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ABSTRACT

This study examined experimentally and numerically the performance of five concrete
beams reinforced with longitudinal and transverse bars made of Glass Fiber Reinforced
Polymer (GFRP) or steel. All beams had the same dimensions of 2700 mm in length, 180 mm
in width, and 260 mm in depth. The beams were classified into two groups with different
variables and compared with a reference beam reinforced with longitudinal and transverse
steel bars. The first group consisted of two beams with longitudinal GFRP bars and no
stirrups, varying the main reinforcement ratio. The second group comprised two beams with
longitudinal GFRP bars and transverse GFRP or steel stirrups, varying the stirrup type. The
results indicated that the beams with GFRP bars improved their flexural strength for
different ratios but had limited shear resistance when using GFRP stirrups because
increased deflection causes the number and width of cracks to grow, reducing the shear
strength. All the tested beams exhibited linear elastic behavior until failure, with GFRP being
more brittle than steel due to no yield point or plastic behavior in GFRP. The numerical
simulation of the five beams using ABAQUS software showed good agreement with the
experimental data obtained in the laboratory.
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1. INTRODUCTION

Concrete is frequently used in many engineering applications for its excellent compressive
strength, longevity, and affordability. However, it has a poor tensile strength under service
loads or environmental factors. It is prone to breaking. A reinforcement approach with steel
bars is adopted to improve the structural performance of the concrete beams. However, steel
bars are also susceptible to corrosion, which can reduce their strength and bond with
concrete over time. Installing steel bars requires power and specialized equipment due to
their weight. An alternative reinforcing method for concrete beams is the Fiber-Rainforced
Polymer FRP. Glass fiber Reinforced Polymer GFRP is a composite material made of glass
fibers inserted in a polymer matrix. It is one kind of fiber-reinforced Polymer FRP. Compared
to steel bars, they are lightweight, corrosion-resistant, easy to install, and have a high tensile
strength. Moreover, steel bars are heavy and require special equipment and labour for
installation. An alternative solution to reinforce concrete beams is to use fiber-reinforced
polymer (FRP) bars. One of the type of fiber-reinforced polymer (FRP) is glass fiber-
reinforced polymer (GFRP), a composite material consisting of glass fibers embedded in a
polymer matrix. They have several advantages over steel bars, such as high tensile strength,
corrosion resistance, lightweight, and ease of installation. By offering corrosion resistance,
weight reduction, and crack control under environmental and service loads, the GFRP can improve
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the durability performance of concrete beams (Yost et al., 2001; Shin et al., 2009; Lin and Zhang,
2013; Said and Abbas, 2013).

Therefore, GFRP bars are promising for reinforcing concrete beams in various applications.
As well as there are researchers such as (Krasniqi et al., 2019; Saleh et al., 2019; Mohammed
and Said, 2022) who have explored the bearing capacity and deflection of concrete beams
reinforced with GFRP and steel bars in recent years. For instance, (Kabashi et al., 2018) performed
an experimental study on the flexural behavior and cracks of concrete beams reinforced with GFRP
bars and steel bars. They found that GFRP bars had a lower stiffness and bond capacity than steel
bars, which led to larger deflections and crack widths. They also suggested a theoretical correlation
for predicting crack width based on their experimental results and previous studies. (Krasniqi et
al., 2019) examined the flexural capacity and behavior of geopolymer concrete beams reinforced
with GFRP bars and ordinary Portland concrete beams reinforced with GFRP bars. They noticed that
geopolymer concrete had a higher compressive strength, modulus of elasticity, and bond strength
than ordinary Portland concrete, which improved the performance of GFRP-reinforced beams in
terms of cracking, deflection, ultimate capacity, and failure mode. A numerical study using the
nonlinear finite element program ABAQUS was conducted by (Mohammed and Said, 2022) on eight
beam models with different parameters such as stirrup spacing, compressive strength,
reinforcement layer, and bar type. They discovered that the GFRP beam had a higher ultimate load
capacity than the steel-reinforced beam. Still, a higher deflection (Kinjawadekar et al., 2023)
also arrives at the same result and behavior.

(Moawad and Fawzi, 2021) studied the performance of concrete beams partially or fully
reinforced with glass fiber polymer bars. They tested six concrete beams with different
reinforcement ratios, concrete compressive strength, and GFRP bar types under four-point
loading. They found that the GFRP-reinforced beams had higher ultimate load capacity,
lower deflection, and smaller crack width than the steel-reinforced beams. They also
observed that partial reinforcement with GFRP bars was more effective than full
reinforcement regarding ductility and crack control. Studies carried out by different
researchers (Yoo et al., 2016; Ju et al., 2017; Liu et al., 2019; Gora, 2022; Abbood et al,,
2021; Ifrahim et al., 2023; Attia et al,, 2023) found that GFRP bars suffered in most of the
practical experiments from the low modulus of elasticity and high deflection. In addition,
many previous studies conducted by many researchers, such as (Sundarraja and
Rajamohan, 2009; Kaszubska and Kotynia, 2021; Dutta et al., 2022; Sawant and
Jadhav, 2022; Fouad et al, 2023; Irmawaty et al., 2023), Proves that the ability of
concrete beams reinforced with GFRP bars is higher in supporting load capacity than that of
steel but, GFRP bars exhibit lower shear force resistance (Kumari et al., 2018; Kumari and
Nayak, et al., 2021).

This study aims to perform an experimental and numerical investigation of the structural behavior
of concrete beams reinforced with longitudinal and transverse GFRP bars and compare them with
those of concrete beams reinforced with conventional steel bars. The effects of GFRP bar orientation
on the load-deflection relationship, failure mode, flexural capacity, and shear strength are analyzed
and discussed.

2. EXPERIMENTAL PROCEDURE
2.1 Specifications of the Beams under Test

The experimental program consisted of testing five beams under four-point loading. The

beams were divided into two groups with different variables: the main reinforcement ratio

and the stirrup type (steel or GFRP). All beams had the same dimensions of 2700 mm in

length, 180 mm in width, and 260 mm in depth, with a clear span of 2500 mm. The first group

comprised two beams with longitudinal GFRP bars and no stirrups labeled G2 and G4. The
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second group consisted of two beams with longitudinal GFRP bars and transverse GFRP or
steel stirrups labeled B.G2 and B.S2. The last beam, a reference for the other groups, was
reinforced with longitudinal and transverse steel bars labeled as Cont. Fig. 1 and Table 1.
show the details of all the tested beam specimens.

Table 1. Details of all beams.

Groups Sample Spacing Type of stirrups Bar top Bar bottom
G2 N/A N/A 2@ 8 mm 3@ 10 mm
Group 1 G4 N/A N/A 2@ 8 mm 4@ 12 mm
B.S2 110 mm Steel - @ 8 mm 2 @8 mm 3@ 12 mm
Group 2 B.G2 110 mm GFRP - # 8 mm 2 ¥ 8 mm 3@ 12 mm
Control Cont. 110 mm Steel - @ 8 mm 2 @8 mm 3012 mm
*N/A: not applicate
25.0 = — 2 3.8 mm GFRF | G2 [pryya.
-
260.0
L _
2500.0 A 250 180.(
- —100.0 ’ ‘
3 @10mm GFRP
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Figure 1. Details of all beams.
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2.2 Material Properties

2.2.1 Concrete

The concrete mix was designed according to (ACI 211.1-22, 2022) standards to achieve a
compressive strength of 40 MPa. The mix components were sand, gravel, cement, water, and
some chemical admixtures to enhance the workability without compromising the strength
of the hardened concrete. Table 2 presents the concrete mix proportions for one cubic meter
of this material.

Table 2. Proportions of the concrete mix components.

Cement kg/m3 | Gravel kg/m3 | Sand kg/m3 | Water liter/m3 | Silica kg/m3
475 1030 640 170 20

2.2.2 GFRP and Steel Properties

The longitudinal reinforcement consisted of GFRP bars of 8, 10, and 12 mm diameters. The
stirrups are closed loops of GFRP with a diameter of 8 mm. The tensile properties of the
GFRP bars are determined by (ASTM D7205/D7205M, 2021), as shown in Fig. 2. The GFRP
bars exhibited high tensile strength for different diameters. To prevent the GFRP bars from
slipping out of the testing machine due to their high strength, they were inserted into steel
tubes of fixed lengths and bonded with epoxy adhesive (sikadur-330) from Sika Company,
as shown in Fig. 2.

Figure 2. Details of tensile test.

The steel tubes followed the ASTM requirements for dimensions and quality. The
manufacturer’s manual reported a modulus of elasticity of 70000 MPa for all GFRP bars. 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 high (ACI 440.IR-15, 2015). The
characteristics of GFRP and steel bars are shown in Table 3, which includes the results of
the tensile tests on GFRP and steel bars. The Laboratories of the Consulting Office at the
College of Engineering, University of Baghdad, conducted all the tensile test.

Table 3. Tensile strength of GFRP and steel bar.

Bar | Tensile Strength f;, | Yield strength | Rupture Strain € Modulus of Elasticity E
(MPa) (MPa)
GFRP 1350 N/A 0.0192 70000
Steel 610 450 0.0026 200000

*N/A: not applicate
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2.3 Testing Process

The laboratory setup for the test consists of a frame with supports spaced according to the
design specifications. The specimen geometry specifications are 2700 mm long, 2500 mm
span between the supports, the width of support is 100 mm, and the shear span-to-beam
depth ratio is about 3.77. Welded supports hold up the specimens. Rubber pads and a spirit
level are used to level and stabilize these specimens. The specimens are painted with a light
white color to enhance the visibility of cracks during the test. Strain gauges are attached to
the specimens in bending and shear stress regions, as well as an LVDT to measure the
deflection. The specimens are lifted and placed on the frame, and a hydraulic jack and a load
cell are mounted on an I-section above them. The measuring devices are connected to a
computer and a data logger. A preliminary test is performed to check the accuracy of the
strain gauges and the LVDT. The specimens are subjected to an incremental loading of 250
kg per stage until the hydraulic jack fails. The specimens are observed for crack formation
and propagation under the applied loads, and the cracks are marked with black lines along
with the corresponding load values. The test results are recorded by the data logger in
tabular form, containing hundreds of thousands of data points until the ultimate failure of
the specimens. Fig. 3 shows the details of the test setup components, and Fig. 4 shows the
distance between loads and the shear zones.
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Figure 3. Characteristics of parts of the experimental device.
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Figure 4. Distance between loads and the shear zones.
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3. FINITE ELEMENT SIMULATION

The beams were modeled using ABAQUS and various theories to simulate four-point bending
to investigate the behavior of GFRP and obtain reliable scientific results. The models of the
materials were based on their properties and the adopted theories, which were divided into
two parts. The first part involved the representation of concrete using the concrete damaged
plasticity model, which is more accurate than the smeared cracking model. The second part
involved the presentation of steel using the classical theory of metal plasticity, which is
based on the von Mises yield criterion and GFRP elastically linearly (Shin et al., 2009; Said
and Abbas, 2013; Genikomsou and Polak, 2015; Metwally, 2017; Pasiou and
Kourkoulis, 2018). The beam components included GFRP, steel, stirrups, and bearing
plates. These components were assigned the material properties defined in the property
field, where the elastic and plastic behavior of concrete, GFRP, and steel was specified. The
modulus of elasticity and Poisson’s ratio were also defined for concrete. The bearing plates
were assumed to be made of elastic steel. The beam components were assembled in the next
phase of the modeling process, and the static loads applied to the beams were defined. The
bond between GFRP and concrete was assumed to be ideal, and the interaction between all
beam sections was described. The boundary conditions for the roller and hinge supports
were also defined. The meshing phase involved some attempts to find the optimal mesh size
and shape, with satisfactory results.

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 (Allawi and Ali, 2020; Ali and Allawi, 2021; Gemi et
al.,, 2021; Mohammed and Said, 2022; Golham and Al-Ahmed, 2023; Ibrahim and
Allawi, 2023). The concrete damage plasticity data used in the models are given in Table 4.

Table 4. Concrete damage plasticity.

parameters | € | fb0/fcO K v
values 45 | 0.1 1.17 | 0.668 | 0.0001

4. RESULTS AND DISCUSSION

The bending load resistance of four concrete beams is tested and found to be satisfactory.
The deflection is reduced, compared with the results of the control beam, reinforced with
steel bars in the longitudinal and transverse directions. However, the GFRP shear force
resistance was limited. The failure modes and the crack numbers varied with the stirrup
type. The beam stiffness increased with GFRP stirrups. The longitudinal reinforcement ratio
also affected the deflection and the shear force resistance. A higher percentage resulted in
lower deflection due to dowel action and higher shear force resistance.

4.1 Fracture Mode and Patterns of Cracks

The first group's beams (G2, G4) mainly failed due to shear stress. The G2 beam exhibited
the first crack at a load of 7.5 kN, about 6.9% of the ultimate load capacity. The crack was
vertical and outside the bending moment region, near the support in the shear region. As the
load increased, more cracks appeared between the two load points in the middle of the beam
and extended in length. At a load of 40 kN, the cracks propagated in the shear regions and
became slightly inclined near the supports. After reaching about 45% of the ultimate load
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capacity, the concrete cover of the beam started to split, with horizontal and diagonal cracks
in the shear region. These cracks continued to grow until the beam reached the maximum
load capacity and failed abruptly in shear at a load of 109 kN. The concrete cover splitting
resulted from to loss of bond between the GFRP bars and the concrete, also due to the
increased dowel action from the resistance of the GFRP bars to the shear forces in the beam.
When the beam is subjected to a gradually increased load, some shear forces are generated
inside the beam. Still, some of these forces were resisted by dowel action from the
longitudinal reinforcement with GFRP bars. The longitudinal reinforcement was supported
by a concrete cover at the bottom of the beam that resisted the forces (dowel action and
displacement) and thus created vertical compression and tension on the concrete, which
resulted in diagonal tensile stresses on the concrete and, consequently, concrete cover
splitting. Fig. 5 shows the details of the failure pattern of G2.

Figure 5. Failure pattern of G2 beam.

The first crack in the beam (G4) occurred at a load of 12.5 kN, about 11.9% of the ultimate
load capacity. The crack was vertical and in the middle of the beam between the two load
points. As the load increased, more vertical cracks appeared in the bending moment region.
Then, cracks started to appear below the load points at a load of 35 kN, and then the cracks
grew in length and width in the regions near the shear regions near the supports until the
beam failed suddenly in shear at a load of 105 kN.

In this beam, the shear strength decreased by about 3.67% due to the beam's reduced
effective depth due to using two layers of GFRP bars instead of one layer in the longitudinal
direction in the tensile region. The overall failure pattern was similar to the previous beams
in the same group. In beam (G4), the concrete cover splitting was caused by dowel action
from the longitudinal GFRP bars that resisted shear forces. The cracks were narrower than
in the previous beams in the same group because of the increased longitudinal
reinforcement ratio of the GFRP bars and their distribution in two layers instead of one layer,
which increased the stiffness of the beam and reduced the number and width of cracks. Fig.
6 shows details of the failure pattern of G4. In the second group, the main reinforcement in
the longitudinal direction for both beams (B.S2 and B.G2) was GFRP bars with the same ratio
(1.5p), which made them over-reinforced. The transverse direction had stirrups of either
steel or GFRP. The type of stirrups was the main variable for this group.
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Figure 6. The Failure pattern of G4 beam.

In Beam (B.S2), the first cracks appeared vertically at an angle of 90 degrees in the tension
area at a load of 15 kN, which is about 10.20% of the ultimate load capacity. The cracks
continued to increase below the bending moment area and began to spread towards the
shear and compression areas at an escalating pace with the gradual increase in loads until
the model failed suddenly at 147 kN by crushing the concrete, known as compression failure.
Fig. 7 shows details of the failure pattern of B.S2.

Figure 7. The Failure pattern of B.S2 beam.

The beam (B.G2) experienced a sudden shear collapse at 145 kN load. The initial crack
appeared vertically in the tension zone at 17.5 kN of load, 12% of the ultimate load capacity.
The cracking process progressed steadily in the flexural zone between the two loading
points. The cracks extended to the shear zone, where they became diagonal until the failure
stage, marked by a sudden shear at a distance (d) from the support face and at a 45-degree
angle with concrete cover splitting. Unlike the (B.S2) beam reinforced with steel stirrups, the
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failure mode was a shear failure. This could be attributed to several factors, such as the low
compressive strength of the GFRP and the lap splice failure in the bent region of stirrups.
Although the longitudinal reinforcement is the same in the two concrete beams and the
reinforcement in the transverse direction is also similar in terms of the spacing between the
stirrups with different types of stirrups, the beam reinforced with steel stirrups showed
higher resistance to shear forces. It kept the beam B.S2 resistant to shear until it failed due
to compression represented by concrete crushing. However, the matter was different in the
beam reinforced with GFRP stirrups, where the GFRP bars showed a noticeable weakness in
resisting shear and compression forces due to their low modulus of elasticity. Thus, beam
B.G2 failed due to shear at aload of 145 KN which is less than the load that failed at the beam
B.S2 by 1.36%, and that is because GFRP stirrups cannot withstand greater shear forces that
reach the beam to a stage of failure similar to the failure of beam B.S2. Fig. 8 illustrates the
failure mode of B.G2.

Figure 8. The failure pattern of B.G2 beam.

Beam (Cont.) was reinforced with steel bars in longitudinal and transverse directions and
was a reference. Vertical cracks at 90-degree angles emerged in the tensile zone between the
two loading points at the midspan of the beam when the load reached 10 kN. This load
corresponded to 10.86% of the ultimate load capacity of the beam. The cracks propagated
symmetrically to the right and left within the bending moment zone. As the load increased
to 60-65 kN, the cracks became longer and wider, and some of them extended obliquely in
the bending-shear overlapping area. More vertical cracks appeared in the tensile zone at the
midspan and below the load point zone until the beam failed at 92 kN due to the rupture of
the longitudinal steel bars under bending loads. This was a tensile failure, followed by
concrete crushing at the midspan of the beam. When comparing the failure behavior of the
(Cont.) beam, it can be observed that the GFRP bars have higher strength against bending
loads than the steel bars. On all levels, the beams reinforced with GFRP bars showed more
resistance against bending loads than the (Cont.) beam reinforced with steel bars in both
longitudinal and transverse directions due to the high tensile strength that the GFRP
possesses. Fig. 9 shows the failure mode of the (Cont.) beam.
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Figure 9. The Failure pattern of Cont. beam.

4.2 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. Therefore, GFRP-reinforced concrete beams should be designed with serviceability
criteria (deflection and cracking) in mind due to the low elastic modulus of GFRP. The type
of stirrups, whether GFRP or steel, had a significant and noticeable impact on the load-
displacement curves and the stiffness of the beam in general.

The first group consists of two concrete beams reinforced with only GFRP bars in the
longitudinal direction, with different ratios and without stirrups, as mentioned. The service
load ratio was adopted around 60% of the maximum load for the G2 beam. The results of
load-deflection curves are shown in Fig. 10.
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120 -
gmo ;
" 80 -
3 &
40 -
20 -
0
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: : ; 0 Ll L L) L]
0 20 40 60 80 100 0 20 40 60 80 100
Deflection (mm) Deflection (mm)

Figure 10. Load-deflection details of the beams, (a) for beam G2, and (b) for beam G4.
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Increasing the longitudinal reinforcement ratio contributed to reducing (deflection) clearly
in the G4 model compared to (deflection) in the G2 model at the service load. It is noted from
the curves below that (deflection) in the G4 model decreased by 37% compared to
(deflection) in the G2 model due to increasing the longitudinal reinforcement ratio and using
two reinforcement layers in the G4 model instead of one layer, which reduced the effective
depth slightly. It is also noted from the load - deflection curves the existence of a good match
between the experimental and numerical results.

The second group consists of two concrete beams reinforced with GFRP bars in the
longitudinal direction and steel and GFRP bars in the transverse direction. As mentioned, the
main variable in this group is the type of stirrups used in the transverse reinforcement,
whether steel or GFRP. The service load for this group was adopted at a similar ratio to the
previous group, which is 60% of the maximum load for beam B.S2. As shown in Fig. 11, the
results of load-deflection curves showed that the stiffness in the beam reinforced with GFRP
stirrups was slightly higher than that in the beam reinforced with steel stirrups at the service
load, due to the high tensile resistance that GFRP possesses.

180 180
160 | (a) i 160 | (b)
140 //) o= \ 140 - |
120 'y 120 > £
2 // ) > s/
X 100 / / g 100 /4
° --——-—-—/—,- ~~~~~~~~~~~~~~~~~ T  Peremeee- 7‘- ----------------
o 80 / ) /
3 // | / 3 80 /’/ //
60 7 60 /o
st |- T NN /7 — . B
/ , e NUM 0/,
[ / F & 4 . -NUM
ot & —===SLL 20 |-
0 | ol -===S.LL
0 20 40 60 80 100 0 20 40 60 80 100
Deflection (mm) Deflection (mm)

Figure 11. Load-deflection details of the beams, (a) for beam B.S2, (b) for beam B.G2.

Despite the weakness of GFRP in the direction of shear and compression forces, the
difference in deflection values between the two models was slight, where the deflection in
beam B.G2 decreased by about 3% from that in beam B.S2. The results of numerical analysis
using the ABAQUS program reported good agreement with the practical aspect.

The failure behavior in the beams was brittle and linear elastic until failure due to the use of
GFRP bars in the main reinforcement in both concrete beams. The beam (Cont.) was
reinforced with longitudinal and transverse steel bars. The load-deflection curve had two
phases: a linear-elastic phase until the steel reinforcement yielded and a nonlinear phase
until failure. The service load level (S.L.L) was 60% of the ultimate load on the beam. The
deflection at the service load was 7 mm. Figure 12 shows the load-deflection details of the
beam (Cont.).
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4.3 Load - Strain

Load-strain behavior is an important aspect of the mechanical properties of reinforced
concrete structures. Different types of reinforcement, such as steel bars and glass fiber-

180
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Deflection (mm)

Figure 12. Load-deflection details of the beam Cont.

reinforced polymer (GFRP) bars, have different load-strain characteristics under tensile and
compressive loading. Steel bars have high elastic modulus and yield strength but are
susceptible to corrosion and fatigue. GFRP bars have high tensile strength and corrosion
resistance but low elastic modulus and bond strength with concrete. The load-strain curves
of steel bars and GFRP bars under repeated tensile loading show different energy-
dissipation capacities and residual strains. Fig. 13 shows the load-strain details of the beams
(G2 and G4). G2 and G4 have a linear relationship between load and strain, meaning they
obey Hooke’s law. However, G4 has a higher stiffness than G2, meaning it can resist more
load for the same amount of deformation.
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Figure 13. Load-strain details of the beams (G2 and G4).

This is evident from the slope of the load-strain curve, which is steeper for G4 than for G2.

G4 also has a higher ultimate strength than G2, meaning it can withstand more load before

breaking. To quantify the difference between G2 and G4. The percentage difference between
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load for G2 and G4 is reported as 3.77%, which is relatively small. However, the percentage
difference between strain for G2 and G4 is 35.71%, which is significant. This means that G4
has a slightly lower load but a much lower strain than G2 at the same point of interest. So G4
exhibits superior mechanical performance than G2 in stiffness and strength. Figure 14
shows the load-strain details of the beams (B.S2 and B.G2) for evaluation the mechanical
properties and comparing their load-strain curves. The curves indicated that B.S2 and B.G2
follow Hooke’s law, as they have a linear relationship between load and strain. However,
B.S2 is stiffer than B.G2, as it can bear more load for the same amount of deformation. B.S2
also has greater ultimate strength than B.G2, as it can endure more load before failing. At a
strain of interest, the load for B.S2 is 1.37% higher than that for B.G2, which means that B.S2
has a slightly higher load than B.G2. The strain for B.S2 is 18.75% lower than that for B.G2,
which means that B.S2 has a lower strain than B.G2 at the same load of interest.
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Figure 14: load-strain details of the beams (B.S2 and B.G2).

In the Control (Cont.) beam, the curve shows that the load increases linearly with the strain
until it reaches a peak value of 92 kN at a strain of 0.0026. This indicates that the steel has a
high elastic modulus and can withstand large loads without permanent deformation.
However, beyond this point, the curve drops sharply, implying that the steel has reached its
ultimate strength and failed due to the rupturing of the steel bar in the tension zone. Fig. 15
shows the load-strain details of the (Cont.) beam.
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Figure 15. load-strain details of the (Cont.) beam.
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4.4 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
confirmed that the load-displacement curves had a similar trend to the experimental results.
Moreover, the failure mode was also consistent between the experimental and numerical
aspects. The results indicated that the FEM was more rigid than the experimental test data.
The ultimate loads obtained from the experimental test were lower than the final loads
obtained from the FEA, which were considerably higher. These differences were within an
acceptable range; thus, the FEM could be used for further studies by changing the
parameters of interest. The agreement between the experimental and numerical results in
load displacement was satisfactory, as shown in the previous curves. The results of the
various analyses in the ABAQUS program were based on several 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 was closer to the experimental side. It should be noted that the GFRP stirrups were
modeled as solid elements to account for the changes in three directions, not only in
compression and tension, and to make the results as realistic as possible. Fig.16 illustrates
the crack pattern of all tested beams using ABAQUS software.

G2

B.52 B.G2

Cont

Figure 16. [llustrates the crack pattern of all tested beams using ABAQUS software.
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5. CONCLUSIONS

The results showed generally good behavior of GFRP bars in bearing flexural loads and
increasing beam stiffness equally. Despite the weakness of GFRP in bearing shear and
compression forces, slipping also increased the effect of shear forces on GFRP bars. The
behavior of GFRP was linear elastic until failure due to the low modulus of elasticity that also
gave it the characteristic of brittleness, unlike steel which showed high ductility in dealing
with the loads applied to it due to the high modulus of elasticity except GFRP distinguished
from it by high tensile strength which gave the concrete beam higher bearing capacity for
flexural loads.

e The results showed that the beams reinforced with GFRP bars in the longitudinal
direction exhibited linear elastic and brittle behavior until failure, whereas the beams
reinforced with steel bars in the longitudinal direction displayed ductile behavior with a
noticeable softening in the load-deflection curve. This was attributed to the low modulus
of elasticity of GFRP bars compared to the high modulus of elasticity of steel bars. The
flexural load capacity of the beam reinforced with GFRP bars was 58.70% higher than that
of the beam reinforced with steel bars, due to the high tensile strength of GFRP bars
compared to steel bars.

e The shear strength of GFRP was found to be lower than that of steel, as indicated by the
failure mode of the beam with GFRP stirrups. The beam with steel stirrups had a 3.67%
higher resistance to shear forces. The beam reinforced with stirrups from GFRP had wider
and more cracks than the beam reinforced with steel stirrups.

e The longitudinal reinforcement ratio with GFRP bars was observed to increase the beam
stiffness, especially the flexural stiffness. The use of two layers of GFRP as reinforcement
for the concrete beam did not affect the shear resistance area due to dowel action, unlike
the single layer that enhanced the shear resistance area. However, the two layers
improved the beam stiffness and reduced the deflection by 37.11% at the service load.

o All groups showed a linear relationship between load and strain, meaning they obeyed
Hooke’s law. The percentage difference between load and strain for G2 and G4 at a point
of interest was 3.77% and 35.71%, respectively, indicating that G4 had a slightly lower
load but a much lower strain than G2. The percentage difference between load and strain
for B.S2 and B.G2 at a strain of interest was 1.37% and 18.75%, respectively, indicating
that B.S2 had a slightly higher load but a lower strain than B.G2. Cont. had a high elastic
modulus and could withstand large loads without permanent deformation until it reached
a peak value of 92 kN at a strain of 0.015, failing due to the rupture of the steel bar in the
tension zone.

e The numerical values from FEM agreed well with the experimental data regarding load-
bearing capacity and deflection of concrete beams reinforced with GFRP. The load-
displacement curves and the failure modes were similar between the experimental and
numerical aspects. The FEM was slightly more rigid and predicted higher ultimate loads
than the experimental test, but the differences were acceptable.

NOMENCLATURE
Symbol | Description Symbol | Description
GFRP glass Fiber Reinforced Polymer U} dilation Angle
fb0O/fcO0 | ratio of biaxial strength to uniaxial € eccentricity
strength for concrete
K Shape parameter 1l viscosity parameter
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