ī 1136 ī 1.34 0.37 1.34** ī 0.31 ī ī 

5S16 1000 ī 1.17 ī 1.17* 0.38 4.58 ī 0.26 ī 

4S16+1G16 800 199 0.94 0.23 1.01 0.64 2.96 0.31 ī 0.25 

3S16+2G16 600 398 0.70 0.47 0.84 0.69 4.58 0.31 ī 0.67 

4S16 800 ī 0.94 ī 0.94* 0.41 2.96 ī 0.32 ī 

3S16+1G16 600 199 0.70 0.23 0.77 0.54 2.96 0.31 ī 0.33 

5S13 645 ī 0.75 ī 0.75* 0.36 2.74 ī 0.27 ī 

4S13+1G13 516 129 0.60 0.15 0.65 0.43 2.74 0.32 ī 0.25 

3S13+2G13 387 258 0.45 0.30 0.54 0.51 2.74 0.32 ī 0.67 

4S13 516 ī 0.60 ī 0.60* 0.28 2.74 ī 0.22 ī 

3S13+1G13 387 129 0.45 0.15 0.50 0.36 2.74 0.32 ī 0.33 

6G13 ī 774 ī 0.95 0.27 0.95** ī 0.32 ī ī 

*Effective steel reinforcement ratio (” ȟ)=Steel reinforcement ratio (”) since there are no GFRP bars in the section. 

** Effective FRP reinforcement ratio (” ȟ)=GFRP reinforcement ratio (”) since there are no steel rebars in the section. 

The beams were categorized into three groups based on the bar diameter used, as shown in Figure 4.3. 

Each group had one or two reference steel RC beams based on the number of rebars fitting into the beam 

width. The 15 beams were divided into two GFRP RC beams, five steel RC beams and eight steel-GFRP 

hybrid RC beams. The reinforcing rebars in all the beams were distributed in a single layer except for 

beam 6G13, which has four bars in the outermost layer and two bars in the top layer. Each group had one 

or two steel RC beams, with reinforcement ratios ranging between 0.60 and 1.42 to cover a wide range 

of beam reinforcement ratios. All reference steel RC beams are designed to be under-reinforced, while 

GFRP RC beams are designed to be over-reinforced. Hybrid RC beams are designed for concrete 

compression failure after the steel rebars yield, but the GFRP bars rupture. 
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Figure 4.3 Description of the beam cross section (units are in mm) 

4.3.3 Testing setup and instrumentation 

Figure 4.4 shows a schematic diagram of the test setup used for the beam specimen testing. All the 

beams were tested under four-point flexural loading until failure. The load was applied monotonically 

using a 5000 kN hydraulic press at a displacement-controlled rate of 1.2 mm/min, and the load was 

measured using a 450 kN load cell. The load cell, strain gauges, LVDTs, and potentiometers were 

connected to a data-acquisition system, which recorded 5 readings/sec during the test until failure. Cracks 

were marked during the beam test, and the corresponding load was recorded and marked.  

Figure 4.4 also shows the instrumentation used in the beam specimens. The instrumentation consisted 

of five vertical potentiometers, one horizontal potentiometer, and 80-mm concrete strain gauges. Figure 

4.5 shows the distribution of 5-mm rebar strain gauges in a typical beam specimen. Rebar strain gauges 

were used to measure the strains in the steel rebars and GFRP bars. Rebar strain gauges are placed in the 

center of the beam under two-point loadings with a minimum of two strain gauges in each rebar. Figure 

4.5 shows the locations of the strain gauges in the five-bar reinforcement configuration and the four-bar 

reinforcement configuration. Two concrete strain gauges were placed in the top compression fibres to 

measure the maximum strain in the concrete fibres, one located in the center and the other near the two-

point loadings. Another two concrete strain gauges were placed at the side of the beam to measure the 

strain distribution along the height of the beam. One was located at 35 mm from the top compression 

fibres, and the other at 65 mm from the top. Five linear potentiometers are installed on the ground under 
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the beam to measure the beam deflection. Two potentiometers are placed at the beam mid-span in 

addition to two potentiometers at the two-point loadings, and the last potentiometer is located at the 

middle of the shear span. 

 

Figure 4.4 Schematic diagram of four-point load bending test 

 

 

Figure 4.5 Distribution of rebar strain gauges on a typical beam specimen 



59 

 

4.4 Experimental results 

The experimental results obtained from the tests, including the crack propagation and failure modes, 

flexural capacity, strain distribution, flexural response, ductility and energy absorption, are presented in 

this section. 

4.4.1 Mode of failure 

Figure 4.6 shows the failure modes of the tested beams. The cracks initiated in the middle moment 

zone then propagated upwards with increasing load. As the load increased, the cracks initiated outside 

the middle moment zone until they reached the shear zone. In the compression upper zone, the concrete 

strain increases by increasing the load continuously until concrete crushing due to reaching the maximum 

compressive strain in the top concrete fibres. The steel RC beams exhibited steel rebars yielding prior to 

concrete crushing, as designed. On the other hand, hybrid RC beams failed due to steel yielding prior to 

concrete crushing without GFRP bars rupturing except for beam 3S13+1G13 with ” ȟ πȢσφϷ, which 

failed due to steel rebars yielding and GFRP bars rupturing prior to concrete crushing, as shown in Figure 

4.6-n. This is because the reinforcement ratio, ” ȟ is only 1.125 times the balanced reinforcement ratio, 

”ȟ. To avoid this undesirable mode of failure, Pang et al. [20] suggested that ” ȟ equals at least 1.4 

times ”ȟ as a design recommendation.  The two GFRP RC beams failed due to concrete crushing 

without rupturing of GFRP bars, as designed. 

   

a) 4S19 b) 3S19+1G19 c) 2S19+2G19 

   

d) 4G19 e) 5S16 f) 4S16+1G16 

   

g) 3S16+2G16 h) 4S16 i) 3S16+1G16 
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j) 5S13 k) 4S13+1G13 l) 3S13+2G13 

   

m) 4S13 n) 3S13+1G13 o) 6G13 

Figure 4.6 Failure modes of tested concrete beams 

4.4.2 Flexural capacity and yielding moment 

Many researchers [2,13,15,21] have experimentally confirmed that the strain distribution of hybrid 

RC flexural members is the same as that of steel RC flexural members, meaning that the assumption that 

plane sections remain planar after bending is valid for hybrid RC sections. The hybrid RC beams were 

designed to fail by concrete crushing after steel yielding and prior to GFRP rupture. Considering this 

failure mode and based on the strain compatibility, force equilibrium, and rectangular stress block for 

the stress distribution on the concrete compression side, the stress in the GFRP bars at the ultimate, Ὢ 

and nominal moment capacity, ὓ  can be calculated using the following equations:  

Ὢ
ρ

τ

ὃὪ

ὃ
Ὁ‐ Ὁ‐

‌‍ὦὨὪ ὃὪ

ὃ

ρ

ς

ὃὪ

ὃ
Ὁ‐ Ὢ  (4.5) 

ὓ ὃὪ ὃὪ Ὠ
‍ὧ

 ς
 (4.6) 

‌ πȢψυ (4.7a) 

‍ πȢψυ
πȢπυὪ ςψ

χ
πȢφυ (4.7b) 

‌ πȢψυπȢππρυὪ πȢφχ (4.8a) 

‍ πȢωχπȢππςυὪ πȢφχ (4.8b) 

The rectangular stress block for the stress distribution in the compressive zone of the concrete of FRP 

RC flexural members proposed by the ACI 440.11-22 [22]and CSA S806-12 [23] standards are different. 

As strain compatibility is valid for hybrid RC flexural sections [2,13], the stress block can be applied to 

hybrid RC flexural members. The main difference in stress block definition between ACI 440.11-22 and 

CSA S806-12 is the values of the stress block parameters, ‌ and ‍, as expressed in Eqs. (4.7a) and 
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(4.7b) and Eqs. (4.8a) and (4.8b), respectively. The other main difference is the maximum concrete 

compressive strain, which equals 0.003 and 0.0035 for ACI 440.11-22 and CSA S806-12, respectively. 

An equivalent rectangular stress diagram of hybrid RC beams is shown in Figure 4.7 

 

Figure 4.7  Equivalent rectangular stress diagram of hybrid RC beams 

Table 4.3 compares the experimental results for the yielding and ultimate moments with the 

predictions of CSA S806-12 standards and ACI 440.11-22 guidelines and lists the tested beams' failure 

modes. It is worth mentioning that the yielding moments were calculated based on the cracked section 

analysis. It can be observed that by increasing the ratio of the GFRP in the section, which corresponds to 

an increase in the replacement ratio, ὃ ὃϳ , the yielding moment decreased, and the ultimate moment 

increased, which is attributed to the superior ultimate strength of the GFRP bars compared to that of the 

steel rebars. Only the 4S16+1G16 beam has a greater yielding moment than its original steel beam (i.e., 

5S16) because the yielding strength of the steel rebars used in the former is greater than that of the latter, 

as shown previously in Table 4.1. It can also be found that the observed values of the yielding moment 

were higher than the predictions using the equations of the CSA S806-12 standards and ACI 440.11-22 

guidelines by 6% for all RC beams. On the other hand, the observed values of the ultimate moment 

capacity were higher than the predictions using the equations of the CSA S806-12 standards and ACI 

440.11-22 guidelines by 6% and 9%, respectively, for all RC beams. Almost the same trend was observed 

for the hybrid RC beams. It is clear that the CSA S806-12 standards gives closer predictions to the 

experimental results for both yielding moments and ultimate moment capacities than does the ACI 

440.11-22 guidelines. The test results show that the ultimate moment capacities of beams 3S19+1G19, 

2S19+2G19, and 4G19 were 1.01, 1.07, and 1.13 times that of reference beam 4S19, respectively. The 

test results also show that the ultimate moment capacities of beams 4S16+1G16 and 3S16+2G16 were 

1.32 and 1.38 times that of reference beam 5S16, respectively, while the ultimate moment capacity of 

beam 3S16+1G16 was 1.13 times that of reference beam 4S16. The test results for beams reinforced with 

#13 bars show that the ultimate moment capacities of beams 4S13+1G13 and 3S13+2G13 were 1.15 and 

1.27 times that of reference beam 5S13, respectively, while the ultimate moment capacity of beam 

3S13+1G13 was 1.22 times that of reference beam 4S13. This confirms that GFRP bars are important 

for enhancing the ultimate moment capacity of steel-GFRP RC beams. 
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Table 4.3 Yielding moment, ultimate moment capacity and failure mode of the tested beams 

Specimen Experimental  Predictions using CSA S806-12  Predictions using ACI 440.11-22  Observed failure mode 

╜◐ 

(kN.m) 

╜► 
(kN.m) 

 

 

╜◐ 

(kN.m) 

╜▪ 
(kN.m) 

╜◐ȟ▄●▬Ⱦ╜◐ȟ◄▐ ╜►Ⱦ╜▪  ╜◐ 

(kN.m) 

╜▪ 
(kN.m) 

╜◐ȟ▄●▬Ⱦ╜◐ȟ◄▐ ╜►Ⱦ╜▪   

4S19 170.7 173.5  161.1 161.3 1.06 1.08  161.5 165.4 1.06 1.05  Steel yielding and concrete crushing 

3S19+1G19 139.5 174.3  132.9 169.5 1.05 1.03  133.2 167.2 1.05 1.04  Steel yielding and concrete crushing 

2S19+2G19 107.0 186.4  104.3 174.0 1.03 1.07  104.5 168.2 1.02 1.11  Steel yielding and concrete crushing 

4G19 NA 195.5  NA 179.0 NA 1.09  NA 169.3 NA 1.15  Concrete crushing 

5S16 123.9 131.8  112.3 116.8 1.10 1.13  112.6 118.7 1.10 1.11  Steel yielding and concrete crushing 

4S16+1G16 135.1 174.5  131.9 165.8 1.02 1.05  132.2 163.0 1.02 1.07  Steel yielding and concrete crushing 

3S16+2G16 96.6 182.4  81.5 160.0 1.19 1.14  81.6 152.2 1.18 1.20  Steel yielding and concrete crushing 

4S16 126.0 133.2  123.5 126.1 1.02 1.06  123.7 128.4 1.02 1.04  Steel yielding and concrete crushing 

3S16+1G16 104.1 150.6  102.3 146.1 1.02 1.03  102.5 141.3 1.02 1.07  Steel yielding and concrete crushing 

5S13 111.0 116.5  106.4 109.0 1.04 1.07  106.6 110.7 1.04 1.05  Steel yielding and concrete crushing 

4S13+1G13 102 133.8  91.8 128.2 1.11 1.04  92.0 124.0 1.11 1.08  Steel yielding and concrete crushing 

3S13+2G13 86.6 148  77.0 139.0 1.12 1.06  77.1 131.9 1.12 1.12  Steel yielding and concrete crushing 

4S13 85.4 94.9  85.9 88.5 0.99 1.07  86.0 89.6 0.99 1.06  Steel yielding and concrete crushing 

3S13+1G13 77.0 116.0  71.1 114.4 1.08 1.01  71.2 109.2 1.08 1.06  
Steel yielding, GFRP rupture and 

concrete crushing 

6G13 NA 164.2  NA 161.9 NA 1.01  NA 147.8 NA 1.11  Concrete crushing 

               

All RC 

Beams 

Average 1.06 1.06   1.06 1.09  

Standard Deviation 0.05 0.04   0.05 0.05 

Coefficient of variation (%) 5.08 3.46   5.08 4.18 

        

Hybrid RC 

Beams 

Average 1.08 1.06   1.08 1.09 

Standard Deviation 0.06 0.04   0.06 0.05 

Coefficient of variation (%) 5.54 3.70   5.54 4.52 

Note: Beam self-weight was included in the calculated and experimental yielding and failure moments  
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4.4.3 Strain distribution  

Figure 4.8 shows the experimental strain distribution along the beam depth at the mid-span section 

under various moment levels for several beams. The strain distribution for the hybrid RC beams is similar 

to that of the steel RC beams and GFRP RC beams, which means that the plane section assumption is 

also valid when applied to hybrid RC beams. These results have been proved previously by previous 

studies [2,13].  

  

  

Figure 4.8 Strain distribution along the beam height of some tested concrete beams: (a) beam 5S16, (b) beam 

4S16+1G16, (c) beam 3S16+2G16 and (d) beam 6G13 

Figure 4.9 presents the concrete strain readings at the maximum compressive fibres and at heights of 

335 mm and 370 mm from the soffit of the beam for the tested beam 3S16+2G16. The maximum strain 

on top of the beam increased at a lower rate before cracking, after which the rate increased until steel 

rebars yielded, and then the rate increased dramatically until failure. The strain gauge on the side of the 

beam was in compression until failure, which conforms with the crack pattern in Figure 4.6-g which shows 

that the vertical cracks did not exceed the lower concrete strain gauge. 
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Figure 4.9 Relationships between the mid-span moment and the concrete strain at the maximum compressive 

concrete fibres and at the side at different heights from the soffit of beam 3S16+2G16 

Figure 4.10 shows the relationships between the applied moment, maximum tensile rebar, and 

maximum compressive concrete strain. The concrete compressive strain values were calculated using the 

mean values of the two strain gauge readings in the moment zone, and the rebar strain values were the 

mean values of the strain gauges in the moment zone. Generally, the moment-strain relationship was 

trilinear for steel and hybrid RC beams, while the relationship was bilinear for GFRP RC beams. The 

concrete and rebar strains started with a sharp linear trend until the first cracking in all the beams. Then 

the curve decreased until failure in the case of the GFRP RC beams. Still, in the case of the steel RC 

beams, the curve continued with a lower plateau until steel rebars yielded and then almost reached a 

horizontal plateau until failure; however, in the case of the hybrid RC beams, after yielding, the strain 

increased with a lower plateau until failure. For hybrid beams, the stiffness after yielding is attributed to 

the existence of GFRP in the section. The experimental results presented in Figure 4.10 show an increase 

in the concrete and rebar strains with increasing replacement ratio, ὃ ὃϳ  at the same load level. 

Moreover, the increase in strain, while replacing some steel rebars with GFRP bars in the steel RC beams 

is minor compared to the pure GFRP RC beams. Figure 4.10 shows that the slope of the moment-strain 

curve decreases with increasing replacement ratio, ὃ ὃϳ in the sections with the same number of rebars. 
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Figure 4.10 Concrete and rebar measured strains (in the bottom layer) of the tested beams 

Figure 4.11 shows a schematic diagram of the flexural response of the steel-GFRP hybrid RC flexural 

members. After the load exceeds the cracking moment but before the steel rebars yield (see cracked 

response 1 in Figure 4.11), cracked section analysis can be used to estimate the ratio of the depth of the 
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