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Abstract: Fiber-reinforced polymer (FRP) rods are advanced composite materials with high strength,
light weight, non-corrosive properties, and superior durability properties. Under severe environ-
mental conditions, for concrete structures, the use of glass-fiber-reinforced polymer (GFRP) rods is a
cost-effective alternative to traditional steel reinforcement. This study compared the flexural behavior
of an OPC concrete slab with a high-volume fly ash (HVFA) concrete slab reinforced with GFRP
rods/steel rods. In the fly ash concrete slabs, 60% of the cement used for casting the slab elements
was replaced with class F fly ash, which is emerging as an eco-friendly and inexpensive replacement
for ordinary Portland cement (OPC). The data presented include the crack pattern, load–deflection
behavior, load–strain behavior, moment–curvature behavior, and ductility of the slab specimens.
Additionally, good agreement was obtained between the experimental and nonlinear finite element
analysis results using ANSYS 2022-R1. The study also compared the experimental moment capacity
with the most commonly used design standard ACI 440.1R-15. This investigation reveals that there is
a huge potential for the utilization of GFRP rods as reinforcement in fly ash concrete slabs.

Keywords: glass-fiber-reinforced polymer (GFRP) rods; concrete slab; high-volume fly ash;
moment–curvature; ductility

1. Introduction

Sustainability is an important factor for the well-being and continuous growth of
society. The reduction in CO2, the main ingredient of greenhouse gases, has become critical
for ensuring a sustainable ecosystem. Cement is the prime ingredient in concrete, and
its production leads to 7 to 10% of global carbon emissions. Because of its pozzolanic
properties, fly ash can be utilized as a cement substitute in concrete slab elements. The
pozzolanic properties of fly ash suggest that it could be utilized as a cement substitute
in slab elements. Green concrete is becoming more popular in the construction business
because of the disadvantages of traditional concrete. The various green concrete types
available are geopolymer concrete, ultrahigh performance concrete, high-volume fly ash
concrete, and lightweight concrete [1,2].

Fly ash has become an important ingredient in concrete, as the spherical shape of fly
ash helps in improving the workability of fresh concrete, and its smaller particle size helps
it fill voids in the concrete, leading to the production of dense and durable concrete. Class
F fly ash is widely used by the construction industry [3–5]. Reinforced concrete (RC) beams
can be prepared, which contain 50% fly ash instead of cement [6]. High-volume fly ash
(HVFA) concrete, in which 60% of cement was replaced with fly ash, showed excellent
mechanical properties with enhanced durability performance. Replacing 60% of cement

J. Compos. Sci. 2022, 6, 157. https://doi.org/10.3390/jcs6060157 https://www.mdpi.com/journal/jcs

https://doi.org/10.3390/jcs6060157
https://doi.org/10.3390/jcs6060157
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0003-2610-6949
https://orcid.org/0000-0002-8086-3070
https://doi.org/10.3390/jcs6060157
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs6060157?type=check_update&version=1


J. Compos. Sci. 2022, 6, 157 2 of 17

with fly ash can produce adequate strength in self-compacting concrete [7]. Concrete
containing up to 60% fly ash plus a chemical superplasticizer can be adjusted to meet
structural-grade concrete strength and workability criteria. The early-age compressive
strength of fly ash concrete was less than that of the control concrete, but the strength of
the fly ash concrete gradually improved over a long period due to the pozzolanic reaction.
However, the strong growth of control samples stopped after 56 days of curing [8–10].

In concrete structures, the use of non-metallic FRP reinforcement as an alternative to
steel reinforcement is gaining acceptance due to its resistance to corrosion and its better
mechanical properties. FRP composites have the advantage of high strength, light weight,
and corrosion resistance and are considered for rehabilitation and strengthening purposes
in concrete structural members [11].

The FRP rod assures better long-term performance than steel reinforcement [12].
Shave [13] suggested that to prevent corrosion, FRP rods can be used instead of steel rein-
forcement in precast concrete structures. Nowadays, the use of FRP is still not widespread
despite its high potential for application in the field of civil engineering and the advantages
it provides as an alternative to steel bars. One of the reasons for this may be the lack of
design codes for the design of FRP structures.

GFRP rods can be used to improve the structural response of existing flat slabs and
also to withstand higher longitudinal strains. They also provide remediation for punching
shear failure [14]. The HVFA concrete element with GFRP composites could provide
better fire protection up to 1100 ◦C [15]. In addition, the use of a flame retardant and
nanoparticles on the fiber composite can improve the mechanical properties of the GFRP
composite, which can also significantly improve the lifespan [16–21]. The fiber composite
also showed promising electrical conductivity, a positive effect on the post-fracture residual
stiffness, redundancy, resistance, load-bearing capacity, and flexural strength of structural
beams [22–24].

The crack width limitations for reinforced concrete (RC) elements reinforced with
FRP rods are more relaxed than for RC elements reinforced with steel rods. Less severe
crack width limits could be adopted, as FRP bars are corrosion-resistant [25]. When the
whole-life cost of GFRP bars is considered, they provide an economical solution, reduce
maintenance costs, and increase the useful life of the structure. The installation of GFRP
rods in structural elements is similar to that of steel rods, along with fewer handling,
transporting, and storage problems [26–28]. As GFRP bars are anisotropic composite
materials, they have higher tensile strength. The yield tensile strength of GFRP bars is
13% higher than that of steel rebar. The yield strain of the GFRP bar is 58% higher than
that of steel rebar [29]. Research carried out on concrete structural elements reinforced
with GFRP rods showed no reaction or degradation process in the presence of an alkaline
and corrosive environment [30]. The mechanical properties of GFRP rods were better than
those of the conventional steel reinforcement, and the GFRP rods provided good resistance
against environmental effects such as a chemical attack, freeze–thaw cycles, etc. [31,32]. The
flexural behavior of a beam reinforced with glass-fiber-reinforced polymer as an alternative
to traditional steel reinforcement was studied. The results showed that GFRP rods had
flexural behavior similar to that of steel rods. Besides acceptable shear properties, concrete
elements reinforced with GFRP rods led to high bending properties [33,34].

A nonlinear finite element (NLFE) model using ANSYS software was used to investi-
gate the structural performance of concrete elements reinforced with GFRP bars. The effects
of the ultimate load, ultimate deflection, crack pattern, stress, strain, and displacement of
concrete elements with different end conditions can be analyzed in ANSYS [35–37].

Only a few research works have been carried out with green concrete reinforced with
GFRP rods. The present study compares the flexural behaviors of HVFA-based concrete
slab and OPC concrete slab reinforced with GFRP rods and steel rods. Comparisons were
made in terms of crack pattern, load–deflection behavior, load–strain behavior, ultimate
moment capacity, and ductility. ANSYS 2022-R1 [38] software was used to investigate
the structural performance in terms of the ultimate load and deflection of concrete slabs
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reinforced with steel/GFRP bars. The study also compared the experimental moment
capacity with the most commonly used design standard ACI 440.1R-15.

2. Materials and Methods
2.1. Concrete

The materials used in the concrete mix were ordinary Portland cement of 53 grade,
class F fly ash, manufactured sand as fine aggregate, gravel as coarse aggregate, 10% micro
silica by weight of the binder, and 0.3% superplasticizer (Master Glenium sky 8233). The
water–cement ratio adopted was 0.5. M25 grade concrete was used to cast the slabs. The
properties of class F fly ash are given in Table 1. The compressive strength of the cube
and the split tensile strength of the cylinder with OPC concrete and HVFA concrete after
28 days and 56 days of curing are shown in Table 2.

Table 1. Properties of fly ash (class F).

Chemical Composition Content (% by Mass)

SiO2 52.52
Al2O3 32.63
Fe2O3 6.16
CaO Nil

NA1-20 0.02
SO3 4.95

MnO 0.03
LOI 1.08

Table 2. Strength of Concrete.

Specimen Type Compressive Strength f′c (MPa) Split Tensile Strength (MPa)

28 Days 56 Days 28 Days 56 Days

Control concrete 34.23 36.27 3.94 5.01
60% Fly ash concrete 26.39 37.74 3.16 5.79

Reinforcing Bars

The GFRP rods used in the slabs were manufactured as per ACI 440.6M-08 and ACI
440.3R-04. The steel rods used as reinforcement in the slab specimens were of Fe550D grade.
The tests were performed by the manufacturers following the ASTM D7205/D7205M-06
standards, and the mechanical properties of the GFRP rod and steel rod were determined.
The mechanical properties of steel and GFRP rods are shown in Table 3. The GFRP rod
used in the experiment is shown in Figure 1.

Table 3. Mechanical properties of steel and GFRP rods.

Reinforcement Material Diameter (mm) Tensile Strength ffu (MPa) Modulus of Elasticity Ef (MPa) Density (Kg/m3)

STEEL rod 10 650 200,000 7800
GFRP rod 10 1100 55,000 1900

2.2. Experimental Program
2.2.1. Specimen Details

The experimental program consisted of four groups: OPC concrete slab with steel bars,
OPC concrete slab with GFRP bars, HVFA concrete slab with steel bars, and HVFA concrete
slab with GFRP bars. A total of eight slabs were tested, with two slabs in each group. All of
the one-way slab specimens had a span of 1000 mm, a width of 450 mm, and a depth of
100 mm. The slabs were reinforced with GFRP/steel rods with a center–center spacing of
130 mm along the longer span and 240 mm along the shorter span. In the high-volume fly
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ash concrete slab, 60% of cement was replaced with fly ash (class F). All specimens were
tested on the 56th day from the date of casting. A four-letter designation was given to the
slab specimens. The first two letters refer to reinforcement type, which may take the value
SR or GR: SR for steel reinforcement and GR for GFRP rods. The third letter indicates the
type of concrete (C, F): C for OPC concrete and F for high volume fly ash concrete. The
fourth identifier represents the trial number of the specimens in a particular series, as two
specimens were tested in each series. The tested specimen details are given in Table 4.

Figure 1. Photograph of GFRP rods.

Table 4. Details of Test Specimens.

Specimen Concrete Material Reinforcement Material Diameter (mm)

SRC OPC (C) Steel rod (SR) 10
SRF Fly ash (F) Steel rod (SR) 10
GRC OPC (C) GFRP rod (GR) 10
GRF Fly ash (F) GFRP rod (GR) 10

2.2.2. Experimental Setup

The RC slabs were tested in a loading frame with a capacity of 40 T. One end of the
slab rested on the hinge support, and the other end rested on the roller support with an
effective span of 800 mm. A spreader beam was used to apply two-point loading on the
slab element. Static loads were applied to the slab specimen through the load cell. The
deflections of the slabs were measured by linear voltage displacement transducers (LVDTs).
An internal strain gauge was pasted on the surface of the steel/GFRP reinforcements with
precaution during the casting of slabs to measure the tensile strain. For measuring the
compressive strain, the strain gauge was pasted externally on the top surface of the slabs at
the time of testing. The signals obtained from the LVDT and the electrical strain gauges
were captured by a data acquisition system, which in turn was connected to a computer.
The load was gradually applied with an increment of 2 kN/min until the failure of the
slabs. The experimental setup for testing the slab is shown in Figure 2.
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Figure 2. Experimental setup.

3. Results and Discussion
3.1. Crack Pattern

The typical crack patterns of the SRC and SRF slabs are shown in Figures 3 and 4,
respectively, and the crack patterns of the GRC and GRF slabs are shown in Figures 5 and 6,
respectively. The crack patterns and the modes of failure are similar in slabs with steel bars
and GFRP bars [39]. All tested slabs were initially uncracked before loading, and the first
cracking of slabs occurred in the constant moment region. The average first crack loads in
SRC, SRF, GRC, and GRF slabs were 16 kN, 18.8 kN, 15.75 kN, and 18.05 kN, respectively.
After the first cracking, new cracks were formed in the slabs, and the width of the existing
cracks continued to enlarge with the load increment in all of the slabs. At the ultimate load,
cracks from the bottom of the slabs propagated to the top surface of the slabs. In all slabs,
the cracks were mainly vertical flexural cracks that were perpendicular to the longitudinal
axis of the slabs. All slabs failed due to the crushing of the concrete at the top surface of the
slabs, and no failure was noticed in the steel bars and GFRP bars. Table 5 shows the first
crack load and the ultimate load of all the slabs.

Table 5. First crack load and ultimate load of slab reinforced with steel and GFRP rods.

Specimen ID First Crack Load Pcr (kN) Ultimate Load Pu (kN)

SRC 1 15.7 24
SRC 2 16.3 23.8
SRF 1 19.1 28.5
SRF 2 18.5 27.3
GRC1 15.2 29
GRC2 16.3 28.1
GRF 1 17.6 31.8
GRF 2 18.5 30.3
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Figure 3. Crack pattern and failure mode of SRC slab.

Figure 4. Crack pattern and failure mode of SRF slab.

Figure 5. Crack pattern and failure mode of GRC slab.

Figure 6. Crack pattern and failure mode of GRF slab.

3.2. Load–Deflection Behavior

The load–deflection behaviors of OPC and 60% fly ash concrete slabs reinforced with
steel rods are shown in Figure 7, and those of OPC and 60% fly ash concrete slabs reinforced
with GFRP rods are shown in Figure 8. The average ultimate load-carrying capacities of



J. Compos. Sci. 2022, 6, 157 7 of 17

the concrete slab specimens SRC, SRF, GRC, and GRF were 23.9 kN, 27.9 kN, 28.55 kN, and
31.05 kN, respectively. The slab specimens SRF, GRC, and GRF showed 16.7%, 19.4%, and
29.9% increases in the ultimate load-carrying capacity when compared with the control
specimen SRC [40]. The comparison of the ultimate load of slab specimens is shown in
Figure 9. In the OPC concrete slab and fly ash concrete slab reinforced with steel rods, the
initial loading phase corresponds to elastic behavior, in which no cracking appeared. A
drop in the slope of the curve was observed after the cracking load due to progressive
crack formation in the slab, and an almost linear segment was observed until failure. Steel-
reinforced slabs and GFRP-reinforced slabs failed due to the crushing of concrete. In the
concrete slab reinforced with GFRP rods, the deflection continued to increase with the
increase in load and exhibited some ductility even though GFRP has a brittle nature [41].

Figure 7. Load–deflection behavior of (a) SRC and (b) SRF.

Figure 8. Load–deflection behavior of (a) GRC and (b) GRF.

Figure 9. Comparison of ultimate load of the slab specimens.



J. Compos. Sci. 2022, 6, 157 8 of 17

3.3. Strain Distribution

The strain in OPC and fly ash concrete slabs at the top and bottom reinforcement was
measured at the mid-span of the specimens. The positive strain represents the strain on
the top surface of the OPC/fly ash concrete, and the negative strain represents the strain
values of the steel rods/GFRP rods. The load–strain curves for SRC and SRF are shown in
Figure 10, and the load–strain curves for GRC and GRF are shown in Figure 11. The strain
in the steel rod and GFRP rod of the OPC concrete slab was 19,577 × 10−6 mm/mm and
23,378 × 10−6 mm/mm, respectively. The strain in the steel rod and GFRP rod of the fly
ash concrete slab was 21,075 × 10−6 mm/mm and 23,845 × 10−6 mm/mm, respectively.
The ultimate strain at the top of the OPC/fly ash concrete slabs lay in the range of 0.28% to
0.31% for the slab with steel reinforcement, and it ranged from 0.30% to 0.33% for the slab
with GFRP reinforcement. The strain in the GFRP rods was higher than in steel rods in the
OPC and fly ash concrete slab. From the graph, it can be observed that the concrete slab
reinforced with GFRP rods has higher flexural strength than the steel-reinforced concrete
slab [29,42].

Figure 10. Load–strain behavior of (a) SRC and (b) SRF. RS—reinforcement strain; CS—concrete strain.

Figure 11. Load–strain behavior of (a) GRC and (b) GRF. RS—reinforcement strain; CS—concrete strain.

3.4. Moment–Curvature

The moment–curvature behaviors of the OPC and fly ash concrete slabs reinforced with
steel rods are shown in Figure 12, and those of the OPC and fly ash concrete slabs reinforced
with GFRP rods are shown in Figure 13. The moment vs. curvature relationship reflects
ductility as well as provides the macroscopic mechanical properties of the slab elements.
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Figure 12. Moment–curvature behavior of (a) SRC and (b) SRF.

Figure 13. Moment–curvature behavior of (a) GRC and (b) GRF.

The curvature (∅) was calculated using the following Equation (1):

∅ =
εc + εr

d
(1)

where εc is the compressive strain in concrete, εr is the tensile strain in the reinforcement
(steel/GFRP rod), and d is the effective depth of the slab.

The average ultimate moment capacities of the SRC, SRF, GRC, and GRF slabs were
3.18 kNm, 3.67 kNm, 3.81 kNm, and 4.12 kNm, respectively. The ultimate moment capacity
of the GRF slab was 12% higher than that of the SRF slab, and the ultimate moment capacity
of the GRC slab was 20% higher than that of the SRC slab. The provision of GFRP rods
increased the slab curvature capacity more than the steel rods at the same moment. In
a concrete slab reinforced with steel rods, the moment capacity was sustained with an
increase in curvature before failure, but the slab reinforced with GFRP rods attained the
peak moment capacity just before failure. However, it can be noted that slabs reinforced
with GFRP rods are capable of exhibiting more curvature before failure when compared to
slabs reinforced with steel rods [43]. The ultimate moment capacity of the tested slabs is
provided in Table 6.
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Table 6. Performance details of the slabs reinforced with steel rods and GFRP rods.

Slab Designation Max. Load (Pu) (kN) Deflection at Max Load (∆) (mm) Ultimate Moment (MExp) (kNm) Ultimate Strain in Concrete (εcu) % Ultimate Strain In Reinforcement (εf) % Ductility Ratio

SRC 1 24.0 16.2 3.20 0.28 2.00 11.77
SRC 2 23.8 19.2 3.17 0.31 1.90 11.87
SRF 1 28.5 17.9 3.70 0.30 2.19 12.27
SRF 2 27.3 18.2 3.64 0.30 2.02 11.33
GRC 1 29.0 17.1 3.87 0.31 2.30 7.33
GRC 2 28.1 15.8 3.75 0.32 2.36 7.72
GRF 1 31.8 13.6 4.24 0.33 2.39 8.35
GRF 2 30.3 16.7 4.04 0.33 2.37 7.88
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3.5. Displacement Ductility

Displacement ductility is defined as the ratio of ultimate deflection to first yield
deflection [44]. A high ductility ratio implies that a structural member is capable of
undergoing a large deflection before failure. The ductility calculation for both the steel-
reinforced concrete slab and GFRP-reinforced concrete slab is shown in Figure 14. Despite
the brittle nature of the GFRP composites, these GFRP rods showed ductility in the concrete
slab [45]. The SRF and GRF slabs had an average ductility of 11.8 and 8.1, respectively, and
the average ductility of SRC and GRC was 11.5 and 7.52, respectively. Since the ductility of
GFRP rods is above 4, they can be used in structural members [6]. Both the slabs reinforced
with steel and GFRP rods failed due to flexure with maximum strength and ductility,
whereas the SRC and SRF slabs showed greater ductility than the GRC and GRF slabs. The
ductility of the tested slabs is provided in Table 6.

Figure 14. Displacement Ductility (Thamrin et al. [44]).

4. Theoretical Prediction
4.1. Equations Provided by ACI 44.1R-15

In this study, the theoretical flexural capacities (Mu) of steel-rod- and GFRP-rod-
reinforced concrete slabs were computed based on the equations provided by ACI 440.1R-
15 [25,46]. According to ACI 440.1R-15, the moment of resistance of a concrete slab rein-
forced with GFRP rods can be determined based on the internal force equilibrium, strain
compatibility, and the controlling mode of failure. The predicted failure mode can be deter-
mined by comparing the reinforcement ratio in Equation (2) to the balanced reinforcement
ratio in Equation (3).

ρ f =
A f

bd
(2)

where Af is the area of GFRP rods, b is the width of the cross-section, and d is the distance
from the extreme compression fiber to the centroid of the GFRP rods.

ρ f b = 0.85β1
f ′c

f f u

E f εcu

E f εcu + f f u
(3)

where f ′c is the specified compressive strength of concrete, f f u is the ultimate tensile stress
of GFRP bars, Ef is the elastic modulus of GFRP bars, and εcu is the ultimate strain in
concrete (taken as 0.003).

The factor β1 can be calculated using Equation (4).

β1 = 0.85−
0.05( f ′c − 28)

7
≥ 0.65 (4)



J. Compos. Sci. 2022, 6, 157 12 of 17

The predicted failure mode can be determined with the help of the following fail-
ure conditions. If (ρ f < ρ f b), then the condition of failure is due to tension. When
(ρ f b < ρ f < 1.4*ρ f b), the balanced failure condition takes place with the crushing of concrete,
followed by the rupture of the GFRP bar, and for (ρ f > 1.4*ρ f b), the RC element fails due to
compression failure. From the above conditions, all of the tested concrete slabs reinforced
with GFRP rods failed due to compression failure. As ρ f > ρ f b, the slab is considered
over-reinforced, the controlling limit state is the crushing of concrete, and the moment of
resistance (M) can be calculated using Equation (5).

M = ρ f f f bd2

(
1− 0.59

ρ f f f

f ′c

)
(5)

where f f is the tensile strength of the GFRP rods, and f f can be calculated using Equation (6).

f f =

√√√√√(
E f εcu

)2

4
+

0.85β1 f ′c
ρ f

E f εcu−0.5E f εcu ≤ f f u (6)

The moment resistance of the GRC and GRF slab specimens was obtained using ACI
440.1R-15, and the results are shown in Table 7. The theoretical moment of resistance
obtained by slabs reinforced with GFRP rods is 4.48 kNm.

Table 7. Comparison of the moment of resistance for slabs reinforced with GFRP rods.

Specimen Reinforcement Ratio (ρf ) Failure Mode
Moment of Resistance Percentage of Deviation (%)M,Exp (kN·m) M,ACI (kN·m)

GRC 1 1.44ρ f b Compression failure 3.87 4.48 15.9
GRC 2 1.44ρ f b Compression failure 3.75 4.48 19.6
GRF 1 1.44ρ f b Compression failure 4.24 4.48 5.84
GRF 2 1.44ρ f b Compression failure 4.04 4.48 11.0

4.2. Comparison of Experimental Results with Theoretical Predictions

The moment of resistance (M) of the slab reinforced with GFRP rods was calculated
using ACI 440.1R-15, and experimental results are shown in Table 7. The moment of
resistance calculated using ACI 440.1R-15 overestimated the ultimate moment carrying
capacity of OPC/fly ash concrete slabs reinforced with GFRP bars by 17.81% and 8.46%,
respectively. Figure 15 shows a graphical comparison of the moment of resistance predicted
by ACI 440.1R 15 and experimental results.

Figure 15. Moment of resistance of GFRP slabs.



J. Compos. Sci. 2022, 6, 157 13 of 17

5. Nonlinear Finite Element Analysis (NLFEA)

Nonlinear finite element analysis (NLFEA) was carried out using the ANSYS 2022-
R1 [38] software, and the results were compared with the experimental results. From the
experimental study, it was found that the fly ash concrete slab reinforced with GFRP rods
has a higher load-carrying capacity than the other slab specimens. Therefore, the slab
specimens SRF and GRF were considered for the finite element analysis.

5.1. Modeling

For modeling the concrete, the SOLID-65 element was used, which is an eight-noded
solid element with three degrees of freedom at each node. For modeling the steel/GFRP
rod, LINK-180, a two-noded element, was used. The support and the loading conditions of
the model were created following the experimental setup, as shown in Figure 16.

Figure 16. Slab model in ANSYS 2022-R1: (a) meshed model; (b) support conditions.

The ultimate deflections of the SRF and GRF slabs are shown in Figures 17 and 18,
respectively. The ultimate loads of the slab specimens SRF and GRF were 27 kN and 30 kN,
respectively, with ultimate deflections of 16.4 mm and 12.3 mm.

Figure 17. Ultimate deflection of SRF slab.
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Figure 18. Ultimate deflection of GRF slab.

5.2. Comparison of Experimental Results with NLFEA Results

The comparison of experimental results with NLFEA results is shown in Table 8. The
deviations of ultimate load and ultimate deflection from the experimental values are less
than 10% for both the SRF and GRF slabs. Hence, ANSYS 2022-R1 [38] software can be
used for the analysis of fly ash concrete slabs reinforced with GFRP bars. Figure 19 shows
the comparison of the load–deflection behaviors of the SRF and GRF slabs obtained from
the NLFEA to the experimental results. From the results, it is observed that both the
experimental and numerical results are in good agreement.

Table 8. Comparison between experimental and numerical results.

Specimen Id.
Ultimate Load (kN) Deflection at Mid-Span (mm)

Experimental NLFEA (ANSYS) Experimental NLFEA (ANSYS)

SRF 28.5 27 17.9 16.4
GRF 31.8 30 13.6 12.3

Figure 19. Comparison between experimental and numerical load–deflection behavior of (a) SRF and
(b) GRF.

6. Conclusions

From this study, the following observations and conclusions can be made based on
experiments conducted on OPC/fly ash concrete slabs reinforced with steel/GFRP bars.
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1. The slab specimens SRF, GRC, and GRF showed 17%, 19%, and 30% increases in their
ultimate load-carrying capacity when compared with the control specimen SRC.

2. The concrete surface strain was slightly higher for the fly ash concrete slab than for the
OPC concrete slab, and the strain value of GFRP bars was higher than that of steel bars
under the same loading. This shows that the flexural strength of the GFRP-reinforced
concrete slab is higher than that of the steel-reinforced concrete slab.

3. The ultimate moment capacity of the GRF slab was 12% higher than that of the SRF
slab, and the ultimate moment capacity of the GRC slab was 20% higher than that of
the SRC slab. The slabs reinforced with GFRP rods are capable of exhibiting more
curvature before failure when compared to the slabs reinforced with steel.

4. The average ductility of the steel rod was higher than that of the GFRP rod. Both the
steel- and GFRP-reinforced slabs failed due to flexure with maximum strength and
ductility.

5. The analytical equations given by ACI 440.1R-15 for calculating the moment of re-
sistance overestimated the experimental results by 18%. Thus, ACI 440.1R-15 can be
used for the design of concrete slabs reinforced with GFRP rods.

6. Only 10% deviation was observed between the experimental and the nonlinear finite
element analysis (NLFEA) results. Hence, ANSYS 2022-R1 software can be used for
the analysis of fly ash concrete slabs reinforced with GFRP bars.

Thus, it is observed that GFRP rods, when used as a replacement for steel rods in both
conventional and fly ash concrete, provide improved strength compared to the one-way
slab. In addition, the slabs reinforced with GFRP rods did not exhibit sudden failure, even
though GFRP rods are brittle. The results of this investigation demonstrate the ability and
the potential use of GFRP rods with fly ash concrete in slab elements.
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