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A B S T R A C T   

Seven half-scale beams were tested to explore the impact of adding steel fiber (SF) on the flexural behavior of 
concrete beams reinforced with hybrid schemes. Key parameters included SF volume (0.00%, 0.50%, and 1.00%) 
and the steel-to-GFRP ratio in hybrid schemes (1.0 and 0.69). The presence of SF in the concrete beams, rein
forced with hybrid schemes, enhances ductility while simultaneously increasing load capacity and stiffness. Load 
capacity increased by 13% and 21% for 0.50% and 1.00% SF, respectively. Toughness enhancements were 97.7% 
and 161% for the same SF volumes. SF presence led to higher strains in GFRP bars at ultimate levels, enhancing 
ductility and extending the warning range before failure. The experimental results underscore the effectiveness of 
combining hybrid schemes with steel fibers in RC beams. The flexural capacity of the tested beams and an 
additional 41 specimens from the literature was determined through a modified approach based on first prin
ciples. Experimental flexural capacities were compared to theoretical ones, with an average ratio of about 1.05, 
indicating a reliable measure for predicting flexural capacity.   

1. Introduction 

Over the past few decades, there has been a notable surge in research 
interest focused on evaluating the efficacy of utilizing fiber-reinforced 
polymers (FRP) as a substitute for traditional reinforcing steel in rein
forced concrete (RC) structures. This exploration stems from the po
tential of FRP to enhance the durability of concrete structures and 
address the persistent issue of steel corrosion. The challenge of steel 
corrosion significantly decreases the service life of structures exposed to 
chloride salts and poses a threat to the structural integrity of moisture- 
exposed structures such as dams and tanks. FRP presents several ad
vantages, including its lightweight nature and impressive tensile 
strength, which can reach up to 1000 MPa. This high tensile strength 
allows for a substantial enhancement in the load-bearing capacity of RC 
sections. 

Several researchers [1–4] have previously conducted comprehensive 
investigations, both experimental and numerical, to explore the flexural 
behavior of beams reinforced with FRP bars. In a particular study, ten 
beams, each measuring 120 mm in width, 300 mm in depth, and 
2800 mm in length, were meticulously cast and subjected to testing 
under four-point bending [1]. The key parameters considered in this 

investigation included the type of reinforcement material (GFRP and 
steel), concrete compressive strength, and the reinforcement ratio (μb, 
1.7 μb, and 2.7 μb, where μb represents the balanced reinforcement 
ratio). Test results revealed that an increase in the reinforcement ratio 
led to a significant reduction in crack widths and mid-span deflection. 
Moreover, the ultimate load demonstrated a substantial enhancement of 
47% and 97% as the reinforcement ratio increased from μb to 2.7 μb. 
Particularly noteworthy was the observation that specimens reinforced 
with 2.7 μb exhibited a degree of ductility, which could be attributed to 
the concrete’s behavior. The recorded strain of GFRP reinforcement 
reached an impressive 90% of the ultimate strains. In a separate inves
tigation focusing on Basalt Fiber-Reinforced Polymer (BFRP) RC beams 
[2], the study explored the flexural behavior through a combination of 
numerical simulations and experimental tests. The findings highlighted 
two distinct failure modes for BFRP RC members. When the reinforce
ment ratio (μf) exceeded the balanced reinforcement ratio (μb), the 
beams exhibited a failure mode characterized by concrete crushing. 
Importantly, this type of failure was not sudden, and the beam demon
strated a measure of ductility. Conversely, when μf was lower than μb, 
the beams experienced a sudden failure due to reinforcement rupture. 

The impact of basalt fibers on the flexural and shear behaviors of 
concrete beams, reinforced with BFRP bars, was experimentally assessed 
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[5,6]. Twelve beams, targeting a compressive strength of 40 MPa, were 
cast with plain, basalt fibers, and synthetic fibers-reinforced concrete 
[5]. Basalt fibers of lengths 24 mm and 12 mm were considered. The test 
matrix included FRC beams with GFRP bars and conventional steel rebar 
for comparison. Results indicated improved curvature ductility and 
enhanced flexural capacities, attributed to delayed concrete failure 
strain beyond 0.003 in the compression zone, enabling BFRP bars to 
achieve higher ultimate strength. Addressing the limitation of ductility 
in RC beams when employing FRP bars is a significant concern that 
warrants further research. One contemporary approach to tackle this 
ductility challenge involves the adoption of hybrid schemes, combining 
FRP and steel bars. This research will explore and implement such 
hybrid schemes as a potential solution to enhance the ductility of RC 
beams. 

Several researchers have investigated the enhancements in beams 
reinforced with FRP bars through the utilization of hybrid schemes, 
involving a combination of steel bars and FRP bars [7–15]. Six concrete 
beams were tested, reinforced with a mix of GFRP and steel bars, 
alongside three beams reinforced solely with steel bars [8]. Key pa
rameters included reinforcement and area ratios of FRP to steel bars. 
Findings revealed that hybrid reinforced beams exhibited faster crack 
width and deflection development than steel-reinforced beams. Despite 
equal total reinforcement amounts, hybrid reinforced beams had 
91–97% of the ultimate flexural capacity of steel-reinforced beams. 
However, deflection and crack width were notably larger in hybrid 
reinforced beams at equivalent service loads. The GFRP-to-steel area 
ratio significantly influenced their flexural behavior. In a similar 
context, it was observed that over-reinforced hybrid beams exhibited 
greater strength and ductility compared to beams reinforced solely with 
GFRP [11]. 

Experimental tests on continuous concrete beams with hybrid GFRP- 
steel reinforcement explored key parameters: GFRP quantity, steel re
inforcements, and the steel-to-GFRP area ratio [13,14]. Findings 
revealed that increasing GFRP in sagging and hogging zones heightened 
load capacity but reduced ductility [13]. Conversely, higher steel rein
forcement ratio at critical sections enhanced ductility but yielded less 
load capacity increase. Introducing steel to GFRP-reinforced T-beams 
improved flexural stiffness, ductility, and serviceability [14]. However, 

moment redistribution at failure was limited due to early steel yielding 
in sections not reaching full capacity, despite the presence of FRP 
reinforcement. 

An alternative method of combining steel with FRP involves utilizing 
hybrid bars, where a steel bar serves as the core, wrapped with FRP, as 
demonstrated by Said et al. [16,17]. This study involved testing twelve 
half-scale concrete beams to investigate the flexural performance of 
beams reinforced with locally produced hybrid bars and hybrid schemes. 
The variables examined were the reinforcement bar types (hybrid, 
GFRP, and steel) and reinforcement ratios (0.85%, 1.26%, 1.70%, 1.8%, 
and 2.13%). The test results revealed a noteworthy improvement in the 
maximum load-carrying capacity with an increase in the hybrid rein
forcement ratio. Specifically, capacities increased by 109% and 167% 
for hybrid reinforcement ratios of 1.26% and 1.7%, respectively. Addi
tionally, the strain of reinforcing bars exceeded the yield level. Conse
quently, the use of hybrid reinforced bars or hybrid schemes exhibited 
increased ductility for concrete beams. 

Numerous researchers have investigated the enhancement of flexural 
performance in RC beams by the incorporation of various types of fibers 
into the concrete mix [18–32]. The key parameters explored in these 
studies predominantly include the fiber volume (ranging from 0.25% to 
2.0%), the fiber types (steel, carbon, glass, basalt, and polypropylene 
fibers), and the fiber shapes (hooked-end, corrugated, and plain fibers). 
Drawing from the outcomes of these studies, the addition of fibers to the 
concrete mix enhances the ductility index, inhibits crack propagation, 
and augments tensile strength, consequently leading to increased stiff
ness in the structural element. The investigation revealed that increasing 
the SF volume to 1.0% improved concrete tensile strength and flexural 
capacity by 50% [20]. Additionally, it was concluded that the yielding 
stress of steel reinforcement increased proportionally with the increase 
in SF volume ratio [26]. This led to an enhancement in the flexural 
capacity and ductility of the sections. 

Through the examination of past studies, it is evident that the use of 
hybrid scheme reinforcement or SF has a substantial impact on 
enhancing the flexural performance and ductility of RC beams. Addi
tionally, there is a notable improvement in the stiffness and toughness of 
the beams. Building on this knowledge and introducing a new approach, 
this research focuses on assessing the flexural performance of RC beams 

Nomenclature 

SF Steel fibers 
Vf Volume ratio of steel fibers 
Ac Area of the compression zone 
a Depth of the rectangular stress block 
As Area of steel reinforcement bars in tension 
Af Area of FRP reinforcement bars in tension 
ρf Ratio of FRP reinforcement 
ρs Ratio of steel reinforcement 
Pcr Cracking load 
Pcr− R Cracking load of the reference beam 
Py Load at yielding level 
Py− R Load at the yielding level of the reference beam 
δy Deflection at the yielding level 
δy− R Deflection at the yielding level of the reference beam 
Pu Load at the ultimate level 
Pu− R Load at the ultimate level of the reference beam 
δu Deflection at the ultimate level 
δu− R Deflection at the ultimate level of the reference beam 
K Initial stiffness 
DF Ductility factor 
HTS High Tensile Steel 

GFRP Glass Fiber Reinforced Polymers 
εy Strain at the yielding level 
εt Strain at the ultimate level 
μs Strain ductility 
Cc The compression force of SFRC concrete 
Ts The tensile force in steel bars 
Tf The tensile force in GFRP bars 
Tsf The tensile force resulting from the steel fibers’ presence in 

concrete 
σcf The compressive stress of SFRC 
fcuf The cubic compressive strength of SFRC 
fcu The cubic compressive strength of plain concrete 
f′c The cylindrical compressive strength of plain concrete 
Lf
ϕ The aspect ratio of included steel fibers 
Ff Tensile stress in GFRP bars 
Fy Yielding stress of steel bars 
εf Strain of FRP bars 
Asf Area of the tension zone 
σsf The tensile strength resulting from steel fiber inclusion in 

concrete 
Mn The nominal flexural strength 
Mexp The experimental flexural strength  
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incorporating both hybrid longitudinal reinforcements and steel fibers. 
Seven half-scale SFRC beams, reinforced with hybrid schemes, under
went experimental testing to quantify improvements in various aspects, 
including load capacity, ductility, toughness, and flexural capacity of the 
RC beams. 

2. Test program 

2.1. Material properties 

2.1.1. Manufacturing and testing of GFRP bars 
GFRP ribbed bars were locally manufactured by the author, using 

resin and glass fiber roving. Plastic molds were made in a special 
workshop for manufacturing with length of 12 m and diameters of 10 
and 12 mm as shown in Fig. 1. 

Specimens from the GFRP bars were experimentally tested to 
determine their tensile strength and mechanical properties. The average 
tensile strength of GFRP bars with 10 mm and 12 mm diameters was 
respectively 910 MPa and 850 MPa with modulus of elasticity 42 GPa 
and 39 GPa. The outer surface of GFRP bars was deformed to enhance 
the bond between the bars and the concrete. The stress-strain curve of 
the tested GFRP bars is illustrated in Fig. 2. 

2.1.2. Steel bars 
Longitudinal reinforcement consisted of deformed steel bars with a 

yield strength of 400 MPa. Stirrups for all beams were made from 

normal mild steel bars, 8 mm in diameter, with a nominal yield strength 
of 240 MPa. Additionally, all steel bars used in the study shared an 
elasticity modulus of 200 GPa. Both steel and GFRP bars with close 
spacing adhere to the principles outlined in relevant codes and stan
dards, which permit the use of bundled reinforcement configurations. 
This concept has been investigated by Suna et al. [33] and is docu
mented across various design code standards. 

2.1.3. Steel fibers 
The used fiber in the FRC (Fiber Reinforced Concrete) was corru

gated steel fiber with a tensile strength of 1000 MPa and elastic modulus 
of 200 GPa. The length and diameter of the steel fibers were respectively 
50 mm and 1.0 mm with a length/diameter ratio of 50. 

2.1.4. Concrete mixtures 
The concrete mixes were made using high-quality components. 

Among them was naturally occurring, pure siliceous sand that was 
devoid of contaminants like silt, clay, or loam. The specific gravity of the 
sand was 2.6 and its fineness modulus was 2.65. A maximum aggregate 
size of 16 mm of crushed dolomite with a specific gravity of 2.5 and a 
fineness modulus of 4.3 was used. Furthermore, ordinary Portland 
cement and freshwater were used in the mixture. The coarse aggregate 
underwent a washing process to eliminate fines and dirt prior to mixing. 
Subsequently, sand and coarse aggregate were combined in their dry 
state, followed by the addition of cement. Mixing persisted for 2 min 
until a uniform color was observed. Gradually, water was introduced to 
the dry components in a rotary machine. To ensure thorough homoge
nization among the constituents, the concrete underwent mixing for 
nearly 4 min. Steel fibers are added to the concrete mix during the 
mixing process after the aggregates and cement have been thoroughly 
combined. This ensures proper dispersion of the fibers throughout the 
concrete mixture, allowing them to enhance the mechanical properties 
of the resulting material effectively. 

The slump test for concrete is a crucial aspect of assessing its work
ability and consistency. During the slump test, a conical mold is filled 
with freshly mixed SFRC in layers, each compacted using a specified rod. 
After filling, the mold is lifted vertically, allowing the concrete to spread 
and settle. The difference in height between the original and final po
sition of the concrete is measured, indicating the slump value. In SFRC, 
the addition of steel fibers can influence the slump behavior. Generally, 
SFRC tends to exhibit lower slumps compared to conventional concrete 
due to the fibers’ presence, which impedes the flow of the mixture. 

Fig. 1. Produced GFRP and steel bars.  

Fig. 2. Stress-strain curve of GFRP bars.  

Table 1 
Test results for compressive strength, tensile strength, and slump.  

Ingredient Cement (Kg/ 
m3) 

Fine aggregate (Kg/ 
m3) 

Coarse aggregate 
(Kg/m3) 

Water (Kg/ 
m3) 

Average Compressive Strength 
(MPa) 

Average splitting tensile 
strength (MPa) 

Slump 
mm 

SFRC 0%  350  680  1400  175  30.00  3.20  70 
SFRC 1%  350  680  1400  175  30.30  3.80  60 
SFRC 2%  350  680  1400  175  31.00  4.45  50  
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However, the slump value can vary depending on factors such as fiber 
type, length, and content, as well as mix proportions and workability- 
enhancing admixtures. The slump tests conducted on the fresh con
crete specimens indicated a decrease in slump as the steel fiber content 
increased. This phenomenon can be attributed to the presence of steel 
fibers, which tend to impede the flow of the mixture. The recorded 
slump values for the concrete mixes containing steel fibers at levels of 
0.0%, 0.5%, and 1.0% are 70 mm, 60 mm, and 50 mm, respectively. The 
results of the slump test revealed that the degree of workability is me
dium, which could be reasonable for casting normal reinforced concrete 
placed with vibration. 

The test results of the concrete are illustrated in Table 1. The 
compressive strength, tensile strength, and slump tests result provided 
encompass both normal concrete and SFRC associated with the prop
erties of each mix. 

2.2. Test specimens 

Seven concrete beams reinforced with reinforcing steel or hybrid 
schemes and containing steel fibers were designed as a simply supported 
span with an adequate amount of longitudinal and shear reinforcement. 
The study addressed the effect of main parameters on the flexural 
behavior of concrete beams (ductility, cracking load, ultimate capacity 
load, and deflection). The Main parameters were the steel fiber volume 
ratio (Vf) and the ratio between steel and GFRP reinforcement in the 
hybrid schemes. The form and reinforcement details of the test beams 
are shown in Fig. 3. 

The beam specimens were divided into three groups (A, B, and C). 
Each group consists of beams with different SF volume ratios (0.00%, 
0.50%, and 1.00%). Two different reinforcement ratios (0.94% and 
1.14%) were used. The reinforcement used in all specimens was a hybrid 
scheme except for specimen B1 the reinforcement used was steel bars 
only. The geometry and parameters of the tested beams are illustrated in  
Fig. 4 and Table 2. 

2.3. Test setup 

The beams were tested at a hydraulic machine with a 1000 kN ca
pacity. A rigid steel beam divided the load into two points separated by 
400 mm. The two loads were symmetric about the center of the beam. A 
linear variable differential transformer (LVDT) was installed at the 
midpoint of beams to record the mid-span deflection of each 1.0 kN 
increment. The typical test setup for the beam specimens is illustrated in  
Fig. 5. 

3. Experimental results and discussion 

3.1. Cracking and ultimate loads 

The cracking load was recorded for all beams by well observation of 
the beam until the appearance of the first crack and recording the cor
responding load. The ultimate load for each beam was also recorded.  

Table 3 summarizes the observed test results for Group A, Group B, and 
Group C respectively. The results showed that there is a significant 
enhancement in the first crack load and the ultimate load by increasing 
the steel fiber ratio in the beam. Also, the ultimate load increases by 
increasing the GFRP reinforcement ratio in the longitudinal 
reinforcement. 

In Group A, no improvement in the first crack load was observed 
when employing hybrid schemes with the same reinforcement ratio or 
increasing the ratio of GFRP in the longitudinal reinforcement in beams 
B2 or B3, compared with B1. However, the ultimate load increased by 
8% in B2 when using hybrid schemes with the same reinforcement ratio 
and by 14% in B3 when increasing the GFRP ratio from 0.47% to 0.67%. 
It is evident that the enhancement in the maximum load is not signifi
cant when employing the same tension reinforcement ratio for the 
hybrid scheme instead of steel. This is attributed to the low ductility of 
the beam, as the strain of the GFRP bars increases significantly after the 
steel bars yield, leading to the rapid failure of beams. For Group B, 
consisting of specimens B4 and B5, the use of 0.50% steel fiber volume 
increased the first crack load by 12.5% more than specimens B2 and B3 
in Group A. Moreover, the enhancement in the maximum load was 12% 
and 13% for B4 and B5, respectively. In Group C, comprising specimens 
B6 and B7, where the steel fiber ratio was increased to 1.00%, the 
cracking load improved by 19% and 25% compared to the test results 
with specimens B2 and B3, respectively. Additionally, the load-carrying 
capacity increased by 21% for both specimens B6 and B7. 

Analyzing the findings from prior research studies reveals an 11% 
improvement in load-carrying capacity when comparing hybrid scheme- 
reinforced beams with FRP-reinforced beams [14]. Exploring hybrid 
schemes as bundled bars in [15], where longitudinal reinforcement 
included steel and FRP bundles, led to a 4.5% increase in cracking load 
and a 5.6% increase in ultimate load. Conversely, employing hybrid 
bundles (steel bar & FRP bar) resulted in a 5.5% decrease in cracking 
load but a notable 10.3% increase in ultimate load. The inclusion of steel 
fibers in [18] enhanced the cracking load by varying ratios based on the 
depth of the steel fiber-reinforced part in the beam, with a maximum 
enhancement ratio of 92% for fully reinforced sections. Additionally, the 
maximum load exhibited a slight increase depending on the depth of the 
steel fiber-reinforced part, significantly improving in fully steel 
fiber-reinforced beams with a 22% enhancement ratio. This underscores 
the effectiveness of uniformly incorporating steel fibers across the depth 
in delaying crack formation and increasing the flexural capacity. 

The observed improvement in the first crack load occurs due to the 
role of the steel fibers in the tension zone in resisting crack propagation 
and decreasing the crack width. Also, the maximum load was improved 
by increasing the steel fiber ratio because of increasing the concrete 
ductility due to the presence of the steel fibers in the compression zone 
leading to a higher level of warnings before failure. Therefore, it can be 
concluded that the addition of steel fibers to beams reinforced with 
hybrid schemes significantly improves the cracking load and ultimate 
load. 

Fig. 3. Wooden form and reinforcement details of the test beams.  
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3.2. Load-deflection curves 

The experimental load-deflection curves for Groups A, B, and C are 
illustrated in Fig. 6. Load-deflection curves typically exhibit three pri
mary stages. The initial stage is characterized by linear behavior, rep
resenting the response until the occurrence of the first crack. The second 
stage reflects the response until the yielding of the steel reinforcement. 
The third and final stage is marked by a significant increase in deflection 
with successive loads until failure. In Group A, the deflection before 
failure for B2 and B3 was observed to be less than that of B1. However, 

the failure load for B2 and B3 is more than that of B1, indicating that 
specimens B2 and B3 are less ductile than B1. These experimental results 
confirm that the use of GFRP in hybrid schemes decreases the ductility of 
the beams. 

In Group B, steel fiber was introduced to the concrete mix with a 
0.50% volume ratio. The deflection before failure in specimens B4 and 
B5 was significantly larger than that of B1, and the ultimate load also 
showed a substantial increase. In Group C, where the steel fiber volume 
ratio was further increased to 1.00%, the deflection before failure in 
specimens B6 and B7 markedly increased, although the ultimate load 

Fig. 4. Geometry and details of the tested beams.  
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improvement was not significantly improved. These experimental 
findings prove and highlight the efficiency of steel fiber addition in 
enhancing the ductility of concrete beams reinforced with hybrid 
schemes. 

Based on the recorded experimental load-deflection curves in Fig. 6, 
the following measurements can be evaluated as follows: 

3.2.1. Initial stiffness (K) 
Stiffness is defined as the ratio between the load at the yield point 

(Py) to the corresponding displacement (δy) [16]. Fig. 7 illustrates the 
experimental results of stiffness for the tested beams. In Group A, 
compared with control specimen B1, the stiffness of the specimens B2 
and B3 was reduced by 27% and 25% respectively. As a result, the 
stiffness of the beam decreases by using GFRP bars in hybrid schemes 
instead of steel bars. In Group B, the stiffness of B4 and B5 showed 
enhancement by 17% and 4% respectively compared with B2 and B3 in 
Group A (including the same longitudinal reinforcement without the 

addition of steel fiber to the concrete mix). In Group C, it was observed 
that the stiffness of beams B6 and B7 increased by 21% and 25% 
respectively compared with beams B2 and B3 in Group A. These findings 
align with the outcomes presented in [14], which observed a reduction 
in mid-span deflection of beams by varying proportions when employing 
hybrid schemes instead of GFRP bars. The stiffness enhancement ratio 
exhibited an increase with the higher ratio of steel bars in hybrid 
schemes, reaching a maximum enhancement ratio of 14%. Additionally, 
the utilization of bundled hybrid schemes, as reported in [15], resulted 
in an initial stiffness increase of 1.6% in beams. 

The experimental findings validate the significant contribution of 
steel fibers in enhancing the stiffness that had been diminished due to 
the incorporation of GFRP in hybrid schemes. Moreover, as the steel 
fiber volume ratio increases from 0.50% to 1.00%, the ratio of stiffness 
enhancement also experiences an increase. This enhancement is attrib
uted to the steel fibers’ resistance to crack propagation and the con
current reduction in crack width. These factors collectively enhance the 
effective moment of inertia Ieff of the section, leading to reduced 
deflection and consequently higher stiffness. 

3.2.2. Energy absorption (Toughness) 
Toughness is defined as the area under the load-deflection curve as a 

function of the ultimate load (Pu) and the corresponding deflection (δu). 
Accordingly, toughness is a good measure of the ductility of the beam.  
Fig. 8 illustrates the experimental results of toughness for the tested 
beams. In Group A, compared with B1, the toughness of B2 and B3 was 
reduced by 7.0% and 12.7% respectively. In Group B, compared with B2 
and B3 in Group A, the toughness of beams B4 and B5 was improved by 
97.7% and 71% respectively. In Group C, the toughness of B6 and B7 
increased by 139.4% and 105% respectively when compared with B2 
and B3 in Group A. It can be concluded that the addition of steel fibers to 
the concrete mix in the hybrid reinforced beams significantly enhances 
the toughness. Additionally, the enhancement of the toughness increases 
by increasing the steel fiber volume from 0.50% to 1.00%. Similar 
outcomes were documented in [14], where the adoption of hybrid 

Table 2 
Details of the tested beams.  

Group Beam Vf Bottom reinforcement Bottom reinforcement ratio Stirrups Top reinforcement 

Af As ρf ρs ρt 

A B1  0.0% — 4T10  0.00%  0.94%  0.94% ϕ8 / 100 2T10 
B2  0.0% 2G10 2T10  0.47%  0.47%  0.94% ϕ8 / 100 2T10 
B3  0.0% 2G12 2T10  0.67%  0.47%  1.14% ϕ8 / 100 2T10 

B B4  0.5% 2G10 2T10  0.47%  0.47%  0.94% ϕ8 / 100 2T10 
B5  0.5% 2G12 2T10  0.67%  0.47%  1.14% ϕ8 / 100 2T10 

C B6  1.0% 2G10 2T10  0.47%  0.47%  0.94% ϕ8 / 100 2T10 
B7  1.0% 2G12 2T10  0.67%  0.47%  1.14% ϕ8 / 100 2T10  

Fig. 5. Typical test setup for the beam specimens.  

Table 3 
Experimental results of the tested beams.  

Group Beam Vf (%) Experimental Test Results Relative Exp. Results to the Control Beam 

Pcr (kN) Py (kN) δy (mm) Pu (kN) δu (mm) K (kN /mm) DF Pcr

Pcr− R  

Py

Py− R  

δy

δy− R  

Pu

Pu− R  

δu

δu− R  

K
KR  

DF
DFR  

A B1 0.00 17.00 75.50  12.14  82.20  60.75  6.21  
5.00 

1.00  1.00  1.00  1.00  1.00  1.00  1.00 

B2 0.00  
16.00  

55.20  12.12  89.00 59.60  4.55  
4.91  

0.94  0.73  0.99  1.08 0.98 0.73 0.98 

B3 0.00  
16.00  

58.10  12.60  94.00 52.97  4.62  
4.20  

0.94  0.77  1.04  1.14 0.87 0.75 0.84 

B B4 0.50 18.00 52.20  9.78  100.20  97.44  5.33  
9.96 

1.12  0.94  0.81  1.12  1.63  1.17  2.03 

B5 0.50  
18.00  

55.10  11.47  105.90 79.72  4.81  
6.95  

1.12  0.95  0.91  1.13 1.51 1.04 1.65 

C B6 1.00 19.00 55.30  10.00  108.10  116.80  5.53  
11.7 

1.19  1.00  0.82  1.21  1.95  1.21  2.38 

B7 1.00 20.00 55.90  9.68  114.20  94.57  5.77 9.76  1.25  0.96  0.77  1.21  1.78  1.25  2.32  
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schemes in lieu of GFRP bars led to a 19% increase in the toughness of 
beams for an equivalent area of longitudinal reinforcement. 

3.2.3. Ductility factor 
The ductility factor is defined as the ratio between the deflection at 

the failure point (δu) to the deflection at the yield point (δy). The yield 
point deflection (δy) for ductility calculation can be identified as the 
displacement at which the load-deflection curve begins to exhibit a 
notable bend or deviation from its original behavior. This deviation 
indicates the initiation of plastic deformation, marking the onset of 
yielding and the transition to nonlinear behavior. Fig. 9 presents the 
experimental results of ductility for the tested beams. Incorporating steel 
fibers into the concrete mixture notably heightened the ductility factor, 
which decreased when utilizing hybrid schemes that included GFRP 
bars. In Group A, the ductility factor exhibited a degradation of 2% and 

Fig. 6. Load-deflection curves of the tested beams.  

Fig. 7. Experimental stiffness of the tested beams.  

Fig. 8. Experimental toughness of the tested beams.  

Fig. 9. Experimental ductility of the tested beams.  

Fig. 10. Load- reinforcing strain of the tested beams.  
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16%, respectively, when compared to specimen B1. In Group B, the 
ductility factor for B4 and B5 improved by 103% and 65%, respectively, 
in comparison to beams B2 and B3 in Group A. In Group C, the ductility 
factor for B6 and B7 increased by 138% and 132%, respectively, 
compared to beams B2 and B3 in Group A. The experimental results 
affirm that the flexural performance of concrete beams reinforced with 
hybrid schemes showed significant improvement through the addition 
of steel fibers to the concrete mix. Notably, the ductility factor experi
enced a decrease of 23% when employing bundles of hybrid schemes 
(combining steel bars and GFRP bars), attributed to the concentration of 
tension stresses. Comparing ductility results with the previous studies 
indicates that introducing steel fiber to specific zones decreased the 
ductility factor by a maximum of 31.5% [18], while fully steel 
fiber-reinforced beams reached a 7.5% increase. Adding polyvinyl 
alcohol fibers to hybrid scheme-reinforced beams enhanced the ductility 
factor by 20% and 27% for fiber volume ratios of 0.75% and 1.5%, 
respectively [17]. 

3.3. Strains in steel and GFRP bars 

Strain gauges were fixed to measure the strains in the tension lon
gitudinal reinforcement of the test beams as shown in Fig. 4. The gauges 
were fixed in the middle of the bars. The load-reinforcing strain curves 
for all beams are shown in Fig. 10. The strains of steel bars and GFRP 
bars at the yield level and ultimate level are presented in Table 4. 

Analyzing the strains of the tension reinforcement bars, it was 
observed that the strains in the tension steel bars for all beams at the 
ultimate level exceeded the yield strain (εy), indicating that yielding of 
the steel bars occurred before the failure of the beams. The measured 
strains of GFRP bars at the ultimate level were 0.0146, 0.0125, 0.018, 
0.017, 0.0197, and 0.0192 for beams B2, B3, B4, B5, B6, and B7, 
respectively. Notably, these strain values are less than the ultimate 
strain of GFRP bars (0.022). Consequently, the rupture of GFRP bars did 
not occur at the beams’ failure. Instead, the beams failed in a ductile 
manner, characterized by steel bars yielding, followed by concrete 
crushing, and ultimately, GFRP bars rupture. This mode of failure is 
preferable as it provides substantial warning, especially after enhancing 

the toughness of beams by incorporating steel fiber to the concrete mix. 
In Group A, it was observed that the strain values for GFRP bars at 

the ultimate level in beams B2 and B3 were relatively small. Conse
quently, the failure occurred rapidly due to concrete crushing with a low 
level of warnings. In contrast, for Group B and Group C, the strain values 
of GFRP bars at the ultimate level for beams B4, B5, B6, and B7 were 
relatively large and closer to the ultimate strain value. The experimental 
results elucidate that the failure occurred with a higher level of ductility 

Table 4 
Tensile strains of the steel and GFRP bars at the yield level and ultimate levels.   

Beam Type 
of Bar 

Reinforcing 
Strain at 
Yield level, 
(εy) 

Reinforcing 
Strain at 
Ultimate 
level, (εt) 

Strain 
Ductility, 

μs =
εt
εy  

Mode of 
failure 

A B1 HTS  0.0020 0.0197  9.85 Steel 
yielding. 

B2 HTS  0.0020 0.0218  10.90 Steel 
yielding, 
concrete 
crushing 

GFRP  0.0028 0.0146 5.21 

B3 HTS  0.0020 0.0218  10.90 Steel 
yielding, 
concrete 
crushing 

GFRP  0.0031 0.0125 4.03 

B B4 HTS  0.0020 0.0215  10.75 Steel 
yielding, 
concrete 
crushing  

GFRP 0.0032  0.0180 5.62 

B5 HTS  0.0020 0.0215  10.75 Steel 
yielding, 
concrete 
crushing 

GFRP  0.0037 0.0170 4.59 

C B6 HTS  0.0020 0.0215  10.75 Steel 
yielding, 
concrete 
crushing  

GFRP 0.0031  0.01 97 6.35 

B7 HTS  0.0020 0.0192  9.60 Steel 
yielding, 
concrete 
crushing 

GFRP  0.0039 0.0192 4.92  

Fig. 11. Crack Patterns for the Tested Beams.  
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and warnings, attributed to the improved energy absorption of concrete 
resulting from the addition of steel fibers to the concrete mix. This 
enhancement amplifies the advantages derived from the presence of 
GFRP bars in the longitudinal reinforcement of the beams. 

The values of strain ductility (μs) were assessed from the load-strain 
curves, defined as the ratio between strains in the reinforcing bars at the 
ultimate level to the strains at the yield level. The experimental results 
affirm that adding steel fiber plays a crucial role in enhancing the value 
of (εt), leading to improved strain ductility. Moreover, the enhancement 
ratio increases with an increase in the steel fiber volume ratio. These 
experimental results shed light on the significance of employing hybrid 
schemes of reinforcement, especially in the presence of steel fibers, as a 
modern and effective technique. 

3.4. Failure modes and cracks pattern 

One crucial method for determining failure modes and understand
ing the failure process is tracking crack paths and noting the associated 
loads at various loading levels. This approach is essential for studying 
the influence of parameters on the performance of the tested beams. The 
crack patterns of the tested beams are illustrated in Fig. 11. At first, 
initial cracks appeared at the mid-span of all beams in the maximum 
moment region. Subsequently, as the load increments increased, the 
cracks propagated away from the middle of the beams and approached 
the supports. The width and depth of cracks in the maximum moment 
area expanded with escalating load values until reaching the failure 
level. The failure mechanism observed in the tested beams was flexural 
failure, characterized by the yielding of steel bars followed by concrete 
crushing before the rupture of GFRP bars. 

For Group A, using hybrid schemes in beams B2 and B3 accelerated 
the appearance of the first crack compared with the beam B1 reinforced 
by steel bars only. At the failure level, the using of hybrid schemes led to 
increasing the propagation and width of the visual cracks. In Group B, 
the utilization of steel fibers with a 0.50% volume ratio in B4 and B5 
postponed the onset of the first crack compared to beams without steel 
fibers in Group A. This resulted in increased ductility and energy ab
sorption of the beams, along with the development of stapling cracks 
and a reduction in their propagation. Consequently, this enhanced the 
load capacity of the beams, preventing the occurrence of sudden brittle 
failure of the beams. In Group C, increasing the steel fiber volume ratio 
from 0.50% to 1.00% delayed the onset of the first crack while simul
taneously improving the ductility and toughness of the beams. This 
enhancement contributes to increased load capacity, mitigating the risk 
of sudden brittle failure. 

4. Nominal flexural capacity 

A modified approach based on first principles [34] was employed to 
predict the nominal flexural capacity of SFRC beams reinforced with 
hybrid schemes. The novelty of this approach lies in the calculation of 
the nominal flexural strength, which considers the tension forces arising 
from both the steel and GFRP bars of the hybrid reinforcement, as well as 
the randomly distributed steel fibers in the tension zone. Additionally, 

this approach is applicable to both hybrid reinforced SFRC beams and 
steel reinforced SFRC beams. This method was applied to predict the 
nominal flexural capacity of 48 beams, including those tested in this 
research and 41 beam specimens from the literature. The calculated 
experimental moments for all 48 beams were compared with the pre
dicted nominal flexural moments, considering the presence of GFRP bars 
and steel fibers with varying volume ratios in all beam sections. Fig. 12 
illustrates the stress blocks used in calculating the tensile forces in steel 
bars, GFRP bars, steel fibers, and the compressive force resulting from 
SFRC on the compression side. The equilibrium equation can be 
expressed as follows: 

Cc = Ts + Tf +Tsf (1)  

Where Cc represents the compression force of SFRC, and it can vary 
depending on the steel fiber volume ratio and the rectangular stress 
block, as follows: 

Cc = σcf ∗ Ac (2) 

The compressive stress of SFRC, σcf can be defined as follows [26]: 

σcf = 0.67 ∗ fcuf (3) 

The cubic compressive strength of SFRC (fcuf ) can be defined [26] as: 

fcuf = fcu ∗ (1+ 0.1066 ∗ Vf ∗
Lf

ϕ
) (4)  

Where fcu is the cubic compressive strength of concrete. 
Vf represents the volume ratio of steel fibers. 
Lf
ϕ represents the aspect ratio of steel fibers. 
The area of the compression zone is defined as: Ac = a ∗ b(5). 
The depth of the compressive zone (a) is defined as: a = β1*C(6). 
The factor β1 shouldn’t exceed 0.85 and should be no less than 0.65. 

It can be calculated as follow: 

β1 = 1.05 − 0.05 ∗ (
fcuf

6.9
) (7) 

Therefore, the compressive force Cc can be defined as: 

Cc = 0.67 ∗ fcu ∗

(

1+ 0.1066 ∗ Vf ∗
Lf

ϕ

)

∗ b ∗ a (8) 

The tension force in reinforcing steel and GFRP bars can be defined 
as follows: 

Ts = As ∗ Fs (9)  

Tf = Af ∗ Ff (10) 

The tensile force in steel bars can be calculated from Eq. (9), where Fs 

= Fy in the case of steel bars yielding before failure, which occurred in 
all tested beams. 

The tensile force in GFRP bars can be calculated from Eq. (10), and 
the tensile stress in GFRP bars (Ff ) can be calculated as Ff = εf *Ef where 
Ef is the elasticity modulus of GFRP bars and εf represents the nominal 

Fig. 12. The stress distribution along the cross-section of SFRC Beams.  
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Table 5 
Experimental and nominal flexural capacities of the tested beams and 41 beams from literature.  

Reference Beam f cu Geometrical Parameters Bottom RFT S.F Parameters Experimental moment, Mexp Nominal moment, Mn Mexp

Mn b d Lcl− cl X As Fy Af Ff Ahr ρt Vf Lf ϕf 

MPa (mm) (mm) (mm) (mm) HTS MPa FRP MPa HRB % % (mm) (mm) (kN.m) (kN.m) 

Present B1  30  150  225  2100  800 4ϕ10 463 — — —  0.93 0.00 50 1 30.20  29.2 1.03 
B2  30  150  225  2100  800 2ϕ10 463 2G10 1035 —  0.93 0.00 50 1 35.60  35.15 1.01 
B3  30  150  225  2100  800 2ϕ10 463 2G12 960 —  1.13 0.00 50 1 37.60  37.67 1.00 
B4  30  150  225  2100  800 2ϕ10 463 2G10 1035 —  0.93 0.50 50 1 40.10  40.66 0.98 
B5  30  150  225  2100  800 2ϕ10 463 2G12 960 —  1.13 0.50 50 1 42.36  44.16 0.96 
B6  30  150  225  2100  800 2ϕ10 463 2G10 1035 —  0.93 1.00 50 1 43.25  42.69 1.01 
B7  30  150  225  2100  800 2ϕ10 463 2G12 960 —  1.13 1.00 50 1 45.68  47.40 0.96 

Dong,et al. 
[4] 

S16  32.5  200  357  3600  1500 2ϕ16 449 — — —  0.56 — — — —  74.7 — 
G12-N  32.5  200  359  3600  1500 — — 2G12 947 —  0.32 — — — 72.80  91.7 1.26 
G12-P  32.5  200  347  3600  1500 — — 2G12 947 —  0.33 — — — 74.60  98.3 1.32 
G12-W  32.5  200  347  3600  1500 — — 2G12 947 —  0.33 — — — 74.20  98.4 1.33 
G16-N  32.5  200  357  3600  1500 — — 2G16 889 —  0.56 — — — 100.20  124.6 1.24 
G16-P  32.5  200  347  3600  1500 — — 2G16 889 —  0.58 — — — 101.50  108.8 1.07 
C12-N  32.5  200  359  3600  1500 — — 2C12 1890 —  0.32 — — — 118.60  123.6 1.04 
C12-P  32.5  200  347  3600  1500 — — 2C12 1890 —  0.33 — — — 119.80  142.0 1.19 
C16-N  32.5  200  357  3600  1500 — — 2C16 1600 —  0.56 — — — 146.20  158.9 1.09 
C16-P  32.5  200  347  3600  1500 — — 2C16 1600 —  0.58 — — — 140.90  156.0 1.11 

El Refai, et al. 
[11] 

B1  40  230  275  3700  1250 — — 2G12 1000 —  0.38 — — — 49.03  50.28 0.97 
B2  40  230  275  3700  1250 — — 3G12 1000 —  0.64 — — — 53.78  51.42 1.05 
B3  40  230  275  3700  1250 — — 3G16 1000 —  1.12 — — — 69.55  67.31 1.03 
B4  40  230  275  3700  1250 1ϕ10 520 2G12 1000 —  0.51 — — — 47.62  47.27 1.00 
B5  40  230  275  3700  1250 2ϕ10 520 2G12 1000 —  0.55 — — — 53.55  58.43 0.92 
B6  40  230  275  3700  1250 2ϕ12 520 2G12 1000 —  0.67 — — — 58.94  55.72 1.06 
B7  40  230  275  3700  1250 2ϕ10 520 2G16 1000 —  0.85 — — — 68.30  71.41 0.96 
B8  40  230  275  3700  1250 2ϕ12 520 2G16 1000 —  0.96 — — — 64.71  70.92 0.91 
B9  40  230  275  3700  1250 2ϕ16 520 2G16 1000 —  1.13 — — — 83.53  81.39 1.03 

Araba, et al. 
[13] 

C-S-1  50.5  200  275  2600  1300 3ϕ16 580 — — —  1.10 — — — 97.30  85.0 1.14 
C-G-1  48.0  200  275  2600  1300 — — 2G12.7 1200 —  0.51 — — — 65.60  61.0 1.08 
C-H-1  50.7  200  275  2600  1300 2ϕ16 580 2G12.7 1200 —  1.24 — — — 92.00  88.0 1.04 
C-H-2  54.0  200  275  2600  1300 3ϕ16 580 2G12.7 1200 —  1.60 — — — 112.00  105.0 1.06 
C-H-3  54.6  200  275  2600  1300 2ϕ25 580 2G12.7 1200 —  2.29 — — — 125.00  128.0 0.98 
C-H-4  70.6  200  275  2600  1300 2ϕ16 580 3G15.9 1200 —  1.93 — — — 128.00  143.0 0.90 
C-H-5  75.0  200  275  2600  1300 2ϕ16 580 5G15.9 1200 —  2.73 — — — 160.00  169.0 0.95 
S-G-1  72.0  200  275  2600  1300 — — 2G12.7 1200 —  0.51 — — — 77.00  70.0 1.10 
S-H-1  63.2  200  275  2600  1300 2ϕ8 580 2G9.5 1100 —  0.49 — — — 62.00  61.9 1.00 
S-H-2  66.6  200  275  2600  1300 2ϕ16 580 2G12.7 1200 —  1.24 — — — 110.00  99.0 1.10 

M. Said, et al. 
[16] 

B1  45  150  275  2100  850 3ϕ12  — — —  0.85 — — — 39.1  36.75 1.06 
B2  45  150  275  2100  850 — — — — 2H14  0.85 — — — 66.73  60.35 1.11 
B3  45  150  275  2100  850 — — — — 3H14  1.26 — — — 81.73  82.45 0.99 
B4  45  150  275  2100  850 — — — — 4H14  1.70 — — — 104.55  102.85 1.02 
B5  45  150  275  2100  850 — — — — 5H14  2.13 — — — 118.58  120.28 0.98 
B6  45  150  275  2100  850 4ϕ12 

+ 1ϕ10 
400 — — —  1.26 — — — 64.64  58.65 1.10 

B7  45  150  275  2100  850 2ϕ10 400 — — 2H14  1.26 — — — 79.48  73.10 1.09 
B8  45  150  275  2100  850 2ϕ10 400 3G12 850 —  1.26 — — — 72.68  69.70 1.04 
B9  45  150  275  2100  850 — — 2G12 850 2H14  1.27 — — — 86.28  84.15 1.02 
B10  45  150  275  2100  850 — — 3G12 850 1H14  1.27 — — — 84.78  81.13 1.04 
B11  45  150  275  2100  850 — — 3G12 850 2H14  1.70 — — — 103.95  102.43 1.01 
B12  45  150  275  2100  850 — — 4G12 850 2H14  1.80 — — — 108.38  111.35 0.97 

Number of Specimens                     48 
Average                     1.05 
Standard deviation                     0.093  
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strain of GFRP bars at the failure level [35], which can be determined by 
the following calculation: 

c
d
=

εcu

εcu + εf
(11)  

where c is the depth from the top fiber to the neutral axis, d is the 
effective depth, and εcu is the ultimate strain of concrete and shall be 
taken as 0.003. 

The tensile force resulting from the inclusion of steel fibers in con
crete can be calculated as follows: 

Tsf = σsf ∗ Asf (12) 

The area of the tension zone (Asf ) can be calculated as: Asf = b * (t - c) 
= b * (t - a

β1) (13). 
The tensile strength resulting from the inclusion of steel fiber in 

concrete (σsf ) can be defined [26] as: 
σsf = 0.45 * Vf * (Lf

ϕ)*
̅̅̅̅̅
f′c

√
= 0.4 * Vf * (Lf

ϕ)*
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.8 ∗ 30

√

= 2.2 * Vf * (Lf
ϕ) (14). 

Consequently, the tensile force can be calculated as: Tsf= 2.2 
* Vf * (Lf

ϕ) * b * (t - a
β1) (15). 

Based on the equilibrium equation and the previously mentioned 
equations, the nominal flexural moment can be calculated as: 

Mn = [(As ∗ Fs +Af ∗ Ff ) ∗ (d −
a
2
)+ σsf ∗ b ∗ (t − c) ∗ (

t + c − a
2

)] (16) 

Eq. (16) for calculating the nominal flexural moment has been 
applied to a comprehensive set of 48 beam specimens, encompassing the 
seven beams from this research. The properties of the materials, geo
metric dimensions, reinforcement details, and steel fiber characteristics 
for all 48 beams are presented in Table 5. This table further includes 
both the experimentally obtained and nominal moment capacities for 
each beam specimen. 

A meticulous examination of the tabulated results, coupled with a 
comparative analysis between the experimental and nominal flexural 
moments, reveals a consistent alignment. Notably, the assessment of 
nominal flexural strength yields predictions that consistently align with 
the experimental outcomes. The average ratio between the experimental 
and nominal flexural capacities stands at 1.05, with a standard deviation 
of 0.093. 

In Fig. 13, a visual representation is provided to illustrate the 
comparative analysis between the experimental and nominal flexural 
capacities of the 48 beams under consideration. This graphical depiction 
serves to reinforce the reliability and consistency observed in the 

predictions derived from the nominal flexural strength assessment. 

5. Conclusion 

The study focused on the flexural performance of steel fiber- 
reinforced concrete beams employing a hybrid scheme (combining 
steel and GFRP reinforcement). The key findings derived from the 
experimental outcomes of the tested beams can be summarized as 
follows:  

1) The presence of steel fibers (SF) in the concrete beams, reinforced 
with hybrid schemes, enhances ductility while simultaneously 
increasing load capacity and stiffness. This addresses the limitations 
associated with hybrid schemes and amplifies the advantages 
derived from the presence of GFRP. The experimental results un
derscore the effectiveness of combining hybrid schemes with steel 
fibers in RC beams. 

2) Employing a hybrid scheme in concrete beams enhances load ca
pacity, though it diminishes stiffness, ductility, and energy absorp
tion. Specifically, there was a 27% and 25% decrease in stiffness for 
beams B2 and B3, featuring hybrid scheme ratios of 0.94% and 
1.14%, respectively, compared to beam B1 with a 0.94% steel rein
forcement ratio. Additionally, the toughness of beams B2 and B3 
diminished by 7.4% and 13.2%, respectively, in comparison to beam 
B1.  

3) The increase in the SF ratio also postponed the initiation of the first 
crack. The first crack load increased by 12.5% and 19% for beams 
with SF volumes of 0.50% and 1.00%, respectively. Also, as the SF 
volume ratio increased, the ultimate strain of GFRP bars also 
increased, resulting in an increased strain ductility of 13% and 22% 
for beams with SF volumes of 0.50% and 1.00%, respectively.  

4) The enhancements in load capacity were 13% and 21% for beams 
with SF volumes of 0.50% and 1.00%, respectively. Likewise, the 
increase in stiffness measured 17% and 21% for beams with SF 
volumes of 0.50% and 1.00%, respectively. Furthermore, there was a 
rise in ductility factor by 65% and 132% for beams with SF volumes 
of 0.50% and 1.00%, respectively.  

5) Significant agreement exists between experimental and predicted 
nominal flexural strength, affirming the efficiency of nominal flex
ural capacity as a successful predictor for SFRC beams reinforced 
with hybrid schemes. The nominal flexural strength of 48 tested 
beams, including those from this research, is closely aligned with 
experimental results, yielding an average ratio of 1.05. 
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