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Abstract. This research investigated experimentally and numerically the general behavior of six concrete
beams reinforced with longitudinal and transverse bars made of Glass Fiber Reinforced Polymer (GFRP)
or steel. Six beams were divided into three groups with different variables. The first group consisted of two
beams reinforced with GFRP bars in main direction and with steel stirrups. The variable of this group was
the spacing between the stirrups. The second group consisted of two beams also reinforced with GFRP
bars in the longitudinal direction and with stirrups in the transverse direction. The variable of this group was
the same — spacing between the stirrups. As for the third group, it consisted of two beams reinforced with
GFRP bars in the longitudinal direction and without stirrups in the transverse direction. The variable of this
group was the main reinforcement ratio. The results showed that the beams reinforced with GFRP bars
improved their behavior, bending strength and the deflection with different ratios, but had somewhat limited
shear resistance when using GFRP stirrups. All the tested beams exhibited linear elastic behavior until
failure, with GFRP being more brittle compared to that of ductile steel. The numerical simulation of six
beams using ABAQUS software showed good agreement with the experimental data obtained in the
laboratory.
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1. Introduction

Concrete and steel are foundational materials in construction, renowned for their strength and
durability. However, given the widespread use of these materials, the search for superior alternatives has
become essential. Fiber Reinforced Polymer (FRP), particularly Glass Fiber Reinforced Polymer (GFRP),
has emerged as a promising substitute due to its advantageous properties over steel. GFRP is lightweight,
possesses higher tensile strength than steel, and is resistant to magnetic fields, making it especially suitable
for civil engineering applications [1-4]. Bank, L.C. [5] discussed FRP’s potential to extend the lifespan of
structures in harsh environments, while Saraswathy, T. et al. [6] investigated the flexural behavior of
reinforced concrete beams using GFRP bars. Their study explored parameters, such as failure mode, crack
pattern, load carrying capacity, load deflection behavior, and ductility in GFRP-reinforced concrete beams.
GFRP materials offer advantages, such as corrosion resistance and a high strength-to-weight ratio, making
them suitable for reinforced concrete applications where conventional steel reinforcement faces
serviceability issues. Ahmed, A. et al. [7] further validated the superior performance and cost-effectiveness
of GFRP-reinforced concrete beams. GFRP addresses critical challenges, such as steel corrosion, which
compromises structural integrity and increases maintenance costs. Its corrosion resistance, lightweight
nature, and electromagnetic neutrality make GFRP ideal for applications in marine infrastructure, MRI
centers, and electrical substations [8]. Despite these advantages, the long-term performance of GFRP-
reinforced structures requires further study. According to the ACI 440.IR-15 guidelines [9], GFRP-reinforced
concrete beams should be over-reinforced to fail by concrete crushing rather than bar rupture. The flexural
behavior of these beams is less ductile due to the linear elastic and brittle nature of GFRP bars until failure.
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The aim of this study is to evaluate the structural performance of concrete beams reinforced with GFRP
bars, focusing on their flexural behavior, shear resistance, and the effects of varying stirrup configurations.
Specifically, the study investigates how increasing the number of GFRP stirrups impacts load-bearing
capacity and deflection, and compares the performance of GFRP to steel reinforcement. Through this
research, the study seeks to contribute to the development of optimized design practices for integrating
GFRP in construction.

2. Methods

2.1. Specifications of the Beams under Test

The experimental program consisted of testing six beams under four-point loading. The beams were
divided into three groups with different variables, such as the main reinforcement ratio, the distances
between the stirrups, as well as the stirrup type used to reinforce the beams (steel or GFRP). All beams
had the same dimensions of 2700 mm in length, 180 mm in width, and 260 mm in depth, with the clear
span of 2500 mm. The first group included two beams reinforced with GFRP bars in the main direction and
steel stirrups in the transverse direction, labeled B.S1 and B.S3. The second group included two beams
reinforced with GFRP bars in the longitudinal direction with GFRP stirrups in the transverse direction,
labeled B.G1 and B.G3. The third group included two beams reinforced with GFRP bars in the main
direction without stirrups, labeled G1 and G3. Fig. 1 and Table 1 show the details of all the tested beam
specimens.
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Figure 1. Details of all tested beams.
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Table 1. Details of reinforcement of the beams.

Groups Sample Spacing Type of stirrups Bar top Bar bottom
B.S1 160 mm Steel — @ 8 mm 238 mm 33 12mm

Group 1
B.S3 65 mm Steel - & 8 mm 238 mm 3012 mm
B.G1 160 mm GFRP — @ 8 mm 238 mm 3012 mm

Group 2
B.G3 65 mm GFRP — @ 8 mm 238 mm 3J12mm
G1 N/A N/A 238 mm 2310 mm

Group 3
G3 N/A N/A 238 mm 3012 mm

*N/A: not applicate
2.2. Material Properties

2.2.1. Concrete mix design

The concrete mix was designed according to ACI 211.1-22 guidelines [10] to achieve a compressive
strength of 40 MPa. This concrete mix consisted of sand, gravel, cement, water, and some chemical
additives to increase workability without affecting the strength of the hardened concrete. Table 2 shows the
concrete mix proportions for one cubic meter of this material.

Table 2. Proportions of the concrete mix components.

Cement, kg/m? Gravel, kg/m?® Sand, kg/m? Water, liter/m3 Silica, kg/m?
475 1030 640 170 20

2.2.2. GFRP bars

The longitudinal reinforcement consisted of GFRP bars of 8, 10, and 12 mm diameters. The stirrups
are closed loops made of GFRP with 8 mm diameter. Several tensile tests were carried out on GFRP bars
as shown in Fig. 2, for different diameter, and the results showed high tensile strength. The tensile tests
were carried out in accordance with the ISO10406-1 specifications [11]. According to ISO requirements, a
number of steel tubes of different diameters and fixed lengths, as shown in Fig. 2, were manufactured.
GFRP bars were inserted into these tubes using epoxy adhesive from Sika Company (Sika AnchorFix®-
3030), as shown in Fig. 2, because, due to their high tensile strength, the GFRP bars may fall out of the
tensioning machine during testing. The manufacturer's manual reported a modulus of elasticity of
70000 MPa for all GFRP bars. Table 3 shows the results of the tensile tests on GFRP bars. The
Laboratories of the Consulting Office at the College of Engineering, University of Baghdad, conducted all
the tensile test.

Figure 2. Details of tensile strength test.
Table 3. Results of the tensile strength test of GFRP bar.

Type of bar Ultimate tensile strength, MPa Yield strength, MPa

GFRP 1350 N/A
*N/A: not applicate

2.3. Testing Procedure

The laboratory setup for the test consisted of a frame with supports spaced according to the design
specifications. The specimen geometry specifications were 2700 mm long, 2500 mm span between the
supports, and the width of support is 100 mm. Welded supports held up the specimens. Rubber pads and
spirit level were used to level and stabilize these specimens. The concrete beam model was painted with
a light white color to enhance the visibility of cracks during the test. After that, strain gauges were installed
in bending and shear areas as well as an LVDT. After that, the specimen was lifted and placed on the
frame, and the hydraulic jack and the load cell were installed on the I-section. The measuring devices were
connected to the computer and data logger. A simple preliminary test was performed to verify the readings
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of the strain gauges and the LVDT. The specimen was tested by applying an incremental load of 250 kg
per stage until the hydraulic jack failed. The concrete beam was monitored during the test to determine the
cracks formation from an incremental load. The cracks were marked with black lines along with the
corresponding load values. All test results were recorded by the data logger in the form of tables, containing
hundreds of thousands of data until the ultimate failure of concrete beams. Fig. 3 shows the details of the

test setup components.
——
% N

Strain gauge

4TE b
B 4

Load Cell

r
20 g, Ty ) FG 7
[m] T m]

i |H E E |H 3

Figure 3. Details of the test setup components.

2.4. Finite Element Simulation

To gain a better understanding of the behavior of GFRP and obtain reliable scientific results, the
beams were modeled using ABAQUS and a variety of theories to simulate four-point bending. The models
of the materials used were determined by their properties and the adopted theories that were divided into
two parts. The first part involved the representation of concrete using the concrete damaged plasticity
model, similar to the smeared cracking model but more accurate. The second part involved the
representation of steel using the classical theory of metal plasticity. This concept is based on the well-
known von Mises vyield criterion [12]. The beam components included GFRP, steel, stirrups, as well as a
set of bearing plates. These components were assigned the material properties defined in the property field
where the elastic behavior of concrete and the plastic behavior of concrete damage were specified. After
that, elasticity and plasticity for GFRP and steel were defined, and the modulus of elasticity and Poisson’s
ratio were also defined for concrete. The bearing plates were assumed to be made of elastic steel. In next
phase of the modeling process, the beam components were assembled, and the static loads applied to the
beams were defined. The nature of the bond between GFRP and concrete was assumed to be ideal, and
the interaction between all beam sections was described. After that, the loads and constraints for roller and
hinge supports were also defined. There were some attempts to find the optimal mesh size and shape
during the meshing phase, with generally good results.

2.4.1. Bar properties

Due to their high tensile strength and low elastic modulus, GFRP bars exhibit brittle behavior and
unexpected failure, but the modulus of elasticity in steel is higher. The manufacturer characteristics of
GFRP and steel bars are shown in Table 4.

Table 4. The manufacturer characteristics of GFRP and steel bars.

Type of Bar Tensile strength fy Rupture strain € Modulus of elasticity E
GFRP 1350 MPa 0.0192 70000 MPa
Steel 510 MPa 0.0025 200000 MPa

2.4.2. ABAQUS parameters

The finite element theories rely on parameters that reflect the general properties of concrete in its
common state. These parameters were determined by extensive research and investigations on concrete
behavior [13]. Concrete damage plasticity data used in models are shown in Table 5.

Table 5. Concrete damage plasticity.

Parameters U] € fb0/fcO K 1]
Values 45 0.1 1.17 0.668 0.0001
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3. Results and Discussion

The result of testing the six concrete beams showed good resistance to bending loads. As well, the
deflection has decreased. The resistance of GFRP to shear forces was somewhat limited. The failure
patterns and the number of cracks were affected by changing the spacing between the stirrups, in addition
to that the type of the stirrups also had a significant impact on the stiffness of the beams, as the ability of
the beam to carrying loads increased significantly with the increase in the number of stirrups, in addition to
significantly reducing the spacing between the stirrups also contributed to changing the pattern failure. In
terms of the longitudinal reinforcement, the deflection decreased as the proportion of the longitudinal
reinforcement increased due to the effect of dowel action, and the resistance of beams to shear forces
increased as the proportion of the main reinforcement improved [14].

3.1. Cracks Patterns and Fracture Mode

The first group of beams consisted of two beams that were reinforced with GFRP in the longitudinal
direction as a main reinforcement in the same ratio for all beams (1.5p, ) and with steel stirrups in the

transverse direction with different spacing (160 and 65 mm), which is the main variable for this group. In
beam B.S1, the first crack appeared vertically (at an angle of 90°) in the tension area at a load of 15 kN
between the two loading points in the mid-span, which is about 10.35 % of the ultimate load capacity. The
cracks began to spread to the right and left in equal measure in the bending moment area until the model
failed suddenly at a load of 145 kN. The sudden failure was caused by the concrete collapsing before the
GFRP bars ruptured in the tension zone, which is known as compressive failure.

In B.S3 beam, the first cracks were also vertical and occurred in the tension zone at a load of 15 kN
as well, 8.9 % of the ultimate load capacity. In this model, the spacing between stirrups was decreased by
59.3 % from that of the B.S1 beam. The increase in the stirrups by narrowing the spacing between them
led to an increase in bearing capacity of beam by 16.5 % compared to the B.S1. The beam failed suddenly
at a load of 168 kN. Concrete collapsing followed by the GFRP bars rupture directly in the compression
zone. This beam was stiffer because the distance between the steel stirrups was reduced by a larger
percentage than in the beam B.S1. Hence, higher bearing capacity in addition to smaller crack width and
fewer cracks. Fig. 4 shows the crack pattern of the tested beams of the first group.

Figure 4. Crack pattern of the beams B.S1 and B.S3.

The second group also included two beams that have been over-reinforced to resist tensile forces
with GFRP stirrups to resist shear forces. These beams were reinforced with GFRP bars in the longitudinal
direction as the main reinforcement. The primary variable in this group was spacing (160 and 65 mm)

between the GFRP stirrups, and the main reinforcement was a constant ratio (1.5 p, ) in all beams. Due to

the use of stirrups made entirely of GFRP, the pattern of cracks and failures in this group differed from that
of the first group. The first crack in the beam B.G1 appeared in the tension region between two loading
points at a load of 15 kN, 12.8 % of the ultimate load capacity. The cracks continued to increase in width
and length in the bending moment area and started to spread diagonally at a distance (d) from the support
face at a 45° oblique angle in the shear zones. These cracks persisted in the shear zone until the beam
suddenly failed at a load of 117 kN, at which point the concrete in this zone collapsed and the GFRP stirrups
ruptured, followed by splitting in the concrete cover. When compared to B.S1, this beam showed that the
stirrups made of GFRP are generally weak in compression and have low elastic modulus compared to
stirrups made of steel. This caused the failure pattern for B.S1 to change from compression failure to shear
failure in B.G1. Because the GFRP stirrups weakly confine the concrete to the beam compared to steel
stirrups, splitting in the concrete was also present in this beam.

The failure pattern of B.G3 beam differed from that of the previous beam. In the compression zone
close to the loading zone, where this model failed due to sudden collapsing of the concrete, a condition
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known as compression failure at a load of 142 kN occurred. The first vertical crack appeared at a load of
17.5 kN, 12.3 % of the ultimate load capacity, in the tension zone. The cracks spread between the two
loading points in the bending moment area until the model failed due to compression. Due to excessive
and further confinement of the beam, the failure pattern changed from shear to compression, and the
distance between the stirrups became 59.3 % smaller than in the model B.G1. Thus, the addition of more
stirrups along the beam increased its capacity to resist shear forces and changed its failure pattern.

The probability of large diagonal cracks in the shear zones or splits in the concrete cover, as occurred
with previous beams of the same group, was significantly reduced as a result of the increase in the number
of stirrups and the bonding strength between GFRP bars and the concrete. By reducing the beam size, the
number of cracks and their width were significantly reduced. Fig. 5 shows the crack pattern of beams of the
second group.

Figure 5. Crack pattern of the beams B.G1 and B.G3.

In the third group of beams, shear is the main cause of failure. In the model G1, the first crack
appeared at a load of 10 kN, which is about 11 % of the ultimate load capacity, between the two loading
points in the mid-span. Directly below the two loading points, cracks continued to develop and grew in
length and width. At a load of 35 kN, the cracks began to tilt slightly and spread clearly in an oblique pattern
beyond the two loading points on the right and left. When the load was 91 kN and the angle was 45 degrees,
shear failure suddenly occurred. The cracks continued to branch in the shear zones and spread diagonally.
Horizontal sliding and slight splitting of the concrete cover along the beam illustrates the pattern of failure
in this beam. The longitudinal reinforcement with GFRP bars, which was used to resist shear forces, caused
splitting in the concrete cover.

In beam G3, the first crack appeared at a load of 7.5 kN, which is about 6.3 % of the ultimate load
capacity. First crack appeared vertically between the two loading points. Cracks began to spread in the
bending moment area and increased in length and perpendicularity at a load of 20 kN. At a load of 35 kN,
cracks began to increase below the loading points on the left and right and spread slightly obliquely. At a
load of 70 kN, cracks began to spread in the shear zones. Then, the crack widths began to increase
gradually in the shear zones near the supports as the applied load increased, and this was followed by a
horizontal crack in the concrete cover beneath the bottom of the beam. This beam exhibited the effect of
dowel action, wherein the longitudinal GFRP bars resisted a portion of the shear forces in the beam via
dowel action, which had a greater effect than in beam G1. By increasing the ratio of longitudinal GFRP bar
reinforcement by 200 % compared to beam G1, the resistance of the beam to shear forces increased by
about 29.6 %. The failure pattern consisted of cracking of the concrete cover, an increase in diagonal cracks
on both sides of the beam, and a sudden shear failure at a load of 118 kN. Fig. 6 shows the crack pattern
of beams of the third group.

Figure 6. Crack pattern of the beams G1 and G3.
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3.2. Load-Deflection

The four-point bending test of the concrete beams involved measuring the load and the midspan
displacements at each loading stage. The resulting load—displacement curves revealed a distinct behavior
for the beams reinforced with GFRP bars compared to those with all-steel bars. The GFRP-reinforced
beams exhibited larger deflections than the steel reinforced beams, regardless of the orientation of the
GFRP bars. This can be attributed to the lower elastic modulus of the GFRP bars relative to the steel bars.
The service load deflections were also higher for the GFRP-reinforced beams than for the steel-reinforced
beams. Thus, GFRP-reinforced concrete beams should be designed with serviceability criteria (deflection
and cracks) in mind due to its low modulus of elasticity [15-19]. The type of stirrups, whether GFRP or
steel, had barely noticeable impact on the load—displacement curves.

The first group’s main variable was steel stirrup spacing. The maximum service load for this group
was 60 % of B.S3 beam. Load—deflection curves showed that increasing the number of steel stirrups by
gradually reducing their spacing did not affect deflection much as shown in Fig. 7. At service load, B.S1
beam deflection was 15 % lower than that of B.S3. Despite the densification of the steel stirrups, the
longitudinal reinforcement ratio with GFRP bars in three beams remained constant, limiting beam
deflection. As can be seen from the curves, increasing the number of steel stirrups in the beams increased
their load-bearing capacity. The beams failed linear elastic and brittle.
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Figure 7. Load—-deflection curves for B.S1 and B.S3 beams.

The maximum service load for the second group was the same — 60 % of B.G3 beam. As shown in
Fig. 8, increasing the number of GFRP stirrups in concrete beams only slightly affected deflection. Reducing
the spacing between them resulting in beam B.G3 deflecting 9.4 % less than B.G1 beam at service load.
The deflection was not affected by the spacing between stirrups, but it did affect the pattern of failure in the
beams and their capacity to support loads. The curves below show that the beams exhibit linear elastic
behavior until failure. In contrast to ductile steel, the beams failed brittle and linearly.
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Figure 8. Validation of load—displacement for (B.G1 & B.G3) beams.
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The service load ratio in the third group was approximately 60 % of the ultimate load for G3.
According to the load—deflection results shown in Fig. 9, increasing the longitudinal reinforcement ratio has
contributed to a significant reduction in deflection in G3 beam at service load compared to that of model
G1. The curves below show that the deflection in the G3 model is 52 % less than that of model G1 as a
result of the increase in the main reinforcement ratio. Increasing the main reinforcement ratio increased the
ultimate load bearing capacity of the beams. The behavior of the beams reinforced with GFRP bars under
the influence of loads was linear elastic until failure, indicating that the beam exhibited brittle behavior, in
contrast to behavior of beams reinforced with steel bars, which was more ductile.
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Figure 9. Validation of load-displacement for (G1 & G3) beams.
3.3. Numerical Results

The numerical values showed high consistency and accuracy with the experimental data regarding
beam load-bearing capacity and ultimate deflection. The numerical validation revealed that the load—
deflection curves had a similar trend to the experimental results. Moreover, the failure mode was also
consistent between the experimental and numerical aspects. The results showed that the finite element
method (FEM) was more rigid than the experiment test data [20]. The ultimate loads obtained from the
experimental test were lower than the final loads obtained from the finite element analysis (FEA), which
were significantly higher. These differences were within an acceptable range, and as a result, the FEM
could be used for further studies by changing the parameters in question. The agreement between
experimental and numerical results in load—deflection was good as shown in the previous curves. The
results of the numerous analyses in the ABAQUS program were based on a number of theories and
attempts to achieve this accuracy and agreement between the results for the experimental and numerical
sides. Since the GFRP had lower compressive strength than the tensile strength, each element in the
concrete beams was modeled according to its properties and in a way that is closer to the experimental
side. It is worth noting that the GFRP stirrups were modeled in a solid form in order to take the changes in
three directions, not only in compression and tension, and for the results to be as realistic as possible [21—
25]. Fig. 10 shows the crack pattern of all tested beams using ABAQUS software.
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B.G1 B.G3

G1 G3

Figure 10. Crack pattern of all tested beams modeled using ABAQUS software.

4. Conclusions

e The results showed that the beams reinforced with GFRP bars exhibited linear elastic and
brittle behavior until failure, whereas the beams reinforced with steel bars displayed ductile
behavior with. This was attributed to the low modulus of elasticity of GFRP bars compared
to the high modulus of elasticity of steel bars.

e Increasing the number of steel stirrups by reducing the spacing between them did not
significantly affected deflection, but it contributed to increasing the stiffness of the beam as
well as increasing the ability of the beam to bear the bending loads by 16.5 %.

e The resistance of the GFRP stirrup to shear forces was limited compared to the steel stirrup,
but the increase in the number of stirrups led to making the beam more confined, and thus
the failure pattern shifted from shear failure to compression failure.

e Increasing the number of GFRP stirrups increased the beam capacity to bear loads by
21.4 % and reduced the deflection by 9.4 %. However, increasing the number of steel
stirrups at beam B.S3 by a large percentage contributed to increasing deflection because
the weight of GFRP is lighter than that of steel.

e By adding more GFRP bars to the main reinforcement, the beam was able to resist shear
forces by 29.6 % and reduced deflection by 52 % because of the dowel action effect.
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