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Abstract: Glass- fiber-reinforced polymer (GFRP) offers a
significant alternative to steel in reinforced concrete, with
superior corrosion and fire resistance. Though less ductile
and more brittle in stress—strain behavior than steel, it is
very helpful to combine GFRP with steel reinforcement
that improves the structural behavior. This research inves-
tigates the flexural characteristics of a one-way slab rein-
forced by a combination of GFRP and steel reinforcement.
Three identical concrete slabs ((1500 x 550 x 120) mm and
43 MPa) were tested under static load with GFRP replace-
ment ratios of (0, 20, and 40)%. The experimental data were
utilized to verify a numerical model. The experimental
outcomes indicated a substantial impact of the GFRP repla-
cement ratio on the failure mode. The failure mode was
flexural, flexural-shear, and shear regarding the reference
slab, 20%, and 40% replacement, respectively. GFRP repla-
cement influenced ductility and ultimate load by (9.13 and
10.7)% and (-21 and 5.0)% for replacement ratio (20 and
40)%, respectively. Based on the numerical analysis, the
parametric study (considerably affected the structural
response. Failure mode changed to flexural, and shear-flex-
ural concerning (20 and 40)%, respectively. The optimum
load was characterized at 40%, while max toughness and
ductility were achieved at 20%.
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1 Introduction

In the latter part of the twentieth century, there was a
significant expansion in the use of glass fiber-reinforced
polymer (GFRP) composites to enhance the strength of
reinforced concrete structures. This technology has shown
a great potential in addressing the rehabilitation needs of
various infrastructures. GFRP strengthening has been used
in many applications, including constructing new build-
ings and rehabilitating of existing structures [1-3]. In addi-
tion to studying the global failure criteria of GFRP with
reinforced concrete (RC) elements, many researchers have
concentrated on studying the localized failure mode, i.e., the
bond interface strength and support failure [4].

Within the range of fiber-reinforced polymers (FRPs),
GFRP was recommenced in reinforced concrete technology
due to its ability to minimize corrosion-related problems
compared to steel bars [5-9]. Consequently, using GFRP
bars has seen a growing trend in their application as
embedded concrete reinforcement. This may be attributed
to their advantageous characteristics, including their low
weight, high tensile strength, and resistance to corrosion
[10,11]. Nevertheless, the characteristics of these materials
are determined mainly by many parameters, including the
fiber’s kind, fiber’s orientation, fiber’s proportional volume,
the type of used resin, and the level of quality control
implemented throughout the production process. Gener-
ally, fiber volume refers to the number of fibers in a unit
area of GFRP cross-section. Moreover, the level of quality
control implemented is crucial in determining the overall
quality and performance of the GFRP materials, contri-
buting to their mechanical strength, stiffness, and long-
term durability [11]. GFRP bars demonstrate linear elastic
characteristics and brittleness, revealing a reduced level of
ductility compared to steel bars. This may be attributed to
the lower tensile modulus of elasticity present in GFRP
bars [12].

GFRP bars can replace steel bars; however, their quan-
tity and arrangement must be optimized. This optimization
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process must ensure that the structural element can restore
strength after deformation or stress and does not prevent
steel bars from yielding (causing a brittle failure). Another
objective is to optimize the GFRP bar amount and the
arrangement for maximum load-bearing capacity. Placement
or layout within the structure is called “arrangement.” The
sentence implies that the quantity and distribution of GFRP
bars in a structure affect their performance. Furthermore, it is
vital to consider the elastic deflection observed in the struc-
ture as the load increases [13].

Nevertheless, it is worth noting that concrete slabs
reinforced with FRP bars sometimes demonstrate abrupt
brittle failure. As a result, researchers have investigated
the efficacy of hybrid reinforced concrete buildings, which
integrate the advantages of FRP and steel bars [14-17].
Previous research has examined the use of GFRP bars as
a feasible alternative to conventional steel reinforcement
in concrete elements, aiming to address the issues asso-
ciated with corrosion and structural degradation of steel
reinforcement. The reduced modulus of elasticity and lack
of yielding behavior shown by (FRP) materials result in
significant deflection and broad cracks in concrete compo-
nents reinforced with GFRP. Therefore, it is essential to use
an appropriate design approach and techniques to eval-
uate this behavior precisely [16].

Chang and Seo [18] examined the structural perfor-
mance of reinforced concrete blocks with GFRP bars as
reinforcement when only one point held them. The mea-
surements of the slabs were as follows: 4,000 x 1,000 x 150
mm and 4,000 x 1,000 x 200 mm, and their reinforcing
ratios varied. The investigated goal was to examine the
slabs’ flexural and shear limit states, covering parameters
such as behavior before breaking, cracking pattern and
breadth, deflections, ultimate strength, and failure pro-
cesses. The results show that the GFRP-reinforced blocks
that were studied followed a bilinear elastic pattern until
they broke. Given that FRP deforms linear elastically and that
concrete crushing often determines the failure mechanism of
FRP-reinforced slabs. When cracks appeared, the slabs rein-
forced with GFRP bars were significantly less stiff than slabs
reinforced with steel. To control displacement effectively,
increasing the reinforcement ratios to provide sufficient
bending stiffness is important.

Sadraie et al. [19] conducted a comprehensive investi-
gation on the impact of various factors, including the mate-
rial composition of rebar, the quantity and arrangement of
reinforcements, and the slab thickness on the dynamic
behavior of reinforced concrete slabs. This study used a
combination of laboratory tests and numerical simulations
to analyze the variables mentioned above. The experi-
mental investigation focused on performing 15 concrete
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slabs of 1,000 x 1,000 mm. These slabs were reinforced
with GFRP bars, while two slabs were reinforced with steel
bars. The specimens underwent finite element analysis
(FEA) and simulations using the LS-DYNA explicit program.
The findings derived from both experimental investiga-
tions and numerical simulations demonstrate a high level
of concurrence. It has been observed that by appropriately
modifying the quantity and configuration of GFRP, superior
performance can be obtained in GFRP slabs compared to
slabs reinforced with steel. This advantage, coupled with
the corrosion resistance exhibited by GFRP, renders it a
suitable choice for reinforcement material.

Al-Rubaye et al. [20] evaluated the flexural perfor-
mance of concrete slabs reinforced with GFRP bars and a
composite reinforcing system. Four concrete slabs were
carefully manufactured and subsequently underwent thor-
ough testing to gain insights into the performance features
of this innovative construction method. Carbon-reinforced
polymer (CRP) has been observed to enhance the structural
stability of hollow concrete slabs. The increased compat-
ibility between CRP and GFRP bars, in comparison to steel
bars, is due to their similar modulus of elasticity. The pre-
cise estimation of the load-bearing capacity of hollow con-
crete slabs was achieved through the utilization of a sim-
plified fiber model analysis.

Adam et al [21] investigated the structural perfor-
mance of a high-strength concrete slab reinforced with
locally made fiber-reinforced polymer. Following that, a
finite element (FE) model was created using ANSYS 2019-
R1 and validated with the experimental data. The results
showed that using GFRP bars in concrete slabs improved
ductility and increased deflection when compared to the
standard steel bars. The experimental results and FE com-
putations agreed highly.

The flexural performance of concrete slabs with aper-
tures reinforced by GFRP bars and enhanced using carbon
fiber-reinforced polymer (CFRP) sheets was studied by
Golham and Al-Ahmed [22]. Five distinct concrete slabs
were tested in a one-way layout as part of the experimental
investigation up to the point of collapse. A specimen that
resembled a solid slab and was free of reinforcement and
holes was used in the experimental investigation. The
remaining slabs had CFRP sheets added for reinforcement
and were made with rectangular and square openings,
respectively. According to the experimental results, until
they failed, the slabs reinforced with GFRP behaved in a
manner that was bilinear elastic. The slabs’ rigidity was
noticeably reduced as the fractures started to appear. Com-
pared to a solid slab in the final stage, slabs with one hole
had a stiffness loss of around 23%, while slabs with two
apertures showed a fall of about 31%. In addition, an FE
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Cast Three Reinforced Concrete
NI ELD

Same Geometric Layouts
(1500*550*120) mm with

compressive strengths of 43 MPa

ACI-318-19 has been adopted in the design
requirements of the steel reinforcement
specimens.

Different GFRP Replacement
Ratios: 0%, 20%, 40%

Static load represented by two
concentrated loads was taken
in the test

Test
Parametric

1. Cracks pattern, failure load, and mode of failure.
2. Load—deflection behavior.
3. Load-strain relation.
4. Ductility factor.

S. Toughness

Generate an established
numerical model based on
Abaaus.

Validate the established numerical model based on
the experimentally tested specimens.

The experimental program investigates the considered
parameter study utilizing the validated numerical model
(compressive strength).

Figure 1: Flowchart for the research methodology.
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model was verified using the empirical data in combina-
tion with a separate parametric analysis.

According to the outcomes of the literature review,
FRP deforms linearly elastically because the crushing of
concrete frequently determines the failure mechanism of
FRP-reinforced slabs. The decision to use hybrid reinforce-
ment a combination of steel and GFRP bars was made
intentionally to leverage the distinct qualities of each mate-
rial. Steel provides strong tensile strength and ductility,
while GFRP bars have advantages like corrosion resistance,
lightweight characteristics, and a high strength-to-weight
ratio. This comprehensive approach aims to maximize the
benefits of both materials, ultimately leading to superior.
There has been little research on the structural effect of
utilizing GFRP bars in conjunction with steel bars. As a
result, this research aims to perform experimental studies
on the structural behavior of reinforced concrete one-way
slabs using GFRP bars in combination with steel bars. The
GFRP replacement percentages were 0, 20, and 40%. The
testing findings were examined, and they covered the
initial cracking load, ultimate load-deflection behavior,
ductility, and toughness. Furthermore, the experimental
data were utilized to evaluate a finite element model along-
side a parametric investigation of the concrete compres-
sive strength effect.

2 Research significance

With a focus on their reaction to flexural pressures, the
study aims to evaluate the structural performance of using
GFRP bars in place of steel bars. In addition, this study
aims to offer validated nonlinear finite element simula-
tions as a suggestion for precisely projecting the structural
behavior of steel rods and GFRP one-way slabs. The process
of this study’s methodology is depicted in a flowchart in
Figure 1.

Table 1: Cement chemical composition
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3 The experimental program

3.1 Constitutive materials
3.1.1 Cement

All the experimental samples and the control specimens
were cast using ordinary Portland cement (CEM I 42.5R)
from the (Mass) brand within Iraq. The outcomes of the
chemical tests are presented in Table 1 and the physical
tests in Table 2. The results of the cement testing met the
requirements of Iraqi Specification No. 5/2019 [23].

3.1.2 Fine aggregate and coarse aggregate

The maximum size of the crushed gravel siliceous aggregate
used in the investigation was 12 mm. Aggregates, both fine
and coarse, showed compliance with the Iraqi Specification
(IQS) No. 45/1984 and subsequent updates [24]. In accor-
dance with the parameters of Iraqi Specification No. 45/
1984 and its amendments [24], the test results are displayed
in Tables 3 and 4.

3.1.3 Additive material

A chemical additive was added to achieve the desired
strength of the concrete mix. This additive increased com-
pressive strength while maintaining workability without
using extra water amount. This is crucial, as excessive
water leads to weakened concrete and reduced strength
due to the evaporation of excess water over time from
the heat of the cement-water reaction, leaving voids in
the concrete mixture. Therefore, Sika’s superplasticizer
(CHRYSO®Optima 100) was utilized. Table 5 shows the
properties of the used plasticizer.

Compound composition Chemical composition

Content (%) Limit of Iraqgi Specification No. 5/2019

Loss on ignition L.O.1I
Insoluble material LR.
Sulfate SO;
Chloride

Tricalcium aluminate C3A
Magnesia MgO

3.63 <4%
0.58 <1.5%
2.35 <2.8%
0.02 <0.1%
4.68

1.83 <5%
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Table 2: Cement physical composition

One-way slabs reinforced by a combination of GFRP and steel bars

- 5

Physical properties

Test results

Limit of Iraqi Specification No. 5/2019

Specific surface area (Blaine method), (m?/kg) 346
Setting time (Vicat’s method)

Initial setting time ( min) 148
Final setting time (min) 195
Compressive strength (MPa)

For 2-day 237
For 28-day 45

2250

245 min
<600 min

210 MPa
242.5MPa

Table 3: Fine aggregate properties

Sieve Dry weight (g) Cumulative passing (%) Limit of the Iraqi Specification No. 45/1984

mm Mesh Retaining Zone 1 Zone 2 Zone 3 Zone 4
g %

9.5 3/8 in 0.0 0.0 100 100-100 100-100 100-100 100-100
4.75 No. 4 71.0 7.0 94 90-100 90-100 90-100 90-100
2.36 No. 6 239 21.8 78 60-95 75-100 85-100 95-100
1.18 No .16 412 37.6 60 30-70 55-90 75-100 90-100
0.60 No. 30 708 64.5 37 15-34 35-59 60-79  80-100
0.30 No. 50 990 90.2 19 5-20 8-30 12-40  15-50
0.15 No. 100) 1077 98.2 34 0-10 0-10 0-10 0-15
0.075 No. 200 1093 99.6 0.4 0-5 0-5 0-5 0-5
Fineness modulus 3.19
1 Specific gravity 2.67 —
2 Sulfate content (SO3)(%) 0.05 0.5 (max.)
3 Absorption % 1.05

3.1.4 Steel reinforcement

Steel bars of deformed shape were considered for longitu-
dinal and transverse of 10 and 8 mm, respectively. The
properties of reinforced bars are listed in Table 6. One
piece of 1,000 mm in length for each diameter was tested,
and the results were identical to ASTM A615M [25]. The

Table 4: Coarse aggregate properties

Sieve size (mm) Passing (%)

Coarse Iraqi specification No.
aggregate 45/1984

20 95.19 95-100

10 31.646 30-60

4.75 2.025 0-10

Specific gravity 2.659 —

Sulfate 0.046 <0.5%

content (S03)(%)

Absorption 0.846

specimen was tested under direct tension in the Consulting
Engineering Bureau/College of Engineering/University of
Baghdad. The grade of steel is 60.

3.1.5 GFRP reinforcement

GFRP bars were used in the tension zone only for long-
itudinal reinforcement of (10 mm) diameter. The proper-
ties of GFRP bars are listed in Table 7. The used GFRP bars
were manufactured by a factory in Iran, and the tests were
conducted in Iran in the laboratory (Razi Metallurgical
Center).

3.1.6 Mix design

Table 8 displays the mixture specifications used to attain
the certified compressive strength of f, = 54 MPa, designed
by Lafarge Ready Mix Company.
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Table 5: Technical properties of superplasticizer

Indicative information

Product nature Liquid

Color Translucent yellow
Lifetime 9 months

Freezing point 3°C

Specifications

Halogen dry extract 30.20 + 1.50%

(CI- lons content <0.100%
Equivalent content NA,O <0.30%
Specific gravity (20°C) (kg/dm3) 1.061 + 0.020
pH (2°C) 4.70 + 1.00

Dry extract (EN 480-8) 31.00 + 1.500%

3.2 Tested specimens

Three identical concrete slabs of the same geometric design
and concrete mix portion were tested as part of the experi-
mental program for this investigation. ACI-318-19 [26] stan-
dards for design requirements for steel reinforcement in
specimens have been adopted. The dimensions of each
slab were 1,500 x 550 x 120 mm. Figures 2 and 3 and Table
9 summarize further information about the test specimens.

3.3 Testing procedures

The slabs were mounted to two hemispherical supports,
specifically designed to provide simple support. At the

Table 6: Properties of steel reinforcement
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mid-span of all slab specimens, strain gauges with a gauge
length of 60 mm were fastened to the concrete compres-
sion face. Figure 5 depicts the strain gauges positions (con-
crete). The distance between the supports was measured to
be 1,300 mm, which corresponds to the length of the slabs
under investigation. A hydraulic jack with a capacity of 100
tons was then employed to apply the static load. This load
was distributed evenly by a steel loading I-section girder,
resulting in two equal forces separated by a span of
400 mm. Throughout the experiment, various measure-
ments were recorded, including the applied load ampli-
tude, vertical deflection at the center of the slab, and strain
experienced by the steel reinforcement, GFRP reinforce-
ment, and concrete surface (Figures 4 and 5). These mea-
surements were recorded at each step of the loading pro-
cess. The load was incrementally increased until the failure
stage, each step consisting of a 2.5 kN increase. The devel-
opment of cracks was carefully observed and documented
after each increment. Figures 5 and 6 comprised more
comprehensive details of the experimental setup.

The adjusted load increment before crack generation
was small, so it enabled the crack load to be traced. After
each increment, checking for all surfaces of the specimen
was included to ensure there was no crack generated. As
the cracks were generated, load steps were increased to
5KkN until the failure stage. Moreover, the measured crack
load in the experimental test was checked with the load-
deflection disposition since the slope of the load—deflection
curve is reduced as the crack is generated (Figure 7).

Bars type  Nominal diameter (mm) Yield stress (MPa) Ultimate strength (MPa) Modulus of elasticity £ (MPa) Elongation (%)
Steel 10 437 527 200,000 1
Steel 8 434 483 200,000 12

Table 7: Properties of GFRP Reinforcement

Nominal bar diameter (mm)  As (mm?2) Tensile strength (MPa)  Elongation (%) Modulus of elasticity (MPa)  Density (kg/m®)
10 78.5 1207 2.5 48,280 2,084

Table 8: Details of concrete mix proportions

Cement Gravel Sand Water Optima 100 Silica fume Splitting strength  Specimen

(kg/m®) (kg/m?) (kg/m®)  (UmM?) (kg/m®) (kg/m?) f, (MPa) strength f,, (MPa)
470 945 827 170 6.2 20 3.56 54
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Figure 2: Dimensions and reinforcement information of the tested specimens (dimensions: mm).

Figure 3: Details of the adopted reinforcement combination.

4 Test results and discussions failure, the load was gradually raised. Four categories

were used in the discussion of the data to understand the
Three reinforced concrete slabs with various ratios of structural behavior of the slab better.
GFRP bars in place of steel bars were put to the test 1. Cracks pattern, failure load, and mode of failure.
when a two-point load was applied. Up to the point of 2. Load-deflection behavior.
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Table 9: Characteristics of the tested specimens

NO Slab Designation 1 (MPa) GFRP bars in place
of steel bars

1 NFS 43 0

2 NFSG20 43 20

3 NFSG40 43 40

3. Load-strain relation.
4. Ductility factor.
5. Toughness.

4.1 Cracks pattern, failure load, and mode of
failure

The experimental results regarding the cracking loads and
the failure loads are listed in Table 10. Regarding the first
flexural crack, GFRP bars had a significant effect on the
cracking load reduction. The replacement percentage
increase of steel bars by GFRP bars decreased the cracking
load by about 6.3 and 21% for the replacement of 20 and 40%
concerning the reference specimen (0% replacement). The
deterioration in the crack load is mainly caused by the spe-
cimen stiffness reduction that belongs to the low modulus of
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elasticity for the GFRP compared to that of the steel. The first
flexural fracture manifested at the central region of the slab
tension face, maximum moment location, as the tensile
stresses in the lowermost concrete fiber surpassed the mod-
ulus of rupture of the concrete. Subsequently, fractures gra-
dually formed around the periphery of the slabs, running
parallel to the direction of the support.

Regarding the reference slab (NFS), when the applied
load was increased, flexural cracks were generated and
propagated on the bottom surface of the slab. These cracks
were seen to be parallel to the original fracture and aligned
with the direction of the supports. Subsequently, the frac-
tures underwent propagation toward the lateral edges of
the slab, ultimately reaching the compression zone of the
slab at the failure phase. The presence of fractures in the
slab’s central portion was apparent, whereas no cracks
were detected in the support vicinity. In addition, it was
noted that there were no instances of shear fractures being
formed. The cracking pattern of the failure stage is shown
in Figure 8.

Concerning the slab (NFSG40), with a replacement of
40%, the crack pattern was completely different. As the
applied load continued to grow, flexural cracks were gener-
ated and propagated along the bottom surface of the slab. The
cracks were running parallel to both the original fracture and

GFRP
BAR

Steel bar

-

\\
N

NFS

NFSG20 NFSG40

Strain Gauge for steel bar

W Strain Gauge for GFRP bar

Figure 4: Locations of the strain gauges in reinforcement.
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(a) train gauge for concrete

550
| 1500 ,
(b)
450 ,
650 |
1300 1
1500 i

Figure 5: Locations of the strain gauge: (a) top face and (b) side face (dimensions: mm).

|-section

1300

1500

Figure 6: Details of the test setup (dimensions: mm).
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Figure 7: Test setup.

Table 10: Cracking and ultimate loads of the tested specimens

DE GRUYTER

Specimens  Ultimate load B, (kN) % Increase in relation Cracking load P, (kN) % Decrease in P, with P../P, (%)
to Ref. respect to Ref.

NFS 79.62 Ref. 19 Ref. 24

NFSG20 88.13 10.7 17.8 6.3 20

NFSG40 83.64 5 15 21 18

the direction of the supports. Subsequently, the slab experi-
enced the propagation of diagonal shear fractures toward its
lateral edges at Load (77 kN). As the applied Load progres-
sively increased, the shear fractures tended to spread in
an upward direction inside the slab, moving toward the
loading location. The slab’s breakdown ensued immediately fol-
lowing the debonding of the GFRP bars, which intercepted the
diagonal shear fractures. The replacement percent of 40% (2
from 5 bars) enhanced the slab flexural resistance, resulting in
a shear failure mode rather than a flexure mode. The slab with a
replacement percentage of 20% (NFSG20) presented an inter-
mediate behavior, improving the flexure strength to less than
that of the slab (NFSG40). Therefore, the performed shear cracks
that appeared at load (86 kN) were less than those detected in
the case of 40% replacement. The cracking pattern for the speci-
mens (NFSG20 and NFSG40) is shown in Figures 9 and 10.

4.2 Load-deflection behavior

The deflection at the slab center was measured at each load
increment throughout the test procedure. Sample deflec-
tion was examined at both the service and ultimate load

stages. Tan and Zhao [27] suggested that the service load
corresponds to about 70-75% of the ultimate load. In the
present investigation, the service load for each specimen
was determined to be 70% of the ultimate load. The ulti-
mate loads of the specimens were defined as the maximum
bearing load, as listed in Table 10.

Typically, during the incremental loading process, sev-
eral distinct stages were observed. Initially, in the elastic
region, the deflection increases steadily at a constant rate.
Subsequently, as cracks begin to form and propagate, the
deflection rate accelerates, leading to a more rapid increase.
This trend persists until the steel reinforcement tension
stress reaches its yield point, at which point the slope of
the deflection curve diminishes. Finally, the test rounds off
when the deflection keeps increasing without any concur-
rent increase in the applied load.

Figure 11 demonstrates the impact of the percentages
varying of GFRP bars on the mid-span load-deflection
characteristics. The outcomes of (NFSG20 and NFSG40) spe-
cimens are contrasted with NFS, which serves as the con-
trol sample (without GFRP bars). Based on the load—deflec-
tion curves, it is evident that the three slabs exhibit varying
levels of stiffness throughout the elastic zone. Table 11
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—_ 1"

NFSG20

Figure 9: Cracks pattern of the specimen (NFSG20): (a) side face and (b) bottom face.

shows the specimens’ stiffness; the results indicated that
the stiffness decreased by about 20.32 and 44.04% for the
replacement percent of 20 and 40% concerning the refer-
ence specimen, respectively.

This discrepancy is attributed to the disparity in the
steel and GFRP modulus of elasticity since all the corre-
sponding properties between the tested specimens are
compatible, with GFRP possessing a lower modulus of elas-
ticity compared to steel. Compared to steel bars, which

have an approximate modulus of elasticity of 200 GPa,
GFRP bars generally have a modulus of elasticity in the
40-75 GPa range. As a consequence, the GFRP-reinforced
slab exhibits a reduced initial slope in its load—deflection
curve compared to the control slab. These results corrobo-
rate the conclusions drawn from the study by Kara et al. [28].

While near the ultimate load, the increasing percen-
tage of steel bars replaced by GFRP bars is directly propor-
tional to the slab strength, or in other words, the deflection
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NFSG40

Figure 10: Cracks pattern of the specimen (NFSG40): (a) side face and (b) bottom face.
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NFSG40 === STEELYIELD

Figure 11: Effect of the GFRP replacement percentage on the load-deflection behavior.

decreases at the same load level. However, at service load, load of the reference specimen, i.e., 79.62KkN, the central
the central deflection increased by about 55 and 67% for deflection decreased by about 25 and 29% for the replace-
the replacement percent of 20 and 40% concerning the ment percent of 20 and 40% concerning the reference spe-
reference specimen, respectively. While at the ultimate cimen, respectively, as illustrated in Table 12.
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Table 11: Stiffness of the tested specimens at cracking load

Specimens Cracking  Deflection  Stiffness, Decreasing
load (kN) atcracking K=P/A in
load (mm) (kN/mm) stiffness (%)

NFS 19 17 117 —
NFSG20 17.8 2 8.9 20.32
NFSG40 15 24 6.25 44.07

4.3 Load-strain relation

The strain-load relations of the reinforced steel bar, GFRP
bar, and concrete top surface were measured at the mid-
span location. Figures 12 and 13 show the influence of
increasing the GFRP replacement percentage on the load—
strain relations of flexural steel reinforcement and top
concrete surface at mid-span, respectively, for specimens
NFS, NFSG20, and NFSG40. The influence of the GFRP repla-
cement ratio was not significant in the elastic range, but it
became more noticeable as the response reached the
yielding stage of steel reinforcement. Moreover, it was
observed that as the replacement percent increased, steel
bars reached the yield point earlier. These can be inter-
rupted by the low GFRP modulus of elasticity compared to
steel bars. Figure 14 shows the influence of increasing the
percentage of steel bars replaced by GFRP bars on the
load-strain relations of GFRP bars at mid-span for speci-
mens NFSG20 and NFSG40, respectively.

The flexural steel strain for specimens (NFS, NFSG20, and
NFSG40) was 17335.6, 15947.3, and 10882.9 micro-strain, respectively,
and GFRP bar’s strain was 18080.8 and 139319 micro-strain for
the NFSG20 and NFSG40 specimens, respectively.

At the ultimate load, the compressive strain in the
concrete was measured as follows: 2447 micro-strain for
the NFS specimen, 2966 micro-strain for the NFSG20 spe-
cimen, and 2578 micro-strain for the NFSG40 specimen.
Nonetheless, for specimens NFS, NFSG20, and NFSG40,
the concrete compressive strain at the elastic zone was
743.95, 1024.39, and 1264.4, respectively. It is evident that
if GFRP is changed, the strain in the concrete increases.
This is because GFRP has a lower modulus of elasticity
than steel, which causes a decrease in the material’s
Stiffness and an increase in the amount of deflection that
happens within the elastic zone.

The material’s stiffness was significantly reduced upon
replacing 40% of it. This decrease caused the concrete
in the elastic zone to deteriorate and increased strain.
Furthermore, the replacement caused a reduction in duc-
tility, which had a significant effect and ultimately led to an
early shear failure.

Table 12: Mid-span deflections of the tested samples at service and ultimate loads

% Changing in deflection
at ultimate load

Deflection at ultimate

load (mm)

% Decrease in deflection at the

Deflection at ultimate load of
ref. specimen (79.62 kN)

% Increase in deflection

at service load

Deflection at service

load (mm)

Specimens

ultimate load of ref. specimen

(79.62 kN)

Ref.

40.11

Ref.
25

40.1
30

Ref.
55
67

8.5

NFS

+9.4

44.28

13.2
1

NFSG20
NFSG40
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Figure 12: Load-strain curves for flexural steel reinforcement at
mid-span.

4.4 Ductility factor

The ductility index describes a structural element’s ability
to endure considerable deformation. In other words, it
measures the proportion of the central deflection at the
point of ultimate load to the central deflection at the first
sign of yielding in tension steel bars. Table 13 presents a
visual representation of the GFRP substituted percentages
varying impact on the ductility factor for specimens NFS,
NFSG20, and NFSG40. It was detected that the replacement
percent (20%) increased the ductility by 9.13%, while the
replacement percent (40%) decreased the ductility by 21%.
This result confirms the conclusion of the study by
Thamrin et al. [29], which states that the capacity increases
with the hybrid reinforcement ratio but at the expense of

100
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Load (kN)

0 500 1000
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Figure 14: Load-strain curves for concrete top fiber at mid-span.

ductility, which decreases as the hybrid reinforcement
ratio increases.

4.5 Toughness

Flexural toughness, also known as total absorbed energy,
was determined in this study by computing the load—de-
flection curves integral to the slabs. The term “flexural
toughness” pertains to the overall capacity of a material
to absorb energy. The energy storage capacity of a loaded
concrete structure is a significant characteristic in the field
of concrete structures. The absorbed energy, which is
quantified by the area under the load—deflection curve,
is influenced by both the highest load magnitude and the

1500 2000 2500 3000

Concrete microstrain

Figure 13: Load-strain curves for GFRP bar at mid-span.

NFSG20

NFSG40
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deflection seen at the point of failure. Table 14 shows the
total absorbed energy of the tested slabs, and Figure 15
shows a comparison of the total energy values of the tested
slabs at failure load. It is noticeable that when 20% of steel
reinforcement was replaced, the toughness increased by
11.3% due to the increase in deflection and load capacity.
The outcomes differed when the replacement percentage
was 40%; the toughness decreased by 34.7% due to the
ductility and deflection reduction, even though the load
capacity was increased by 5%.

5 Numerical analysis

The finite element program ABAQUS/CAE 6.14.1/2019 was
used to conduct a study about the structural behavior of
one-way slabs reinforced with a combination of GFRP and
steel bars. This software can solve a wide range of pro-
blems, from simple linear analyses to complex nonlinear
simulations. The modeling process consisted of several
parts. These parts were generated separately; the concrete
slab, steel loading plates, and support plates were modeled
as three-dimensional 3D eight-node linear brick solid ele-
ments titled (C3D8R) as shown in Figure 16, while the flex-
ural steel reinforcement bars (longitudinal and transverse
reinforcement) of the slabs were treated as two-node beam
element (B31) and the flexural GFRP reinforcement bars
(longitudinal reinforcement) of the slabs were treated as
three-dimensional 3D two-node truss element (T3D2) as
shown in Figure 17.

Table 13: Ductility factor for the tested specimens

Specimens Yielding Deflection Deflection Ductility
load for at steel at ultimate  factor
steel (kN) yield (mm) load (mm)

NFS 63 9.9 4011 4.05

NFSG20 55 10 44.28 4.42

NFSG40 49 10 32.18 3.21

Ductility factor = deflection at ultimate load/deflection at steel yielding.

Table 14: Toughness of tested slabs

One-way slabs reinforced by a combination of GFRP and steel bars
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Table 15 shows how the required plasticity parameters
in the current model were set to their default values in
ABAQUS (User’s Guide, 2014) [30].

Then, interactions between the specimen’s parts were
chosen; the steel-reinforcement elements (longitudinal and
transverse reinforcement) and GFRP-reinforcement ele-
ments were connected to the concrete slab elements using
embedded constraints, as shown in Figure 18. The concrete
slab was considered as a host element, and the steel and
GFRP reinforcement were considered as embedded ele-
ments. Multiple mesh sizes were adopted in the FEA to
get satisfactory and optimal outcomes. This resulted in
obtaining negligible differences between adjacent trials;
F.E. meshes are illustrated in Figure 19.

A flexural load test was performed on the models in
this group. Thus, applied displacement was present in all
examples depicted in Figure 20.

6 Numerical applications and
discussions

6.1 Numerical verification

6.1.1 Deflection at ultimate load and ultimate load
capacity

The nonlinear FEA results were compared to the experi-
mental results of the tested slabs, including the ultimate
Load and deflection. Table 16 summarizes the results of the
maximum load and deflection. The highest load error limit
was less than 2.09%. Furthermore, the comparison shows
excellent agreement on the final deflection, with an error
range of not more than 7.32%. In the theoretical analysis,
the adopted solving process in the ABAQUS software
assumes that there is a full interaction between the con-
crete elements and the steel and GFRP rebar elements,
whereas, in the experimental work, this assumption is
not exactly applicable, which accounts for the observed
percentages of variation between the experimental and
theoretical deflection. The experimental and theoretical

Specimens Absorbed energy at % Variation of absorbed Absorbed energy at % Variation of absorbed
ultimate load (kN mm) energy at ultimate load failure load (kN mm) energy at failure load

NFS 2623.762 — 277114 —

NFSG20 2936.207 +11.90 3086.54 +11.38

NFSG40 1802.495 -31.30 1809.15 -34.71
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Figure 15: Toughness of the tested slabs.

Figure 16: The created parts for the concrete slab and the steel-loading plates.

STEEL BAR

GFRP BAR

Figure 17: Steel and GFRP rebar.

load—-deflection curves in the specimens’ middle points are
Table 15: CDPM Parameters adopted in this study compared in Figures 21-23. The findings of the theoretical
analysis, when compared to the experimental work, show
an acceptable agreement in the response of the deflection.
Values 45 0.1 116 0.6667 0.0001  The load-deflection curves generated theoretically also

Parameters ] e Fyoo/Feo k. H
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show greater uniformity than their experimental curves.
The deflection in the elastic zone for the numerical curve is
observed to be less than that of the experimental curve.
This difference is attributed to the homogeneity and strong
bonding between materials in Abacus; this is one of the
assumptions that are taken into consideration by the theore-
tical analysis, which also assumes that the components are
homogeneous and that there is a full connection between the
concrete and the reinforcement (GFRP and steel).

6.1.2 Crack patterns

ABAQUS software can record the crack pattern at each step
of the applied load. Crack patterns in the front face of the
specimens modeled obtained from the numerical analysis
agreed well with those that occurred in the experimental
work after failure, as shown in Figures 24-26.

6.2 Parametric study

The use of the finite element model allowed a comprehen-
sive parametric analysis, which further built upon the
prior validation of experimental data conducted within
this study. The attributes being analyzed are related to
the concrete compressive strength.

6.2.1 Concrete compressive strength

Concrete compressive strength was considered in the para-
metric analysis. This adopted investigation changed the
concrete’s compressive strength throughout all slabs using
two different concrete compressive strengths, i.e., 65 and 75
MPa. Figure 27 shows the load—deflection curves for slabs
built with two different concrete strengths, specifically 65
and 75 MPa. As a result, the slab specimens’ capacity for
bearing greater loads was increased as the concrete’s

DE GRUYTER
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Figure 21: Theoretical and experimental load-deflection curves (NFS).
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Figure 22: Theoretical and experimental load-deflection curves
(NFSG20).

compressive strength increased. As shown in Table 17, con-
crete compressive strength is directly proportional to the ulti-
mate load value, especially at the 40% replacement percent.
Meanwhile, when the concrete compressive strength
increased to 65 and 75 MPa, the ultimate load value increased
by 19.59 and 21.57%, respectively, compared to the reference

Table 16: Comparison between the results of the experimental and theoretical analysis for ultimate load and deflection

Specimens Experimental result FEA Ratio
P, (kN) 4, (mm) P, (kN) 4, (mm) PuExp—PuFE o, AuExp-AuPE o,
PyExp 0 AyExp 0
NFS 79.62 40.M 81.29 37.17 2.09 7.32
NFSG20 88.13 44.28 88.36 42.63 0.26 3.72
NFSG40 83.64 3218 82.89 31.95 0.89 0.71
Average 1.08 3.9
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Figure 23: Theoretical and experimental load-deflection curves
(NFSG40).

specimen. As shown in Figure 28, increasing the compressive
strength reduced the shear cracks and changed the failure
mode, especially at the 20% replacement percent. In contrast,
when the concrete compressive strength increased to 65 and

One-way slabs reinforced by a combination of GFRP and steel bars
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75 MPa, the failure mode changed from flexural-shear failure
to flexural failure.

In contrast to the reference specimen, the comparison
revealed that for the specimens with replacement ratios of
20 and 40% and two distinct concrete compressive strengths,
i.e.,, 65 and 75 MPa, the ductility factor had improved by 25.14
and 15.0% for compressive strength of 65 MPa, respectively.
In contrast to the reference specimen, the percentages of
improved compressive strength of 75MPa were approxi-
mately 35.31 and 19.51%, as indicated in Table 10. Comparing
specimens NFSG20 and NFSG40 to the reference specimen,
the flexural toughness (absorbed energy) increased by 10.63
and 6.70% at compressive strength of 65 MPa and by 26.47
and 10.29% at compressive strength of 75 MPa, respectively.

The specimens with the replacement percentage of
20% of GFRP had the best flexural toughness and ductility
factor concerning the employed parameter (concrete com-
pressive strengths, 65 and 75 MPa); for the ultimate load,
the specimens with the replacement percentage of 40% of
GFRP had the best percentage.

~en @l

Figure 26: Cracks pattern for the specimen (NFSG40). (a) Experimental and (b) FE analysis.
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Figure 27: The relationship between load and deflection for concrete of varying strengths is shown in (a) with f." = 65 MPa and (b) with .’ = 75 MPa.

7 Conclusions

Several experiments were conducted on three reinforced
concrete slabs to evaluate their structural performance. 3.
The collected data were further analyzed in conjunction
with data from parametric investigations, which included
various hybrid reinforcement ratios and placements.
Multiple conclusions can be derived from the findings

of this investigation: 4.

1. Considering the first flexural crack, GFRP bars signifi-
cantly affected the cracking load reduction; increasing
GFRP bars replacement decreased the cracking load by
about 6.3 and 21% for the replacement percent of 20 and
40%, respectively, concerning the reference specimen.

2. It was observed that the reference slab (NFS) had a 5.
flexural failure mode since no inclined cracks were

found near the supports toward the applied load, and
most of the fractures were found in the central third of
the slab.

The replacement percentage of 20% presented an inter-
mediate structural response, and the flexure strength
was less than that of 40%. Therefore, the performed
shear cracks were less than those detected in the case
of 40% replacement.

The slab with a replacement percentage of 40% col-
lapsed immediately after the GFRP bars deboning that
intersected the diagonal shear fractures. This replace-
ment (two of five bars) strengthened the flexural resis-
tance of the slab, resulting in the slab failing with shear
mode and also reducing the ductility.

An increase in the central deflection at the service load
was detected by about 55 and 67% for the replacement

Table 17: Outcomes of the theoretical analysis for the considered concrete compressive strength

Specimen P, (kN) Increasing A, (mm) Yielding load Deflection at Ductility Absorbed energy at
designation in Py (%) for steel (kN) steel yield (mm) factor failure load (kN mm)
f’ =43 MPa

NFS 81.29 — 3717 64.3 8.25 4.50 2854.52

NFSG20 88.36 8.69 42.63 58 7.89 5.40 3055.808

NFSG40 82.89 1.96 31.95 52 7.92 4.03 2113.741

f’ =65MPa

NFS 83.69 — 421922 65.7 7.91 5.33 3619.507

NFSG20 96.76 15.61 49.6819 58.32 7.44 6.67 4004.564

NFSG40 100.09 19.59 47.303 53.1 7.7 6.13 3862.039

f.’ =75MPa

NFS 85.07 — 40.6864 66.65 7.56 5.38 3519.747

NFSG20 98.66 15.97 56.1531 60.02 77 7.28 4451707

NFSG40 103.42 21.57 48.158 54.22 7.48 6.43 3882.202
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Figure 28: The slabs with f." = 65 MPa and f.' = 75 MPa all failed numerically.

10.

percent of 20 and 40% concerning the reference spe-
cimen, respectively.

. The fact that GFRP bars have a lower modulus of

elasticity than steel bars is largely blamed for the reduc-
tion in GFRP-reinforced slab stiffness. GFRP bars typi-
cally have an elastic modulus between 40 and 75 GPa,
compared to 200 GPa for steel bars. Because of this, they
are using GFRP bars as reinforcement to reduce the
slab’s stiffness or resistance to deflection.

. In the elastic zone, it was observed that the slab stiff-

ness is inversely proportional to the replacement per-
cent. Steel bars reach the yield point earlier since the
steel modulus of elasticity is higher than the GFRP.

. Replacement percent of GFRP affected the ductility

significantly; an improvement outcome was detected
as the replacement was low (20%), while a reduction
was observed when the replacement increased
to (40%). The same trend was detected for the
toughness.

. As concrete compressive strength increases, the ulti-

mate load value increases, especially at the 40% repla-
cement percent; as the concrete compressive strength
increased to 65 and 75 MPa, the ultimate load value
increased by 19.59 and 21.57%, respectively, compared
to the reference specimen of 43 MPa.

Shear cracks were decreased, and the failure mode was
changed when the concrete compressive strength
increased, especially at the replacement percent 20%;

11.

-_ 21

NFSG40 ( fc' = 75)

while increasing concrete compressive strength to 65
and 75 MPa, the failure mode changed from flexural-
shear failure to flexural failure.

Improvements can be made in three aspects of the
script. First, for the experimental work, it is recom-
mended that full-scale specimens be considered for
more significant outcomes. The second recommenda-
tion is related to the numerical model. When compres-
sive strength increases, studying the first flexural crack
to extract stiffness in the elastic region is suggested. The
third recommendation is associated with the numerical
model as well. The contact model type between GFRP
and steel reinforcement with concrete material can be
modeled as a contact surface type instead of an impeded
region to investigate the influence of the slipping effect
on the resulting efficiency.
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