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Abstract. The use of steel reinforcement in reinforced concrete elements negatively affects the
long-term durability and reliability of structures due to its susceptibility to corrosion. At the same
time, the relatively low elastic modulus of fiber reinforced polymer (FRP) reinforcement leads to
increased deformation and deflection when applied independently in beams. Therefore, hybrid
steel-FRP reinforcement provides an opportunity to compensate for the shortcomings of each
material. However, computation methods for hybrid reinforced concrete beams are not presented
in the current design codes. This article highlights the theoretical analysis of hybrid-reinforced
beams and presents the obtained results, which are validated by experimental data obtained from
tests on 27 beam specimens under four-point bending. The comparison between theoretical and
experimental findings confirmed the accuracy of the proposed analytical model and demonstrated
the enhanced strength and ductility of hybrid steel-GFRP reinforced concrete beams.

Keywords: concrete beam, hybrid reinforcement, steel rebar, FRP rebar, failure modes, moment,
deflection.

1. Introduction

Concrete, which is formed from the slow hardening of a mixture of binder, filler, and water, is
characterized by high compressive strength and relatively low tensile strength [1]-[2]. Therefore,
steel reinforcements are used in the tensile zones of reinforced concrete elements to resist tensile
stresses [3]. Using a ductile material in concrete alongside its strength is of critical importance,
since strength ensures the direct transfer of loads in the structure, while ductility prevents brittle
failure [4]-[5].

For many years, steel reinforcements have served as the simplest and most effective solution
for providing both strength and ductility in reinforced concrete structures, becoming a
conventional material. If protected from external influences, particularly corrosion, steel
reinforcement can function for long periods without physical deterioration [6]-[8]. However, in
structures exposed to open conditions such as bridges treated with de-icing salts in winter or
constructions over water bodies preventing corrosion is nearly impossible. When combined with
humidity, temperature and chlorides accelerate corrosion of steel reinforcement, leading to
structural deterioration and significantly affecting the durability of the structure [9]-[10].

To address the problem of steel corrosion and to extend the service life of reinforced concrete
structures, a number of methods have been applied, including: metal coatings, protective layers,
anti-corrosion alloys and alloying agents, anodic and cathodic protection, corrosion-resistant
composites, and stainless metals. However, the effectiveness of these materials and compounds is
limited, and they are often economically expensive. Therefore, in recent years, reinforcing
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reinforced concrete structures with FRP has been considered one of the effective solutions
worldwide [11]-[12].

The durability of reinforced concrete structures depends on numerous factors, the majority of
which are associated with the corrosion of steel reinforcement. This is considered one of the most
widespread issues that hinders the long-term service life of structures, buildings, and facilities.
Therefore, the durability of steel reinforcement in reinforced concrete structures has been the
subject of extensive research, with many recent studies serving as clear examples of this trend
[13]-[14].

Recent experimental investigations on structural integrity have demonstrated that corrosion
resistance has a significant effect on the durability of structural elements. In particular, over the
last two decades, growing attention has been directed toward the use of glass fiber-reinforced
polymer (GFRP) bars as an alternative to steel reinforcement in concrete structures. Because they
naturally resist corrosion, GFRP bars are being used more often as a good replacement for steel in
structures that are in harsh environments [15]-[16].

GFRP bars possess high tensile strength, reaching up to 1100 MPa, which is several times
greater than that of ordinary A400 steel reinforcement (400 MPa). However, unlike steel, GFRP
bars do not exhibit a yield plateau. Consequently, concrete structures reinforced with GFRP are
not considered as reliable under overloads, crack formation, or excessive deformations, since the
lack of plasticity may lead to brittle failure. In other words, the relatively low modulus of elasticity
of GFRP results in large elastic deformations, but this does not prevent brittle failure. For this
reason, when GFRP reinforcement is applied in concrete beams, higher reinforcement ratios and
larger safety factors must be adopted [17].

2. Methods
2.1. Parameters of beam, concrete and reinforcements

For the experiment, a total of 27 beams in 9 series were prepared, each with a length of
I =150 cm and an effective length of [, = 140 cm. The cross-sectional dimensions were taken as
b x h = 15%20 cm. The applied load was placed at a distance of [;/3 along the beam. The distance
from the edge of the beam to the support was set at 5 cm. All beams were tested under four-point
bending [2].

Considering that the beams were to be tested under normal section conditions, no transverse
reinforcement was provided in the midspan region. At the regions near the supports, the spacing
of transverse bars was set to 5 cm. The reinforcement cage had a length of 145 cm and a height of
18 cm. All beams were reinforced with 208 A400 bars in the compression zone. Stirrups were
made of @6 A240 bars [2].

The cross-sectional dimensions of the beams, the positioning of the reinforcement cage within
the beam, and the placement of steel and GFRP bars in the tensile zone are illustrated in Fig. 1.

2.2. Calculation of hybrid steel-GFRP beams at ultimate limit states

In hybrid steel-GFRP reinforced concrete beams, the use of three different materials leads to
failure occurring in various combinations. In these cases, failure manifests similarly to the
previously described beams, including crushing of concrete in the compression zone, yielding of
steel reinforcement, and rupture of GFRP bars [2].

As noted above, the theoretical study and development of calculation methods for failure of
reinforced concrete beams with hybrid steel-GFRP reinforcement differ from those for beams
reinforced solely with steel or FRP reinforcement. Based on the research findings of Nguyen P.D.
[1], and others, six types of failure modes can be observed in hybrid steel-FRP reinforced concrete
beams.

In the failure modes 1, 2 and 3, the combined area of steel and FRP reinforcement is relatively
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small compared to the concrete cross-sectional area. The 5th and 6th modes correspond to over-
reinforced sections, while the failure mode 4 reflects practical reinforcement ratios that are closer
to real structural applications. Among these, modes 3 and 5 are referred to as neutral states,
characterized by simultaneous failure of two or three materials - namely, crushing of the concrete
in the compression zone, yielding of steel reinforcement in the tensile zone, and rupture of the
composite polymer reinforcement [2].
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Fig. 1. Cross-sections of the test beams and arrangement of the reinforcement cages

Failure mode 4 is considered in this study because it represents the most critical and practical
scenario for hybrid steel-FRP reinforced concrete beams. In failure mode 4, the first concrete
crushes then the steel reinforcement reaches its yield point, leading to significant deflection while
the FRP reinforcement does not rupture. This failure mode of the beam governs the design under
typical loading conditions and provides a ductile failure. However, failure mode 1, 2 and 3 are
tension-controlled with insufficient reinforcement, or failure mode 5 and 6 are over-reinforced or
compression-controlled which fail in a brittle behavior. Therefore, failure mode 4 corresponds to
a practical approach for structural design.

When calculating hybrid steel-GFRP reinforced beams according to ultimate limit states, the
analysis is based on the third stage of the stress-strain state of bending elements. In this stage, after
cracks have formed in the tensile zone, it is assumed that tensile stresses are carried only by the
longitudinal reinforcement, while the contribution of the tensile concrete is neglected [7].

This article presents the calculation method for failure mode 4 of hybrid steel-GFRP reinforced
concrete beams, and the results obtained from these calculations are analyzed.

Failure mode 4. This failure mode is analogous to that observed in moderately reinforced steel-
reinforced concrete beams. Initially, the stress in the steel reinforcement reaches its yield strength,
after which the stresses are transferred to the GFRP bars, leading to an increase in their
deformations; however, rupture does not occur. At the same time, concrete in compression zone
crushes. As a result, the strength capacity of the GFRP reinforcement is not fully utilized, leaving
an unused reserve (Fig. 2).

From Fig. 2, ultimate moment of the beam can be determined by calculating the moment
relative to the axis passing through the centroid of the GFRP reinforcement in the tensile zone:
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X
Mu = Rbbx (hOf — E) — szAS(hOf — hOS)J (1)

where: R, — compressive prism strength of concrete; b — width of the beam; x — height of the
compressive zone; hyr — effective depth of GFRP reinforcement; hys — effective depth of steel
reinforcement; ay, — yield strength of steel reinforcement; A; — cross-sectional area of steel
reinforcement in the tensile zone.
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Fig. 2. Analytical model for failure mode 4 of hybrid steel-GFRP reinforced concrete beams:
a) cross-section of the beam; b) strain distribution; c) equivalent stress diagram

By projecting all the forces acting in the cross-section onto the X-axis, Eq. (2) can be derived:
Rbbx = O_syAs + O_fAf' (2)

where: gy — tensile strength of GFRP reinforcement as used in Eq. (3); Ay — cross-sectional area
of GFRP reinforcement in the tensile zone:

The relative strain in the GFRP reinforcement is evaluated from the strain distribution depicted
in Fig. 3:

u hor —
g = Epu( of xo). )
Xo

By substituting Egs. (3) and (4) into Eq. (2), Eq. (6) is obtained:

Epu(hor — x/w)
x/w
where: w = 0.85 is the coefficient used to convert the parabolic stress distribution in the concrete

compression zone into an equivalent rectangular stress block.
The height of the compression zone can be determined as follows:

Rbbx = O'SyAS + EfAfJ (5)

X = \/(szAS - AfEbeu)z + 4Rba)bh0fAfEf£bu + szAs — AfEfgbu

2R,b ©

3. Results and discussion

In Fig. 3, the moment-deflection diagram for the Series 1 beams (B1-3S12, B2-1S12-2G10,
and B3-1S12-2G12) under loading is shown. The vertical axis of the diagram represents the
ultimate moment M,, (kN-m), while the horizontal axis indicates the maximum deflection f (mm)
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at the middle of the beam. In other words, this diagram can also be referred to as the stiffness and
flexibility of the beam.

A normally reinforced concrete beam with steel reinforcement had a linear behavior until
reaching the ultimate moment M =23.21 kN-m and reached the maximum stiffness. This
situation is explained by the fact that normal stress in the steel reinforcement reached its yield
limit. The B2-1S12-2G10 beam had the smallest stiffness because the amount of reinforcement
was less compared to the other two beams. In this beam, since the reinforcements were applied in
a combined manner, the ductility of the steel reinforcement was not clearly observed.

The ultimate moment value was observed in B3-1S12-2G12 with M,, = 28.74 kN-m, while the
smallest was in the steel-reinforced concrete beam B1-3S12 with M, =26.19 kN-m. In
B2-1S12-2G10, M,, was 26.92 kN-m. Maximum deflection was observed in B2-1S12-2G10 with
f =28.43 mm, and minimum in the reinforced concrete beam B1-3S12 with f =22.87 mm. In
B3-1S12-2G12, it was f = 24.75 mm.

With the same reinforcement ratio, the strength of hybrid beams was 9.7 % higher compared
to conventional reinforced concrete beams, and the deflection at the failure stage was 8.2 %
greater.

Mu, KkN-m

S 10 15 20 25 30
f, mm
— B1-3S12 B2-1812-2G10

Fig. 3. Moment-deflection diagram for Series 1 beams

B3-1512-2G12

In Fig. 4, the development of deflection under loading for the Series 2 beams is shown. The
stiffness of the steel-reinforced beam B4-4S12 increased until the steel reinforcement reached the
yield plateau; as the moment value ranged from M =28.74 kN-m to M, =30.68 kN-m, the
beam’s stiffness sharply decreased, and the deflection value also correspondingly reached from
5.16 mm to 17.28 mm, marking the ultimate load-carrying capacity of the beam.

Similar to the steel reinforced concrete beam, the B5-2S12-2G12 beam with a reinforcement
ratio of u = 1.68 % developed deflections in linear under loading. The yield plateau of the steel
reinforcements was also hardly noticeable. However, the ultimate load-carrying capacity at failure
was higher compared to conventional concrete beam (M,, = 31.73 kN-m). At the same time, it can
be seen from the diagram that the deflection also increased (f =23.03 mm). A sudden drop in
stiffness was not observed in the hybrid steel-GFRP reinforced concrete beams.

The specimen B5-2S12-2G10, which had a smaller reinforcement ratio (u =1.42 %)
compared to the other two beams, reached a smaller ultimate moment value (M, = 28.68 kN-m)
and with the largest deflection (f = 27.06 mm). In the Series 2 beams, when the reinforcement
ratio was equal, the strength of the hybrid beams was 3.4 % higher than that of the steel-reinforced
concrete beams, and the deflection was 33.3 % greater.

All beams in Series 3 had the same reinforcement ratio, 4 = 1.59 %. Since the modulus of
elasticity of steel reinforcement is higher than that of GFRP, the deflection of the steel-reinforced
concrete beam (B7-5510) in the elastic region, up to the steel’s yield point, was greater than that
of the hybrid steel-GFRP reinforced beams, as shown in Fig. 5. However, after reaching the yield
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limit, the deflection of the conventional steel reinforced beam decreased sharply. The deflection
at the yield point was f =5.24 mm, increasing to f = 19.71 mm at the ultimate stage. The
corresponding moment values were M = 22.78 kN-m and M,, = 26.58 kN-m, respectively.
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Fig. 4. Moment-deflection diagram Fig. 5. Moment-deflection diagram
for Series 2 beams for Series 3 beams

In hybrid steel-GFRP reinforced beams, increasing the amount of GFRP reinforcement led to
higher deflections while simultaneously achieving ultimate moment. The ultimate moment values
were M, =27.15 kN-m for B8-3510-2G10 and M, =27.37 kN-m for B9-2S10-3G10, with
corresponding deflections of f =22.63 mm and f = 26.08 mm. Compared with conventional
steel-reinforced beams, the hybrid steel-GFRP beams in Series 3 exhibited a 2.1-2.9 % increase
in load-carrying capacity and a 14.8-32.3 % increase in deflection.

According to the results, the combination of steel and GFRP bars greatly impacts the flexural
behavior and deformation characteristics of the beams. In Series 1, hybrid steel-GFRP beams had
greater moment capacity and deflection due to the synergistic action of both reinforcements
compared with conventional steel-reinforced concrete beams. In the initial phase of the loading,
the steel rebar in hybrid beams reached their yield point, then the GFRP bars continued to carry
tensile forces. Thus, failure was delayed, and the moment capacity of the beams increased slightly.
The use of steel and GFRP bars in hybrid beams explains the smoother load-deflection diagram
and increased energy absorption capacity identified in the beams.

For Series 2 beams, the gradual stiffness reduction illustrates that the existence of GFRP bars
controlled the deformation and deflections of the beams. The hybrid steel-GFRP beams can accept
loads and maintain load-bearing capacity even after steel bars reached the yield point. This
indicates that inclusion of GFRP bars prevents the sudden stiffness reduction of the beams and
redistribution of tensile stresses between the steel and GRRP bars as well as improving residual
strength and deformative characteristics. Additionally, the greater deflection is the resultant
ductility which is important feature for structural elements subjected to seismic loads.

In Series 3, the results showed that the proportion of GFRP in the tensile zone played a
significant role in controlling governing both stiffness and deflection. As the reinforcement ratio
of GFRP increased, the beam exhibited larger deflections, but the stiffness in the elastic range
decreased slightly due to the GFRP elastic modulus being slightly smaller compared to steel.
However, this is beneficial in terms of a structural safety, providing warning signs before failure,
while maintaining a sufficient strength reserves. For hybrid steel-GFRP beams, there is a slight
increase in moment capacity (2-3 %), the GFRP contribution being more effective at a later stage
than the yield strength of the steel, and the reduction in stiffness is compensated by the GFRP.

4. Conclusions

In this study, load carrying capacity and deflection of hybrid steel-GFRP reinforced concrete
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beams were investigated. As a result of the theoretical analysis, several important results were
obtained:

1) Using steel and GFRP reinforcements in a hybrid way allows effective use of the advantages
of both materials. Steel provides ductility and prevents brittle failure, while GFRP increases
corrosion resistance and contributes to the overall strength of the beams.

2) Hybrid steel-GFRP reinforced concrete beams demonstrated ductility compared to
conventional steel reinforced beams. When the amount of GFRP in the tensile zone increased,
deflection under ultimate load increased, while the safety of the structure was maintained.

3) In hybrid beams, the ultimate load was higher than in conventional steel-reinforced beams
and increased by 2 % to 10 % depending on the reinforcement method and its ratio. Deflection at
failure also increased significantly, showing improvement in ductility characteristics.

4) The results of the study confirmed that hybrid steel-GFRP reinforced concrete beams are
an effective solution to increase the durability, ductility, and strength of reinforced concrete beams
in a corrosion-resistant environment. This approach creates an effective balance between strength,
ductility, and long-term durability.

Overall, concrete beams reinforced with hybrid steel-GFRP show higher efficiency compared
to conventional steel reinforced beams and provide a promising alternative solution for modern
structural applications requiring strength and corrosion resistance.
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