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Abstract. In this article, the moment-deflection behavior of six types of hybrid steel-GFRP reinforced concrete beams and
three types of conventional steel reinforced concrete beams was studied using ANSY'S numerical modeling. A total of nine
beam types were tested and classified into three groups, each containing one control specimen steel reinforced concrete
beams to compare with the hybrid steel-GFRP beams. The obtained results demonstrate that the load-carrying capacity and
deflection characteristics of the hybrid reinforced concrete beams are nearly equivalent to those of the traditional steel-
reinforced beams.

INTRODUCTION

Nowadays, in the global construction sector, increasing the load-carrying capacity of structures, reducing their
self-weight, and developing technically, economically, and environmentally efficient solutions have become
increasingly urgent tasks [1]. Even though steel rebar, widely used in reinforced concrete structures, possesses high
strength, its susceptibility to corrosion, greater self weight, and high cost are becoming the main issue to certain
limitations in some applications [2-3].

Corrosion of steel reinforcement in reinforced concrete structures reduces the integrity and service life of the
structure. When steel corrodes, it causes to cracking in concrete structures and reduces the bond strength between the
rebar and concrete, ultimately decreasing the load-carrying capacity and potentially leading to failure [4-5]. The
corrosion process in reinforced concrete happens in the presence of water and oxygen, as well as chloride ions
originating from seawater or de-icing salts. Once steel begins to corrode, the resulting chemical products penetrate
throughout the concrete matrix, causing cracking within the concrete [6-8].

Concrete is a material with particular physical, mechanical properties and susceptible to crack. Electrolytes can go
through capillaries and reach the reinforcement due to the interconnection of internal voids and microcracks. Under
favorable environmental conditions, dissolved chloride ions (Cl) and carbon dioxide (CO2) increase the likelihood of
corrosion [9-11]. Carbonation of concrete and the infiltration of chloride ions alter the pore structure within concrete.
Such conditions influence the galvanic mechanism responsible for protecting steel reinforcement, thereby accelerating
corrosion. Additionally, carbonation caused by the penetration of CO: which creates an acidic environment, and in
the presence of chloride ions, corrosion of steel may occur through deteriorated zones [12-14].

As the construction industry develops, extensive research is being conducted on methods of protecting steel
reinforcement from corrosion to extend the service life of reinforced concrete elements. One hands-on solution to this
issue is replacing steel bar with a corrosion resistant reinforcement. In this context, FRP reinforcement has become an
important and reliable alternative [15]. It is electrically non-conductive, diamagnetic and non-corrosive, which makes
it suitable for structures in harsh environments. It is a desirable choice because of its advantageous strength to weight
ratio, which lowers the self-weight of structures. Additionally, FRP helps lessen the risk of thermal cracking in
concrete structures since it has a lower coefficient of thermal expansion than steel [16-17].

Although the design of concrete structures reinforced with FRP bars, is addressed in the codes of several countries,
the brittle nature of FRP reinforcement prevents it from being recommended as a complete substitute for steel
reinforcement [18]. Instead, the concept of hybrid steel-FRP reinforcement in concrete elements has been proposed.
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Steel reinforcements provide ductility to hybrid reinforced concrete beams, and FRP bars increase the total structural
load-bearing capacity due to their better tensile strength. This approach helps mitigate the risk of brittle failure in only
FRP reinforced concrete beams [19-21].

METHODOLGY

Current engineering practice, numerical modeling software based on the finite element method are widely used
worldwide to study the stress-strain state, load-carrying capacity, crack resistance and its mitigation, as well as
deformation behavior of structural elements, including beams. This technique makes it possible to effectively integrate
experimental and theoretical analyses. ANSYS Workbench software is unique features for its high efficiency,
accuracy, and powerful functional capabilities in modeling, especially reinforced concrete structures.
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FIGURE 1. Cross-sections of the beams and arrangement of the reinforcement cages

A total of nine beams were divided into three groups based on the number of reinforcements placed in the tension
zone [6, 9].

Group 1 beams (B1-3S12, B2-1S12-2G10, and B3-1S12-2G12) were reinforced with three bars in the tensile
region. B1-3S12 beam served as the control beam for this group and was reinforced with steel bars. Specimens B2-
1S12-2G10 and B3-1S12-2G12 were hybrid steel-GFRP reinforced concrete beams, in which two GFRP bars with
diameters of 10 mm and 12 mm, respectively, were installed at the corners (Figure 1).

Group 2 beams (B4-4S12, B5-2S12-2G12, and B6-2S10-2G12) were reinforced with four bars placed in a single
row within the tensile zone. B4-4S12 was the conventional steel reinforced control beam, while specimens B5-2S512-
2G12 and B6-2S510-2G12 were hybrid reinforced concrete beams. In these two beams, two GFRP bars with a diameter
of 12 mm were positioned at the corners, while the central bars were steel bars with diameters of 12 mm and 10 mm,
respectively (Figure 1).

Group 3 beams (B7-5S10, B8-3S10-2G10, and B9-2S10-3G10) were reinforced with five bars arranged in two
rows in the tension zone. When reinforcement bars were arranged longitudinally in two layers, the vertical spacing
between the layers was set to 30 mm. In beams B8-3510-2G10 and B9-2S10-3G10, steel and GFRP bars were used
in a combined manner. All beams in Group 3 had the same reinforcement ratio. In specimen B8-3S10-2G10, 10-mm-
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diameter GFRP bars were placed at the corners, whereas in specimen B9-2S10-3G10, all three bars located closest to
the tensile surface were made of composite reinforcement (Figure 1).

The length of the beams was /=150 cm and an effective length was of /p)=140 cm. The beams had a rectangular
cross-section with dimensions bxh=15%20 c¢m. The applied concentrated load was positioned at a distance of /o/3
from the supports. The distance from the beam end to the support was 5 cm. All beams were tested under normal
(flexural) section behavior. The beams were reinforced with reinforcement cages. Since the beams were designed to
be tested in flexure, no transverse reinforcement was placed in the central region of the span. In the near the supports,
the spacing of the stirrups was set to 5 cm. The total length of the reinforcement cage was 145 cm, and its height was
18 cm. All beams were reinforced with two @8 mm A400 steel bars in the compression zone. @6 mm A240 steel bars
were used as stirrups [6, 9].
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FIGURE 2. Modeling of the beam in ANSYS and its discretization into finite elements

Within the scope of this study, the nonlinear behavior of both concrete and reinforcement was taken into account
during the numerical modeling of the beams. For concrete, the plasticity and crack formation characteristics were
considered using the Drucker-Prager model, while for steel and composite reinforcement, post-yield inelastic
deformations were modeled. This approach made it possible to more accurately reflect the actual working conditions
of the structure and to obtain reliable results.

In the ANSYS Workbench, the beam geometry was discretized into finite elements. To ensure computational
accuracy, linear (hexahedral) elements with a size of 25 mm were selected for meshing (Figure 2).

RESEARCH RESULTS

Particular attention was given to ensuring the accuracy and reliability of the results obtained through digital
modeling of the beams using ANSYS. For this purpose, the model was developed based on the results of laboratory
experimental tests. Specifically, the measured laboratory data related to beam deformation, stress-strain behavior, and
deflection were compared with the results obtained from ANSYS. Comparative analyses demonstrated that the
experimental and numerical results were consistent and supported each other. The reliability of the numerical results
was increased through the proper selection of model parameters and design schemes, as well as the accurate
incorporation of the physical and mechanical properties of concrete and reinforcement. Consequently, an accurate
model was built, capable of serving as a basis for further analyses and structural design solutions. This significantly
contributes to increasing the efficiency of prediction and design processes in practical engineering.

In the analysis of flexural elements according to the second group of limit states, deflection is the most critical
deformation parameter. Figures 3, 4, and 5 present the deflection values corresponding to the applied load on the
beams.

Series 1 specimens.

As shown in the load-deflection diagram (Figure 3), steel reinforcements in the tensile zone of traditional concrete
beams (B1-3S12) exhibits a distinctly defined yield point associated with the onset of yielding in the steel
reinforcement. When the applied load reached 0.88P,, the steel bars transitioned into the plastic range, and at this stage
a mid-span deflection was 3.80 mm. As the loading continued beyond the yield point, the beam underwent larger
deflections, indicating the development of plastic hinges and a significant reduction in stiffness due to post yield
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strength of steel reinforcement. Ultimately, at the maximum load-carrying capacity, the deflection was 15.15 mm
under a load of P,.=106.6 kN, indicating ductile behavior of conventional steel reinforced concrete beams.

For the hybrid steel-GFRP reinforced specimens (B2-1S12-2G10 and B3-1S12-2G12), the initial response differed
substantially due to the combined steel and GFRP bars in the tensile zone of concrete. Both hybrid beams behaved
elastically at (0.21...0.23)P,, similar to the traditional reinforced concrete beam, maintaining stable stiffness during
the early loading phases because of the presence of steel rebar. As the applied load increased, the deflection rose
simultaneously, reflecting the influence of the lower elastic modulus of GFRP reinforcement. With equivalent
deflections of 3.34 mm for B2-1S12-2G10 and 3.27 mm for B3-1S12-2G12, yielding of the steel reinforcement was
noted when the load was (0.48—0.53)P,. These values show that the hybrid beams experienced slightly smaller
deflections at the onset of steel yielding compared to the steel reinforced concrete beam, owing to the partial stiffness
contribution of the GFRP bars.

In comparison to the B1-3S12 beam, the hybrid beams generated much greater deflections at the ultimate load-
carrying capacity. A deflection of 21.36 mm at P,=100.2 kN in B2-1S12-2G10, while B3-1S12-2G12 had 17.79 mm
at P,=106.5 kN. These higher deflections are mainly due to the linear-elastic behavior of the GFRP bars, which do not
yield but continue to deform until rupture. As a result, the hybrid beams are able to undergo greater displacement
before failure.

Furthermore, because the reinforcement ratio in specimen B2-1S12-2G10 was slightly lower than in the other
specimens, its deflection at ultimate load exceeded that of B3-1S12-2G12 by 3.57 mm. A reduced reinforcement ratio
generally contributes to increase the flexural resistance of the section, allowing more effective utilization of the tensile
capacity of the FRP reinforcement. This behavior is consistent with the observed increase in deflection in specimen
B2-1S12-2G10.

It is also noteworthy that the ultimate load-carrying capacities of the hybrid-reinforced beams were essentially
equivalent to that of the conventional steel-reinforced beam with the same overall reinforcement quantity. Despite this
similarity in load carrying capacity, the difference in ultimate deflection between hybrid steel-GFRP reinforced
concrete beams and traditional reinforced concrete beam was 2.64 mm, indicating an enhanced deformation capacity
in the hybrid beams. This behavior is clearly reflected in the load—deflection curves shown in Figure 3.
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FIGURE 3. Load—deflection diagram for Series 1 beams

Series 2 specimens.

The load—deflection response indicated that when the applied load reached 0.95P, in conventional steel reinforced
concrete beam, the steel reinforcement still remained within the elastic range, and the corresponding mid-span
deflection was 4.07 mm. The beam showed a deflection of 9.01 mm when the applied load reached its highest value
of P,=129.10 kN, indicating a comparatively little deflection at beam failure.
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In contrast, the hybrid steel-GFRP reinforced concrete beams (B5-2S12-2G12 and B6-2S10-2G12) showed linear-
elastic behavior up to (0.20...0.22)P, due to steel reinforcement receiving initial loads in the beam, consistent with
the elastic nature of GFRP reinforcement. Yielding of the steel bars occurred at load of 0.71P, and 0.56P,, with
corresponding deflections of 3.63 mm and 3.27 mm, respectively. These values show earlier steel yielding compare
to steel reinforced concrete beam, primarily due to the reduced stiffness contribution associated with GFRP bars.

At the ultimate limit state, the hybrid beams exhibited larger deflections compared to the steel reinforced concrete
beam. Specimen B5-2S12-2G12 reached the maximum deflection of 13.52 mm when applied load was P,=118.57 kN,
while specimen B6-2S10-2G12 had the largest deflection of 15.90 mm at P,=110.70 kN. The increased deflections of
the hybrid steel-GFRP reinforced concrete beams can be attributed to the comparatively lower modulus of elasticity
of the GFRP reinforcement and differences in reinforcement ratio.

The steel-reinforced beam reached an ultimate load that was 10.53 kN higher than that of the hybrid specimens,
while its ultimate deflection was 4.51 mm smaller, according to a study of beams with equal total reinforcement ratios.
According to these findings, the steel-reinforced beam in Series 2 demonstrated better structural performance than the
hybrid steel-GFRP beams, as evidenced by its greater load-carrying capacity and less deformation (Figure 4). This
behavior is consistent with the mechanical advantages of steel reinforcement, including higher stiffness and the ability
to yield before failure.
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FIGURE 4. Load—deflection diagram for Series 2 beams

Series 3 specimens.

For the control specimen B7-5S10, which was reinforced with five steel bars in the tension zone, the load—
deflection diagram indicated that the beam maintained elastic behavior up to 0.93P,. Once normal stress in the steel
reinforcement reached its yield strength, a noticeable increase in deflection observed in the beam. The mid-span
deflection changed from 4.74 mm to 13.98 mm, while the load-bearing capacity rose from P=100.02 kN to P=107.05
kN. This behavior reflects the typical post-yield ductility of traditional steel reinforced concrete beams, where
deflection continues to rise even with relatively small values of applied load.

For the hybrid steel-GFRP reinforced beams (B8-3S10-2G10 and B9-2S10-3G10), an approximately linear elastic
response was observed up to the load range of (0.20...0.22)P,, similar to the earlier series. This elastic response is
consistent with the existence of GFRP reinforcements in the beam. The steel rebar yielding occurred at 0.69P, and
0.57P,, with corresponding deflections of 4.43 mm and 4.26 mm, respectively. Following steel yielding, both hybrid
beams exhibited a substantially accelerated increase in deflection. At the ultimate failure stage, the beams reached
loads of 105.52 kN and 102.10 kN, with deflections of 18.31 mm and 15.89 mm, respectively.

In Series 3, the difference in load-bearing capacity between fully steel reinforced concrete beam and hybrid steel-
GFRP reinforced concrete beams was relatively small, ranging from 1.4% to 4.6%. However, the difference in ultimate
deflection was slightly larger, ranging from 12% to 24%. These results show that even though hybrid reinforced beams
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are capable of achieving load capacities comparable to steel reinforced beams, they exhibit significantly greater
deflection. Moreover, increasing GFRP reinforcement ratio within the hybrid beams led to a further increase in
deflection. This trend is associated with the lower elastic modulus of GFRP rebar compared to steel bar, which results
in reduced response and as a result, greater deflections under similar loading (Figure 5).
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FIGURE 5. Load—deflection diagram for Series 3 beams

A comprehensive analysis of the numerical outcomes obtained from Series 1, Series 2, and Series 3 provides a
clear understanding of the flexural behavior of traditional steel reinforced and hybrid steel-GFRP reinforced concrete
beams. The comparative evaluation presents the influence of both steel and GFRP reinforcements placement,
reinforcement ratio, and the contribution of GFRP bars on the overall stiffness, ductility, crack resistance and load-
bearing capacity of the beams.

In all series, conventional steel reinforced concrete beams showed elastic behavior according to Hooke’s law up
to relatively high load, between (0.88...0.95) P,, before the steel reinforcement reached its yield point. In contrast, the
hybrid steel-GFRP reinforced concrete beams demonstrated elastic behavior only up to approximately (0.20...0.23)P,
due to the presence of GFRP bars which have different mechanical properties. This earlier transition from elastic to
inelastic stage in the hybrid beams is primarily associated with nearly four times less the lower modulus of elasticity
of GFRP reinforcement, which results in reduced initial stiffness and earlier redistribution of tensile stresses toward
the steel bars. Consequently, yielding of steel in hybrid steel-GFRP reinforced concrete beams was observed earlier,
typically loads ranging from 0.48P, to 0.71P, depending on the reinforcement ratio.

Significant differences were also observed in the deflection behavior of the both beams. The traditional steel
reinforced concrete beams presented small deflection at the first group of limit state, values generally range 9 mm and
15 mm. Hybrid beams demonstrated slightly higher deflections at failure, typically within the range of 15 mm to 22
mm. This increase is associated with the elastic behavior and low elastic modulus of GFRP rebar compared to steel
bar. In each series, beams including a higher GFRP reinforcement ratio than that of steel experienced larger mid-span
deflections. Therefore, increasing the amount of GFRP reinforcement directly influences flexural strength of the
concrete beams.

In spite of these differences in stiffness and deflections, load-carrying capacities of hybrid steel-GFRP reinforced
concrete beams were found to be comparable to those of conventional steel reinforced concrete beams. In Series 1,
the difference in ultimate load between hybrid and steel reinforced beams was not large, typically between 0.1 kN and
6.4 kN. In Series 2, the steel-reinforced beam exhibited higher load capacity by approximately 10.5 kN, which can be
attributed to its higher reinforcement ratio. In Series 3, the difference in load-carrying capacity ranged from 1.4% to
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4.6%. These results show that partial replacement of steel by GFRP reinforcement, the hybrid reinforced concrete
beams retained approximately 90-98% of the load-bearing strength of conventional steel reinforced concrete beams.

The influence of reinforcement ratio and configuration was clearly seen in all three series. Lower reinforcement
ratios or with a higher amount of GFRP rebar in the hybrid reinforced concrete beams showed early steel bar yielding,
greater mid-span deflections, and slightly reduced load-bearing capacities. These techniques show that the flexural
response of hybrid beams is controlled by the interaction between the steel yielding as well as the linear-elastic
behavior and modulus of elasticity of the GFRP bars. However, the hybrid steel-GFRP reinforced concrete beams
exhibited adequate strength and ductility, indicating that placing steel and GFRP reinforcements in the tension zone
of the beams can be achieved without significant reductions in ultimate strength.

CONCLUSIONS

Overall, the comparative analysis in all three series leads to some important conclusions. First, load-carrying
capacities of hybrid steel-GFRP beams are nearly equal to conventional steel reinforced beams, confirming this
approach is applicable in construction. Second, the use of GFRP reinforcement with steel reinforcement in the tension
zone significantly increases deformability of the beams, which may be advantageous in terms of energy absorption
and ductility. However, it must be carefully considered in serviceability limit states including deflection. Third, the
overall performance of hybrid reinforced concrete beams depends on the ratio between steel and GFRP reinforcement
to ensure a suitable balance between load-bearing capacity, stiffness, and crack control.

The obtained results confirm that hybrid steel-GFRP reinforced concrete beams can be an alternative solution to
traditional steel reinforced beams, offering a combination of high strength, sufficient ductility, and improved
durability, especially in environments where corrosion resistance is critically important.
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