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Abstract

This study investigates the feasibility of employing fiberglass reinforcement as a
substitute for conventional steel reinforcement in concrete bridge beams, with particular
attention to mechanical performance and chemical stability within the alkaline environment of
concrete.
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1. INTRODUCTION

The present study aims to highlight the feasibility of using glass fiber
reinforcement in bridge beams by estimating the load-bearing capacity of a
concrete bridge beam. This research holds significant scientific importance, as it
develops a modeling and dimensional analysis framework for scaled-down bridge
beams based on similarity theory, comparing beams reinforced with steel and with
glass fiber reinforcement. This approach represents a novel contribution to the
field of bridge engineering, given that, according to the international literature,

Article No. 6, Romanian Journal of Transport Infrastructure, Vol. 14, 2025, No.2 1


mailto:mirel.amareanu@utcb.ro
mailto:ionut.racanel@utcb.ro
mailto:claudiu.mazilu@utcb.ro
mailto:constantin.voinitchi@utcb.ro
mailto:george.pirontea@utcb.ro

ROMANIAN JOURNAL
OF TRANSPORT INFRASTRUCTURE

Amareanu Marin, Racanel lonut-Radu, Mazilu Claudiu Octavian, Voinitchi Constantin-Dorinel, Pirontea
George-Madalin
Comparative aspects regarding the behavior of fiberglass and steel reinforcement in bridge beams

experimental testing of scaled bridge beams is rarely addressed [1-5], with most
investigations focusing on the derivation of scaling laws using similarity theory
for generic beam cases. Moreover, the use of longitudinal glass fiber
reinforcement in bridge beams remains limited [6, 7].

By validating this calculation methodology through laboratory testing, the
study contributes to technological advancement by simplifying the fabrication,
handling, and testing processes of scaled bridge beams, which require relatively
small testing forces. Furthermore, it enables a detailed evaluation of the behavior
of glass fiber reinforcement bars embedded in bridge beams. Consequently, this
approach facilitates the investigation of bridge beam performance under various
conditions while reducing the need for costly full-scale physical tests, as scaled
models can effectively simulate the structural behavior of real beams.

The experimental approach consists of designing and testing 1:10 scale T-
shaped concrete beams, alternately reinforced with steel bars and glass fiber bars,
and subsequently evaluated through flexural and shear tests. By applying
dimensional analysis based on similarity theory, the findings can be extrapolated
to full-scale (1:1) structural behavior.

2. PROTOTYPE BEAM

For the superstructure of a road bridge with a 14.00 m span and a statically
determinate simple-beam scheme, a reinforced concrete beam was designed as the
prototype.

The prototype was designed as a simple reinforced concrete beam with a
T-shaped cross-section, a total length of 15.00 m, and a span of 14.00 m. Concrete
class C40/50 was adopted for the calculations.

2.1. Material properties of the prototype beam

The properties of the materials used for the construction of the prototype
beam are presented in Table 1 and Table 2.

Table 1. Physical-mechanical characteristics for concrete.
Concrete
Concrete class C40/50
Characjceristic corppressive strength of concrete 7. = 40 MPa
determined on cylinders at 28 days.
Partial safety coefficient for concrete, associated
with permanent, transient, and seismic loads

y.=15
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. . /.
Design value of concrete compressive strength Jea = 7k =26.67 MPa
. . . kN
Specific weight of reinforced concrete. Voa = 25?

Table 2. Physical-mechanical characteristics for reinforcement steel.
Steel in reinforcements
Steel grade S500
The characteristic flow limit of reinforcements for 1., =500 MPa
reinforced concrete ”
Partial coefficient for reinforced concrete or y =115
prestressed reinforcement ’

The calculated flow limit of reinforcement for 1 :fyk _ 434.783 MPa

reinforced concrete Vs

2.2. Cross-section and geometric characteristics

The cross-section of the beam (Figure 1) was defined in accordance with a

standard formwork for prefabricated beams.
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Figure 1. Elevation and cross-section of the prototype beam

Its structural scheme corresponds to that of a simply supported beam
(Figure 2).

. 15.00

Figure 2. Static scheme
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The geometric characteristics of the prototype beam are presented in Table

Table 3. Geometric characteristics of the prototype beam.

Prototype beam area A, = 0.755m’
. . . kN
Unit weight of reinforced concrete Yoa = 25?
Prototype beam weight. G, = 4, VL, =283.50kN
Average slab height above beam no. 3 M ptacamed = 0-25m
Beam height. h,, =1.60m
Total height of beam and slab Ry ptaca = Py T Potacamed =1.85m
Top flange thickness h, =0.20m
Top flange width b, =1.20m

2.3. Reinforcement design for the prototype beam

The reinforcement design for the prototype beam is presented in Table 4,
while the reinforcement layout is shown in Figure 3.

Table 4. Sizing the reinforcement for the prototype beam.

Diameter of longitudinal reinforcement bars D, = 40 mm
Area of a single reinforcement bar for flexural 4 - @, 1956 mnt®
moment resistance apr 4
Diameter of stirrups @, = 10 mm
: : 5

Are.a of a single reinforcement bar for shear 4 =7 . _ 950 mm?
resistance 4

. . (D 2
Total reinforcement arca for shear resistance A, =2-7 : = 157 mm’
Based on crack control requirements, six bars
were adopted as the necessary flexural | 4, ., =6-4,, =7539.822mm’
reinforcement,, P = 40 mm
Ultimate bending moment capacity of the beam | My, =4576kN-m
Ultimate shear capacity of the beam Via =1360kN
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Figure 3. Prototype beam reinforcement plan

3. MATERIALS AND METHODS

3.1. Similarity criteria

The similarity criteria between the prototype beam and the model beam
were derived using dimensional analysis based on the II theorem formulated by
E. Buckingham [1,4,5].

According to this theory, any physical process described by n variables can
be reduced to a function of the dimensionless criteria I, Iz, ..., Il,. The
determination of the similarity criteria through dimensional analysis for the
selected beam is carried out according to [5], as follows:

e FEight relevant variables are defined (beam weight, force, yield
strength, bending moment, reinforcement area, beam height, beam
width, and beam span).

e The dimensional matrix is constructed based on the exponents of the
fundamental units: mass (kg), length (m), and time (s).

e The rank of the matrix is determined as r = 3 (r # 0), which yields
five dimensionless criteria (n —r =8 —3 =5).

The expressions of the dimensionless criteria are determined as follows:

e Equations of power products with unknown exponents are
formulated.
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e A system of equations is obtained to ensure dimensional
homogeneity.

e The solution matrix provides the expressions for the five similarity
terms I1, as follows:

M- f;/'k A .fk h fyk b. fyk L- fyk
T = T, =——" 3= Ty = s =
pp .72 P . NI N/ JP

5 5 3 3

The criterial function becomes Ecuation (1):

AT g w7 e
pyp’ P " Jp " Jp T P (1)

The identified criteria allow the determination of the scaling factor as a
function of the combination of various parameters involved in this phenomenon.
In the present case, the most suitable criterion is the one that expresses the force
as a function of the reinforcement area and the ultimate strength (I12). Based on
the condition that the I terms are dimensionless, it follows that:

A -
A S =const.+-+- = AP =24 Af, (1) (2)

The scaling factor A is obtained as the product of the ratio of reinforcement
areas and the ratio of their strengths (prototype versus model).

A _
lP _ __p,prototip pd,prototip (3)

As,model fyd,model
The value of the testing force, obtained from the calculation, for the model
beam is:

_ Pprot.
P, model — F (4)

3.2. Model beam characteristics

The limitation of the concrete beam cross-section, and consequently of the
reinforcement areas Ap (longitudinal reinforcement) and Asw (transverse
reinforcement area), restricts the maximum bar diameters used in the experiment
to 4 mm. Since ribbed bars with diameters smaller than 6 mm are not available in
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the construction industry, threaded steel rods and ribbed glass fiber bars (Figure
4.a) were used to simulate the longitudinal reinforcement.
By applying the 1:10 scale reduction parameters, the main characteristics

of the model beam are obtained (Table 5).

Table 5. Characteristics of the Model Beam — 1:10 Scale

Concrete class C40/50
Scale reduction coefficient 4 =10
Total length of the model beam: Lyir = Liw ! 4= 1.50m

Diameter of the main longitudinal
reinforcement bar for flexural moment
resistance — model

=—" =4 mm

apr.model
(l

Area of a single main longitudinal
reinforcement bar for flexural moment
resistance — model

2

A = q)apr.model

apr.model ~

= 12.56 mm*

Total area of the main longitudinal
reinforcement for the model beam

6-A4 =75.36 mm*

apr.total.model = apr.mod el

Diameter of the transverse reinforcement
bar (stirrups) for shear resistance — model

_ et
et.model ~— ﬂ,
1

=1 mm

Area of the transverse reinforcement
(stirrups) for shear resistance

2
et.mod el

=2 = 1.57 mm*

sw.model

Yield strength of the main longitudinal
reinforcement for the model beam

f;k<apr‘.n1odel =330 MPa

Design yield strength of the main
longitudinal reinforcement for the model
beam

_ f;zk.apr.model — 287 MPa

f;vdAapr.model -
Vs

Yield strength of the transverse
reinforcement (stirrups) for the model
beam

ka.etr.model :320 MPa

Design yield strength of the transverse
reinforcement (stirrups) for the model
beam

— f:vk.etr.model — 278 MP(Z
Vs

ﬁ’d .model .etr
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a. b.
Figure 4. Reinforcement profile: a. threaded steel rod; b. glass fiber bar

Starting from the prototype beam and applying the scale reduction
parameters, the cross-section of the model beam is obtained (Figure 5).
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Figure 5. Cross-section: a. prototype beam; b. model beam

3.3. Scaling calculations for flexural and shear testing forces

Based on the test configurations illustrated in Figure 6 and Figure 7,
together with the maximum bending moment and maximum shear force
calculated for the prototype beam, the testing load P required to induce flexural
and shear stresses in the model beam is determined as follows:
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P
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| |
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Figure 6. Flexural test setup

A

R1=0.9XP | 14cm R2=0,1xP

L=140cm

Figure 7. Shear test setup

The load P required for the bending moment test is:

poMus _ASTORN M _ e ssin

a 6.30m (5)

P o= 2P = 14527 kN ©)

3~ Aoy Srapoony _ 753982 434783 o

P4 frumta 7336 287 (7)

apr .total.mod el

model

P
Py = 2% = 9,58 kN
AP (8)
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The load P required for the shear test is:

V. 1360kN
PV.prototip = O; = 0.9 = 1510 kN (9)
AP =44, - A
s f:vk (10)

LA fa 157 434783

! Asw.model yd.model.etr 157 278 (1 1)

B » 1510

P — V. prototip — — 97kN

Pamedd 2, 1564 (12)

3.4. Concrete mix design

The materials used in the experimental program were selected so that their
physical and mechanical properties would closely replicate those of the materials
employed in full-scale bridge beam construction. Considering the application of
the geometric scaling principle, the cross-sectional dimensions of the beam were
significantly reduced, which required the use of a fine aggregate with a maximum
particle size of 4 mm for concrete preparation. Regarding the longitudinal
reinforcement, small-diameter threaded rods were adopted, chosen in accordance
with the criteria of geometric similarity, which involve proportional reduction of
both bar diameters and spacing, while ensuring effective composite action with
the surrounding concrete.

Starting from the design concrete class used for the prototype beam, a fine-
grained concrete was selected as the subject of the research, adapted to the 1:10
scale model. The concrete corresponds to class C40/50 and incorporates
continuously graded river aggregate with a particle size range of 0—4 mm.

For the preparation of concrete class C40/50, in accordance with SR EN
206 (Table 6), the following compositional parameters were considered:
water/cement ratio = 0.44; water: 242 L (including the admixture); cement
content: 550 kg/m3; river aggregate: 1656 kg; superplasticizer admixture: Sika
Plast 302 S, 3% of the cement weight; entrained air: 2%.
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Table 6. Materials required for obtaining 1 m? of concrete.

MATERIAL PERCENTAG | QUANTITY (kg)
E

Cement 550

Water 242

AGGREGATE 1656

Aggregate fraction 2/4 35% 579.6

Aggregate fraction 1/2 20% 331.2

Aggregate fraction 0.5/1 20% 331.2

Aggregate fraction 0.25/0.5 | 15% 248.4

Aggregate fraction 0/0.25 | 10% 165.6

Extradur 52 cement was used, which exhibits the following characteristics

(Table 7):

Table 7. Characteristics of the cement used.

CEMENT TEST RESULTS (Test method: SR EN 196)

Cement type Extradur 52 Cement
Determination U.M.
Standard consistency water % 30,4
Setting time — beginning min 200£10
Setting time — end min 300+14
Soundness mm 0,0+£0.2
Flexural strength at 2 days MPa 6,4+0,5
at 7 days MPa 8,1+0,5
at 28 days MPa 8,6+0,5
Compressive strength at 2 days MPa 29,5+1,5
at 7 days MPa 47,5£2,3
at 28 days MPa 57,8+3,3

The aggregate grading curve was determined by extrapolating the boundary
of the granulometric zone corresponding to continuously graded 0/4 mm
aggregates, as illustrated in Figure 8. This approach allowed for the selection of
an optimal aggregate composition compatible with the requirements imposed by
the scaled modeling of bridge beams, while ensuring appropriate physical and
mechanical performance within the concrete mixture.
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Figure 8. Grain size distribution curve of the aggregate used

The intergranular void volume determined experimentally for the aggregate

used was: Vig = 30 %.

To verify the concrete strength class, a batch of 10.125 dm? of concrete was
prepared using the mix proportions presented in Table 6, corresponding to the
quantity required for casting three cubes with 15 cm sides. The concrete was

placed into the molds with light vibration to prevent segregation.

After 28 days, the cubes were subjected to the compression test, and
according to the results presented in Table 8, the target concrete class C40/50 was

achieved.
Table 8. Compressive strength of cubes
Test specimens Cube 1 Cube 2 Cube 3
Compressive  strength  (fck,cub) 503 514 545

N/mm?2
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3.5. Reinforcement properties (steel and GFRP)

To determine the physical and mechanical properties of the metallic
reinforcement bars, tensile tests were carried out (Figure 9) on: two threaded rods,
50 cm in length, with a nominal diameter of 3.80 mm; two smooth wires, 50 cm
in length, with a nominal diameter of 1.18 mm.

Figure 9. Tensile testing of reinforcement bars

Figure 10 illustrates the stress—strain diagram corresponding to the two
types of reinforcement analyzed, based on which the characteristic strength values
specific to each material were determined (Table 9).

Table 9. Tensile strength of steel reinforcement

Test specimens Threaded rod | Smooth wire (O=1.2mm)
Tensile strength ft (N/mm?2) 430 375
Yield strength fyk (N/mm?2) 330 320
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Figure 10. Stress—strain diagram

The loading of the glass fiber reinforcement bars (® = 3.8 mm) was carried
out according to the setup shown in Figure 9.The experimentally obtained stress—
strain diagram, shown in Figure 10, indicates a maximum stress of 1513MPa.

The graphical representations in Figure 10 highlight the distinct mechanical
behavior of the reinforcement types, including their failure mode, initial stiffness,
and deformation capacity, thereby providing a solid basis for comparing their
structural performance in the context of reinforced concrete beam applications.
Maximum breaking force for the GFRP stirrup strip: F = 560 N

3.6. Durability testing of GFRP reinforcement in concrete environment

The testing conducted to evaluate the chemical resistance of glass fiber
reinforcement in concrete beams aims to validate the chemical behavior of the
glass fiber reinforcement in an alkaline environment and to provide a technical
basis for the use of glass fiber in the construction of bridge beams.

The testing methodology consisted of the following: Specimens: glass fiber
reinforcement bars, @4 mm, L = 300 mm; Solution: saturated Ca(OH): solution,
pH = 13; Immersion temperature: 22 °C; Exposure duration: 90 / 180 / 360 days;
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Tensile testing: according to SR EN ISO 15630-1; Visual inspection and mass
loss evaluation.

After 180 days of immersion of the glass fiber specimens in a saturated
Ca(OH): solution with pH = 13, the intermediate microscopic analysis (Figure 11)
revealed that the bonding layer remained intact, with no microcracks or visible
signs of degradation.

Figure 11. Optical microscopy analysis (200x magnification) of the surface of
glass fiber reinforcement bars immersed in Ca(OH): solution with pH = 13

Table 10. Intermediate results of the durability test on glass fiber
reinforcement bars.

Exposure days Strength of glass fiber reinforcement bar (%)
0 100
180 100
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4. Experimental Program
4.1. Formwork construction

The rigid formworks were made of wooden boards and TEGO panels,
accurately reproducing the original geometry of the prototype beam ata 1:10 scale
reduction. They were designed to maintain dimensional precision and minimize
deformation sensitivity, thereby ensuring the correct positioning of the
reinforcement—an essential condition for the validation of the experimental
program. Thus, the formwork was designed by adapting the dimensions according
to the 1:10 reduction scale, while preserving the geometry of the actual beam
(Figure 12).

By assembling the components, the formwork shown in Figure 12.b was
obtained.

20
20
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178

140
120
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93

100
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18
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1B
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Figure 12. Model beam: a. Formwork Layout; b. Formwork Assembly

The accuracy in the formwork execution ensures that the distribution of
stresses and internal forces i1s similar to that of the actual structure.
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4.2. Fabrication of reinforcement cages (steel and GFRP) and their
placement in the formwork

The reinforcement cages were fabricated according to the reinforcement
layout of the prototype beam. The stirrups were produced at a 1:10 scale (Figure
13).

Figure 13. Stirrups

The stirrups were mounted onto the longitudinal bars while maintaining the
specified spacing between them. The stirrup spacing, s, Equation (13), was
determined based on the reinforcement plan of the prototype beam.

_ Sgr,prototip _ S(mm)

gr,model 2 10 (13)

A

The fabrication and positioning of the reinforcement cages within the
formwork are illustrated in Figure 14.
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Figure 14. Details of reinforcement cage fabrication and placement in the
formwork

To ensure safe demolding without the risk of surface spalling or other
damage, and to prevent water absorption from the concrete, a layer of oil was
applied to the formwork surfaces in contact with the concrete.

4.3. Realizarea grinzilor model:

A total of 30 dm? of fine-grained concrete, with the composition described
in Section 3.4, was prepared for casting two beams—one reinforced with
conventional steel and the other with glass fiber reinforcement (Figure 15)—as
well as two reference cubes.

After three days, the beams were demolded, the formworks were cleaned,
and the procedure was repeated for casting additional sets of beams.
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Figure 15. Fabrication of model beams

4.4. Testing of Model Beams

The testing of the model beams aims to evaluate their structural behavior
under applied loading, focusing on bending moment and shear force response,
through static loading under controlled conditions (Figure 16 and Figure 17). The
objective is to identify the deformation zones, the formation of cracks, the load-
bearing capacity, and the failure mode.

Figure 16. Flexural load test
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Figure 17. Shear load test

5. RESULTS

The failure load values of the scaled beams, reinforced with conventional

steel and with glass fiber, tested under bending moment and shear force, are
presented in Table 11.

Table 11. Failure load values of the scaled beams

Type of test: Calculated | Failure load value for the model beam (kN):
force Conventional Glass fiber
value (kN) | reinforcement reinforcement

Flexural load | 9.50 12.20/14.30 19.40/22.30

test

Shear load test | 9.70 13.80/15.40 21.20/23.30

The structural behavior of the scaled beams subjected to progressive
vertical loading, illustrated through the load—deflection curve, is presented in
Figure 18 and Figure 19. The load—deflection relationship highlights the key
behavioral stages—from initial stiffness to failure—allowing the identification of
critical phases of the structural response, with direct implications for the design
and assessment of load-bearing capacity.
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Force—Deflection Curve for Scaled Bridge Beam
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Figure 18. Load—deflection curve for the conventionally reinforced steel beam

Force—Deflection Curve for Scaled Bridge Beam
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Figure 19. Load—deflection curve for the GFRP reinforced beam

A ductile behavior is observed for both the beams reinforced with
conventional steel and those reinforced with GFRP (Figure 18 and Figure 19),
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showing a gradual progression toward failure, which is favorable from the
perspective of structural safety.

The failure modes of the beams subjected to shear force and bending
moment are illustrated in Figure 20 and Figure 21.

- S N
Figure 20. Comparison of shear failure mode: a. steel reinforcement; b. GFRP

reinforcement
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Figure 21. Comparison of flexural failure mode: a. steel reinforcement; b.
GFRP reinforcement

The particular features of the cracking mechanism and the evolution of the
structural degradation process can be observed depending on the type of loading.

6. DISCUSSION

The shear failure mechanism was similar for both types of reinforcement,
as shown in Figure 21. However, in the case of the beams reinforced with GFRP
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bars, a more dominant and wider crack was observed, which can be attributed to
the lower bond strength between the GFRP reinforcement and the concrete.

Flexural loading revealed different failure behaviors between the beams
reinforced with conventional steel and those reinforced with GFRP.

Due to the ductile behavior of the steel reinforcement, the conventionally
reinforced beams exhibited significant deformations prior to reaching the failure
state (Figure 19). The steel reinforcement provides an efficient transfer of tensile
stresses, contributing to the control of the cracking process and the limitation of
its propagation, as also reported in [8—11].

The failure process initiated with the formation of an initial small,
diagonally oriented crack located in the tensile zone of the beam. As the load
progressively increased, the crack extended and deepened within this region,
ultimately leading to the failure of the element. After failure, no signs of concrete
crushing were observed in the compression zone (the upper flange of the beam),
indicating good structural performance in this area (Figure 21.a).

As aresult of the high ductility of the steel reinforcement, the beam retained
its load-bearing capacity even after the initiation of cracks in the concrete,
allowing it to sustain considerable loads until the ultimate strength of the
reinforcement was reached.

In Figure 21.a, when the loading continues beyond the value corresponding
to the onset of concrete cracking, the failure of the steel reinforcement can be
observed, following its plastic (ductile) deformation in the tensile zone. In this
case, the two parts of the beam resulting after failure remain relatively unaffected.

In the case of GFRP reinforcement, the failure process begins with the
formation of a network of microcracks in the tensile zone, which progressively
develops as the applied load increases. In Figure 21.b, dominant and deep
diagonal cracks can be observed, along with signs of concrete surface spalling in
the compression zone. These phenomena are attributed to the reduced bond
strength between the GFRP bars and the concrete, as well as to the limited
deformation capacity of this type of reinforcement. The failure mechanism of the
beams reinforced with GFRP bars, illustrated in Figure 21.b, is characterized by
a brittle behavior, without any preceding plastic deformation phase. A
significantly more pronounced degradation of the beam can be observed,
primarily due to the lack of ductility of the GFRP reinforcement (resulting from
the brittle behavior of glass), correlated with the good anchorage within the
concrete matrix and the higher individual tensile strength compared to the beams
reinforced with steel bars.

The use of glass fiber—reinforced polymer (GFRP) bars in the
reinforcement of concrete beams resulted in a significant improvement in the
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mechanical performance of the tested elements. According to the results presented
in Table 11, the ultimate load value increased by approximately 33% to 37% in
the beams reinforced with GFRP compared to those conventionally reinforced
with steel, both in the flexural and shear tests.

The beams reinforced with conventional steel, as well as those reinforced
with glass fiber-reinforced polymer (GFRP) bars, exhibited a gradual and
controlled failure behavior, characterized by the appearance of fine, small cracks
distributed over the surface of the structural element.

As in the study [5], the experimental results obtained from the flexural and
shear tests performed on the scaled models confirmed the relevance of applying
the Similarity Theory as an effective method for estimating the structural behavior
of real-scale elements.

The application of the scaling factor corresponding to the flexural failure
load led to an estimated value of P,4¢1 = 9.5 kN. Experimental observations
confirmed this prediction, with the actual failure of the conventionally reinforced
model occurring at load values ranging between 12.3 and 14.3 kN.

In the shear tests, the failure of the scaled, conventionally reinforced
models occurred at load values ranging between P odelcracks = 13.8 kN si
Prodel,cracks = 15.4 kKN. In comparison, the theoretically estimated value, obtained
by applying the scaling factor to the prototype beam’s failure load, was P o4y =
9.7 kN.

The results indicate a satisfactory agreement between the analytical
prediction and the structural behavior observed in the laboratory.

7. CONCLUSIONS

Considering the small deviation between the experimental values and those
estimated through the application of similarity criteria, it can be concluded that
the selected scaling parameters were appropriate for estimating the structural
behavior of the prototype element.

The experimental data were analyzed to characterize the structural behavior
of concrete beams reinforced with both conventional steel and glass fiber—
reinforced polymer (GFRP) bars. The analysis focused on the relationship
between the applied load and vertical deformation, the cracking process, and the
identification of failure mechanisms associated with each type of reinforcement.

In addition, the post-peak behavior—specific to the loading stage following
the attainment of the ultimate load-bearing capacity—was evaluated to highlight
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the differences in ductility and structural resilience between the two reinforcement
systems.

All the analyzed beams exhibited pronounced initial stiffness, indicating an
elastic behavior in the early loading phase, characterized by increasing load
accompanied by small deflections, consistent with the longitudinal reinforcement
configuration shown in Figure 10.

The subsequent structural behavior differs significantly depending on the
type of reinforcement used. In the case of beams reinforced with glass fiber—
reinforced polymer (GFRP) bars, the attainment of the maximum load (33-37%
higher than that of conventionally reinforced beams) was followed by a sudden
failure marked by the detachment of the concrete from the reinforcement—a
typical brittle behavior associated with reduced ductility. This characteristic limits
the ability to redistribute internal stresses and prevents the beam from sustaining
additional loads after reaching the ultimate strength.

In contrast, the steel-reinforced beams exhibited superior ductility,
allowing the development of significant plastic deformations and ensuring a more
favorable post-peak structural response.

The durability of reinforced concrete structures is significantly affected by
the corrosion of steel reinforcement, particularly in aggressive environments such
as marine or industrial settings. In this context, glass fiber—reinforced polymer
(GFRP) reinforcement represents a promising alternative, offering both high
tensile strength and corrosion resistance.

This study confirms the potential of glass fiber-reinforced reinforcement
for application in road infrastructure.

However, since GFRP exhibits certain limitations related to its brittle
behavior and lower elastic modulus, further research is proposed on the combined
use of steel and glass fiber reinforcement. Such a hybrid approach could optimize
structural performance, ductility, load-bearing capacity, and overall durability.
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