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Abstract - The corrosion of steel embedded in structural elements of ordinary Portland cement concrete (OPC) induces cracks and
fissures, contributing to the reduction of the Useful Life Period of Structures (RULPS). The global OPC industry is the third-largest
emitter of Anthropogenic CO, (A _C0,). Producing one ton of OPC implies producing another ton of C0O,, accounting for a 7% carbon
footprint on a global scale. The RULPS of Reinforced Concrete (RC) housing due to reinforcement corrosion doubles A CO, emissions.
Glass Fiber Reinforced Polymer (GFRP) bars do not corrode. The objective is to contribute to reducing CO, emissions in RC
constructions. The behavior of GFRP and STEEL concrete reinforcement was studied separately through shear, flexion, and traction in
concrete beams. Three specimens of simply reinforced concrete beams with steel (VISRA, V2SRA, and V3SRA) were fabricated
according to ASTM C-31, as well as a model of a simply reinforced beam with GFRP (V1SRP). Flexural tests using the three-point
method were executed on a SHIMADZU machine. Numerical records were organized for statistical processing. It was found that the
tensile strength of GFRP bars applied as reinforcement in concrete beams exceeds by 37.41% the tensile strength of reinforcing steel bars
under the same conditions. It is reported that the beam model (VSRP, A;=1.571 cm?) does not show significant fissures before failure.
It is concluded that the toughness of polymer bars reinforced with glass fibers significantly attenuates the generation of fissures and
cracks in concrete beams. In this sense, the useful life of concrete structures is stabilized. The two materials studied must coexist as a
philosophy of sustainable design.
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1. Introduction

Steel embedded in concrete is prone to corrosion, particularly in aggressive environments, leading to deterioration and
a reduction in the Useful Life Period of Structures (RULPS)[1]. The rate of corrosion of the steel reinforcement in concrete
is a function of environmental characteristics, humidity, oxygen, and temperature [2]. Corrosion products accumulate around
the reinforcement with a volume six times greater, creating internal stress states and detachment of the covering concrete.
The useful life period of structures (ULPS) is threatened by cracking, fatigue, corrosion, and fissures [3]. Creating protection
for embedded reinforcement in concrete to prevent the entry of depassivating substances on the reinforcement is related to
the quality of the concrete and the depth of the covering [4]. The depassivation of steel reinforcement embedded in concrete
due to chloride ion penetration is the primary vector for the destruction of CR structural assets over time [5]. Economic
values are highlighted due to corrosive pathology up to 3% of the Gross Domestic Product (GDP). Global pathological
corrosive occurrence rates range from 14% to 64%, reflecting the reductive problem of the structural life of construction
assets [6]. The accelerated global industrialization of urbanization increases Greenhouse Gas (GHG) emissions [7]. China
expects an urbanization rate of 70% by 2030 and is looking at non-traditional materials like Cross-Laminated Timber, which
will reduce carbon emissions by 40% [7]. CO. emissions are linked to the construction, operational, and deconstructive
stages.

The high tensile strength of GFRPs and their ability to resist corrosion allow for the reconstruction of CR structural
assets affected by corrosion to stabilize the ULPS and adapt to the increases in load resisted by the structure [8]. Clearly, the
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construction of structures reinforced with GFRP is sustainable. In this sense, if the corrosion of steel reinforcement in
concrete contributes to RULPS, can GFRPs replace steel bars to reinforce concrete? This work investigates the behavior of
GFRP and STEEL as reinforcements in concrete beams subjected to flexion, considering sustainability. The main objective
is to contribute to reducing CO; emissions in the construction sector, comparing the resistant response to tractional and
gravitational stresses of GFRP and STEEL in reinforcement states in concrete beams.

2. Materials

Fiber is any natural or synthetic object in the form of fine yarn of mineral or organic origin [9]. According to [10] there
are three predominant types of fibers: glass fiber, material resulting from the melting of glass, flows through a piece of very
fine holes that when solidified has sufficient flexibility, aramid fiber, of organic and synthetic origin that has high strength
and modulus of elasticity due to a perfect alignment of polymers, carbon fiber 10 times more resistant to traction than steel
and much lighter.

Adhesion acts as a bonding agent, its mission is to transmit stresses from one fiber to another and to protect against
possible mechanical and environmental damage [9]. [11] reports that GFRP bars as concrete reinforcement contribute to
increase the durability of structures exposed to corrosion phenomena. [12] states that S-type GFRP has better strength and
stiffness performance and better deformation behaviour compared to E-type GFRP. GFRP in the form of corrugated rods
are recommended for the reinforcement of concrete exposed to aggressive environments of temperature, chemical and
mechanical order [11]. In this research, S-type Glass Fiber Reinforced Polymer Reinforced Polymer (GFRP) corrugated rods
are used as reinforcement for concrete. Table 1 shows the properties of the described fibers that are part of the fiber-reinforced
polymer composition [13].

In this research, corrugated steel bars grade 60 are used, with a yield strength of 420 MPa, and a carbon alloy in the
range of 0.30% to 0.33% according to the standard NTE INEN 2 167:2014 [14] . The bars have a diameter (@) of 12.7 mm.
The differences between steel bars and GFRP bars according to ACI 440.1R-15 [15] are: GFRPs subjected to tension exhibit
linear elastic failure unlike steel bars which transition to a plastic state until failure. GFRPs are anisotropic while steel is
isotropic, and GFRP bars have a lower creep-rupture threshold compared to steel. The coefficient of thermal expansion is
different in longitudinal and transverse directions. The fire resistance duration is shorter than that of steel. In case of
degradation of GFRP bars, the degradation mechanism is benign to the surrounding concrete, unlike steel where corrosion
products induce stress leading to the failure of the member. The guide for the design and construction of externally bonded
FRP systems to strengthen concrete structures ACI 440.2R-08 [16] shows the physical and mechanical properties of FRPs.
Table 1 present physical, mechanical, and behavioral properties of STEEL and GFRP bars in twelve significant parameters.
[16].

Table 1. Physical, Mechanical, and Behavioral Properties of STEEL and GFRP Bars

PARAMETER STEEL GFRP
Density (Kg/m®) 7800 1600
Weight (g) 1200 400
Volume Fiber Content 99% 70% de fiber
Tensile Strength (MPa) 420 1300
Elastic Modulus (GPa) 200 50
Minimum Yield Limit (MPa) 420 -
Maximum Yield Limit (MPa) 540 -
Elongation (%) 14 1.2
Unit Strain (%) 25 2.2
Corrosion Resistance Corrosive No corrosive
Electrical Conductivity Conductor No conductor
Electrical Conductivity Conductor No conductor

Note: [14]; [17]
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e The density ratio % =4.88 indicates that GFRPs are five times lighter than steel, a significant indicator for reducing mass

in a structure.

e  GFRP bars exhibit linear elastic behavior until failure under tensile stresses, unlike steel bars which have elastoplastic behavior.
GFRP bars are 210% more resistant to tension than steel bars.

e  The anti-corrosive property of GFRP bars embedded in concrete allows for the fulfillment of the structure's useful life period.

3. Metodology

To evaluate the flexural behavior of steel and GFRP reinforcements, three simply supported reinforced concrete beams
(SSRCB) with steel area A_s = 2.50 cm? and one simply supported concrete beam reinforced with GFRP (SRCBW_GFRP)
with A_GFRP = 1.57 cm? are constructed. The concrete strength for both models is f_C' = 24 MPa. The dimensions are in
accordance with ASTM-C39/C39M-19 and ASTM — C31. The three-point method is used, with controlled load and speed
on the Zhimadzu machine in the Material Resistance Laboratory (MRL) at the Technical University of Loja (UTPL). The
analysis of the results is obtained according to the ACI 318-19 code. The flexural study of beams reinforced with GFRP bars
is in line with the ACI committee 440.1R-06. Rectangular sections are considered with a layer of GFRP and STEEL
reinforcement respectively.

The behavior of GFRP bars in the tensile test is linear elastic up to rupture, understanding that the constitutive equation
of this material responds to Hooke's law throughout the range of deformations: f_f = E_f.e_f. The maximum deformation of
the concrete is 0.003. To evaluate the resistance to flexural stresses, beam-type specimens are designed and constructed.
Figure 1 shows the resistant profile of a simply reinforced concrete beam with GFRP.

Figure 1. Dimensions and distribution of GFRP reinforcement for SR concrete beam
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Figure 2. Dimensions and Distribution of GFRP Reinforcement for SR Concrete Beam
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To ensure the comparison of physical test results, two
numerical models of virtual beams are generated according to the V2SRA (As = 157.08 mm?) and V3SRP (Af = 157.08
mm2) models, in accordance with ASTM-C39/C39M-19 and ASTM — C31 standards. The modeling is carried out in open-
access software using the Finite Element Method (FEM). The results of the numerical modeling are analyzed using the Finite
Element Analysis (FEA) method

4. Results and Discussion
In this study, the flexural test was conducted in accordance with the requirements of the NTE INEN 2554 [18] and
ASTM C 293 [19] standards. Table 2 shows specific values of the beam specimens subjected to real laboratory tests.

Table 2. Presents beam models with their reinforcements and specific dimensions

Type Model DIMENSIONS Weight
of Beams Base(mm) Height Length(mm) (Kg)
(mm)

Simply VISRA 150 152 597 32.89
reinforced V2SRA 150 153 596 32.81
with Steel V3SRA 150 152 597 32.48

Simply V1SRP 151 152 598 31.61
reinforced
with GFRP

e The models VISRA, V2SRA, and V3SRA have 2.53 cm? of steel reinforcement. In contrast, the VISRP model has
reinforcement of 1.57 cm? (GFRP bars with ¢ = 10 mm are available).

The properties of the materials that make up the concrete beams are designated based on the results obtained
theoretically and experimentally. For the concrete, its density, plasticity, and behavior under tension and compression are
considered. For the steel and GFRP bars, their density, yield, and rupture are designated. The elastoplastic behavior of the
steel bars and the linear elastic behavior of the GFRP bars up to their failure were taken into account. The materials created
with their respective properties are assembled so that the reinforced concrete structure with simply reinforced beams with
corrugated steel bars and GFRP operates as a single element. In addition, the reinforcement area was defined, taking into
account the following: Longitudinal reinforcement with GFRP bars for simply reinforced beams (@ 10 mm), Longitudinal
reinforcement with steel bars for simply reinforced beams (& 12.7 mm), concrete quality for both models f, = 24 MPa.
Support conditions and the position, magnitude, and direction of the loads acting on the beam are established, following
ASTM C293. Results are obtained from deformations, maximum loads applied at the center of the span, crack layout, and
deformations. Table 3 contains results from the different tests and models.
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Table 3. Presents Relevant Values of Ultimate Load, Flexion, and Moment of Evaluated Models

REINFORCED ANALYSIS NUMERICAL
MODEL AREA LABORATORY AND DESIGN MODELING HALF HALF
Last L;\I/tégat: maximum | .| last Last | | ast |Maximum| Last |Maximum
Beams cm? load | %" dg flexion |7 | load moment | |5ad | flexion | load | flexion
(KN) (KN) (mm) o | (KN (KN.m) | (KN) | (mm) (KN) (mm)
V1SRA 2.53 78 3.97
V2SRA 2.53 90 83.22 5.4 4.87 78.3 8.74 80.4 3.97 80.66 4.42
V3SRA 2.53 82 5.23
V1SRP 1.57 76.8 76.83 5.34 5.34 75 8.39 78.7 5.4 76.93 5.37

Note: The most outstanding results from the numerical analysis, flexural test results in the laboratory, and the modeling results in

open-source software are presented. The Finite Element Method (FEM) is used.

e The models V1SRA, V2SRA, and V3SRA are reinforced with steel (g 12.7 mm, A_s = 2.53 cm?). The V1SRP model is

reinforced with GFRP (g 10 mm, A_GFRP = 1.57 cm?).

e The steel-reinforced concrete beam model apparently resists a higher load than the GFRP-reinforced concrete beam model by
an average of 4.85%. Also evident is the superiority of A_s =2.53 cm2 > A_GFRP = 1.57 cm? by 60%.
e The 60% percentage is an indicator that gives greater joint resistance (tension + compression) to the VSRP beam model

(A_GFRP = 1.57 cm?) by 37.41%. The superiority of resistance to gravitational load of GFRP over STEEL is demonstrated.
e The similarity of the results indicates a positive correlation of the variables studied in this research.

Figure 3 shows stress-strain curves based on tests in the MRL
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Figure 3. Displays stress-strain curves (real tests).

THREE-POINT BENDING TEST, SIMPLY REINFORCED BEAMS WITH STEEL AND PRFV
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Note: Figure 3 shows the results described in Table 3.
The irregular deformation of the VISRP curve at deformations (1.3 and 3.39) mm is closely related to the adherence

between the polymer and concrete.
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e  For the fracture points of the blue and magenta curves (V1SRA and V1SRP, respectively), the amount of energy
expended is evidently greater for GFRP, indicating greater toughness and flexibility of GFRP compared to steel when
both materials are subjected to gravitational loads inducing tensile stresses in the reinforcement.

The analysis of Figure 3 indicates that the polymer beam (VSRP) shows the highest tension among the beams
analyzed, suggesting high resistance to compression and flexion relative to its reinforcement area. This implies that the
polymer material, despite having a smaller reinforcement area, can withstand considerable loads relative to its size. Among
the steel beams, Steel Beam 2 shows the highest tension, followed by Steel Beam 3 and Steel Beam 1. This suggests that
Steel Beam 2 could be the most efficient in terms of strength relative to the reinforcement area. The exceptionally high
tension of the polymer beam, despite having a smaller reinforcement area than the steel beams, indicates high material
efficiency. This suggests that the polymer is capable of supporting considerable loads relative to its size, which could be
advantageous in applications where space, weight, or corrosive environment are critical factors. The reduction in adhesive
strength has been observed between 33% and 50% in many research programs [20]; [21]; [9]. It is known that pull-out tests
are largely performed as a comparative test, as those resistances do not represent the true adhesive forces in flexural
sections [22].

It is known that GFRP bars are four times lighter than steel. GFRP bars are recommended for reinforcing concrete exposed
to aggressive environments, temperature, and chemical and mechanical orders [11]. Note that the green curve (GFRP)
elastically deforms until reaching the ultimate resistance point (78.72 KN), exceeding steel fracture by 21.43 KN. After
reaching the ultimate resistance point, it is assured that GFRPs fail suddenly after a period known as the resistance time.
This phenomenon is known as creep rupture or static fatigue [23]. The design of concrete elements reinforced with GFRP
bars is analogous to the design of reinforced concrete elements with steel bars. Bending can be calculated based on
assumptions similar to those made for members reinforced with steel bars[15] . Table 4 presents bending results expressed
in nominal moments and ultimate resistance.

Table 4. Presents Fundamental Data Used in Design Modeling for Beam Flexion

PERFORMANCE COMPARISON FOR BENDING
Reinforcement Diameter Relnfg:gaement Elastic modulus Concrete Mn Mu
mm mm?2 MPa MPa KN.m | KN.m
VSRA 12.7 253 200 24 10.78 | 9.16
MODEL VSRA 10 157.08 200 24 7206 | 6125
VSRP 10 157.08 50 24 1523 | 9.9

Note: A summary of flexural design results for resistant sections of beams described in Table 4 is presented.

e The VISRA model (As = 253 mm?) resists Mn = 10.78 KN.m (flexion). Comparing with V3SRP (Af=157.08 mm?),
which contributes Mn = 15.23 KN.m (flexion), it is 41.28% stronger despite having a smaller area of longitudinal
reinforcement (60%).

e  The same reflection for Mu (Ultimate Resistant Moment) is 8.8% higher than the VISRA model. A reduction factor of
0.65 is considered due to concrete crushing effects.

e The comparative scheme for equal reinforcement conditions as expressed in V2SRA (As = 157.08 mm?), Mn = 7.206
KN.m (flexion), and V3SRP (Af = 157.08 mm?) with Mn = 15.23 KN.m, shows a superiority of 111%. For Mu, the
V3SRP model has more resistance (61%) compared to V2SRA.

[11] argued that GFRP bars as concrete reinforcement contribute to increasing the durability of structures exposed to the
phenomenon of corrosion. [12] reports that Type S GFRP shows better performance in terms of resistance and stiffness and
better behavior in deformations compared to Type E.

When evaluating the resistance to tensile stress in GFRP and STEEL in conditions of concrete beam reinforcement and
subjected to bending loads in the laboratory, GFRP bars show superiority in resistance to tensile stress (37.41%).
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Standards NTE INEN 2167 [24], [17] state that GFRP does not corrode, is not an electrical conductor, and is null as a
thermal conductor. In this context, the use of GFRP as reinforcement for concrete structural elements contributes to
stabilizing the structure's useful life period. Conversely, steel reinforcement in concrete easily corrodes when depassivated
by humidity or aggressive substances that enter through cracks and fissures in the concrete, triggering the reduction of the
operational life period [4], [6], [7], [25]-[28].

Results from Table 4 for flexural design of concrete beam models (V1SRA, V2SRA, V3SRP) show that Mu = 9.9
KN.m for the V3VSRP model and for the V2SRA model Mu = 6.13 KN.m. The ultimate resistant bending effort for GFRP
is 61.92% higher compared to STEEL. These results are undeniable along with other advantages of GFRP such as no
corrosion, lighter than steel, electromagnetic neutrality. In this sense, the use of GFRP to reinforce concrete structural
elements contributes to reducing the negative impact on concrete due to corrosion of the reinforcement. GFRP material helps
reduce maintenance costs and contributes to stabilizing the ULPS. In the same sense, ensuring ULPS stability means reducing
CO: emissions. For [29] GFRP can replace steel reinforcement rods in concrete. For [30] a greater depth should be considered
compared to RC, especially in flexion. In this research, resistance was penalized using the factor 0.65.

5. Conclusion

Comparing the tensile strength between reinforcements embedded in concrete beams (STEEL and GFRP), the superior
tractive effort supported by GFRP is undeniable (37.41% more than steel), even considering a resistance penalization factor
of ¢ = 0.65 when not considering greater depths in flexion.

For equal reinforcement area conditions (STEEL and GFRP) in concrete beams, the ultimate resistant moment (M_u)
for the GFRP model (V3SRP) exceeds by 61% that of the STEEL model (V2SRA), also considering a penalization factor ¢
= 0.65, which can be avoided by increasing the quality of concrete.

The reduction in ductile failure of the model (V3SRP) is directly linked to the lower value of the elastic modulus of
GFRP compared to STEEL, where design by Service Limit State should be considered.

GFRP, being more resistant in tensile effort, intrinsically contributes to reducing concrete cracks, thereby stabilizing
the useful life period of the concrete structure and reducing CO; emissions.

The toughness of GFRP bars embedded in concrete beams under tensile stresses significantly attenuates the generation
of cracks and fissures, contributing to stabilizing the ULPS.

It would be advisable to carry out additional tests, such as fatigue tests and long-term durability analysis, to better
understand how these materials behave under different conditions and over time.

GFRP can replace steel bars for certain concrete structures. In this sense, the two materials complement each other
and coexist as a sustainable design philosophy in times of the Anthropocene.
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