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ABSTRACT 

Due to problem of steel corrosion and high cost, the use of glass fiber reinforced polymers (GFRP) has become 

more convenient to be used widely nowadays. This study implicated experimental, numerical, and analytical 

comparison between GFRP and steel RC beams. Twelve beams were tested under four-point flexural load till 

failure, The beams had a clear span of 2000 mm and a cross sectional area width and height of 120 mm and 

300 mm, respectively. The beams were categorized into two groups (A and B) from these twelve beams 

according to reinforcement type (steel or GFRP). Group A consists of four beams while group B includes eight 

beams. Two reinforcement types were used: high tensile steel (10 mm dia.) and GFRP rebars (8 mm and 10 

mm dia.) with reinforcement ratios 0.5% and 1%. Numerical study using ABAQUS 6.14 was performed with 

the following parameters: concrete strength, diameter of the reinforcing GFRP bars, reinforcement ratio, and 

type of reinforcement. According to test results, utilizing GFRP bars in beams of 25 MPa concrete strength 

increased the failure load by an average of 18% and 7% while beams of 35 MPa concrete strength increased 

by an average of 22% and 11% for beams of 0.5% and 1.0% reinforcement ratio, respectively. The mid-span 

deflection was dramatically increased when utilizing GFRP bars as opposed to steel bars. A comparison 

between experimental, analytical, and numerical results was done and showed good consistency.  

  

Keywords: Reinforced concrete beams; Flexural; GFRP bars; Concrete grades; Reinforcement ratio. 

 

1. Introduction 

The issue of ageing infrastructure, particularly in 

relation to reinforced cement concrete, is one of the 

largest concerns of these days. Corrosion of the 

reinforcing steel is the main factor contributing to the 

deterioration of reinforced concrete structures [1]. The 

reason of the corrosion problem is the concrete cover's 

lack of protection. [2]. Using noncorrosive glass fiber-

reinforced polymer (GFRP) rebars to reinforce 

concrete is a realistic option. High tensile strength, 

light weight, non-magnetism, and high stiffness-to-

weight and strength-to-weight ratios represent some of 

the additional benefits of GFRP reinforcement. 

Because of these benefits, GFRP rebars are an 

attractive option for concrete building reinforcement 

[3]–[5]. Because of these benefits, glass fiber 

reinforced polymer (GFRP) bars can prolong the life 

of reinforced concrete structures and reduce 

maintenance, repair, and replacement costs [6], [7]. 

Although GFRP is an effective option for reinforcing, 

the design challenges it faces are distinct from those 

associated with conventional steel reinforced concrete. 

One major challenge is to take into account a brittle 

failure mode in GFRP-reinforced parts. The 

comparatively low rigidity of GFRP reinforcing bars 

is one of their main drawbacks. Thus, the 

serviceability limit states (deflection and cracking) 

rather than the ultimate limit states are frequently used 

to guide the design of GFRP-reinforced concrete 

members. GFRP bars fail quickly because they do not 

yield like steel bars do. Because of this, a number of 

codes and standards mandate that beams reinforced 

with glass fiber reinforced polymer (GFRP) bars be 

designed to be over-reinforced, meaning that the 

failure mechanism should be concrete compression 

rather than bar failure. The purpose of this beam 

design concept was to give the beam more time to 

deflect and warn of the need for repair before GFRP 

bars fall catastrophically [8]. 

The behavior of beams made of either normal-strength 

concrete (NSC) or high-strength concrete (HSC) and 

reinforced with FRP bars under flexural loading has 

been the subject of numerous studies [1], [3], [6]–[32]. 

Previous studies have shown that the behavior of 

concrete beams reinforced with fiber-reinforced 

polymer rebars was bilinear. The behavior of the 

uncracked beams is shown by the first portion of the 

curve up to cracking. The behavior of the broken 

beams with decreased rigidity is depicted in the second 

section. The ultra-high strength concrete reinforced 
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with GFRP rebars exhibited the same behavior [29]. 

The GFRP beams' flexural capacity rose in tandem 

with an increase in reinforcement ratio. GFRP-

reinforced concrete beams have a greater maximum 

load than steel-reinforced concrete beams [32]. The 

GFRP-reinforced concrete beams had bigger cracks 

than the steel-reinforced concrete beams. Other 

serviceability restrictions on stress in GFRP bars are 

governed by the 0.5 mm crack width limit [1]. 

Compared to the NSC beams, the HSC beams had 

greater post-cracking flexural rigidity. Moreover, by 

spreading more cracks throughout the beams, the 

increased concrete strength and reinforcing ratio 

decreased crack widths. In comparison to steel-

reinforced concrete beams, the GFRP-steel reinforced 

concrete beams exhibited crack breadth and deflection 

that appeared more quickly [9]. Compared to the 

normal beam, the beam strengthened with GFRP bars 

had more cracks [13], [15]. GFRP reinforced concrete 

beams have a higher deflection and can support a 

lower weight than steel reinforced concrete beams.  

With varying concrete strengths, types of 

reinforcement, reinforcement ratios, and bar sizes, this 

study examines the flexural behavior of concrete 

beams reinforced with glass fiber reinforced polymer 

rebars (GFRP). Using four-point bending over a 2000 

mm clear span, a total of 12 beams were tested till 

failure. The test findings are shown in terms of 

deflection, failure mode, initial cracking load, and 

failure load. 

 

2. Experimental Investigation 

Twelve beams were used in the test program divided 

into two groups (A and B) according to reinforcement 

type (steel or GFRP) and each group have two series 

of beams based on concrete grade. Group A consists 

of four beams while group B includes eight beams. 

Series Ⅰ and Ⅲ (six beams) were cast with concrete 

having a characteristic strength of 25 MPa while series 

Ⅱ and Ⅳ (six beams) with concrete strength of 35 

MPa. The 25 MPa and 35 MPa characteristic strengths 

were used for their widely using and reasonable cost. 

The dimensions of the solid rectangular cross section 

of each beam were 300 mm in depth and 120 mm in 

width. with a 2200 mm overall longitudinal length. 

There were two different kinds of reinforcing bars 

used: high tensile steel bars that measured 10 mm in 

diameter and GFRP bars that had diameters of 8 and 

10 mm. 

 

2.1 Test Specimens 
As seen in Figure (1), the beams were tested under two 

concentrated loads till failure. Two distinct 

reinforcement ratios, 0.5% and 1.0%, were selected for 

assessing the test specimens' flexural behavior. The 

beams were coded through the number of tension bars 

and the reinforcement type (S for steel and G for 

GFRP) followed by the rebar diameter in mm and the 

concrete characteristic strength in MPa. For example, 

3G8-25 represents a beam reinforced with three GFRP 

bars of 8-mm diameter and has a concrete strength of 

25 MPa. Table (1) shows the test matrix. Figure (2) 

and Figure (3) depict the general reinforcing details of 

the beams in the longitudinal section and the 

specimens' cross-sectional features. 

 

 

Figure 1- Loading configuration for flexural test. 
 

 

Figure 2- Reinforcement details of beams. 
 

 

Figure 3- Cross section details of the specimens.
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Table 1- Test matrix 

Group Series 
Beam 

code 

Concrete 

strength, 

fcu 

(MPa) 

Bottom 

reinforcement 

Area of 

bottom 

reinforcement 

(mm2) 

Bottom 

reinforcement 

ratio, ρ (%) 

Reinforcement 

configuration 

A 

Ⅰ 
2S10-25 25 2D10 157 0.5 1 row 

4S10-25 25 4D10 314.16 1.0 2 rows 

Ⅱ 
2S10-35 35 2D10 157 0.5 1 row 

4S10-35 35 4D10 314.16 1.0 2 rows 

B 

Ⅲ 

3G8-25 25 3D8 150.79 0.5 1 row 

6G8-25 25 6D8 301.59 1.0 2 rows 

2G10-25 25 2D10 157 0.5 1 row 

4G10-25 25 4D10 314.16 1.0 2 rows 

Ⅳ 

3G8-35 35 3D8 150.79 0.5 1 row 

6G8-35 35 6D8 301.59 1.0 2 rows 

2G10-35 35 2D10 157 0.5 1 row 

4G10-35 35 4D10 314.16 1.0 2 rows 

2.2 Materials 

i.A maximum nominal size of 16 mm of crushed 

dolomite was utilized as the coarse material in the 

mix. 

ii.Naturally occurring siliceous sand with sizes 

ranging from 0.075 to 4.75 mm was utilized as the 

fine aggregate in the mixture. 

iii.Ordinary Portland cement was used. 

iv.The mixing and curing procedures involved the use 

of regular tap water devoid of any flavors, 

fragrances, or colors. 

v.For concrete mix of 35 MPa characteristic strength, 

Admixture of type G was used to produce high-

strength concrete that contains a low cement 

content. 

vi.There were two kinds of reinforcing bars utilized. 

The first was made locally of 10 mm high tensile 

steel. Tension test on steel bars conducted to 

determine the yield stress, ultimate strength, 

modulus of elasticity, and elongation. The test 

findings are listed in Table (2). The second item is 

GFRP bars, which are available for purchase in 

markets and have diameters of 8 and 10 mm. They 

were imported from Russia. By executing tension 

test on GFRP bars, the ultimate strength, modulus of 

elasticity, and elongation were determined. The test 

findings are listed in Table (3). 

 

2.3 Concrete Mix Design 

The concrete mixtures used for the specimens were 

prepared in compliance with Egyptian standards ECP 

203-2020. 

The concrete mixes were developed to achieve 

characteristic strengths of 25 MPa and 35 MPa after 

28 days, as shown in Table (4). Following the testing 

of six cubes measuring 150 by 150 by 150 mm for each 

group, Table (5) shows the compressive strength for 

each group. As seen in Figure (4,5), the specimens 

were cast in wooden forms. After removing the beams 

from the forms, the specimens were cured. 

 

Table 2- Mechanical properties of steel 

reinforcement. 

Description Value 

Specific gravity 7.85 

Yield stress (MPa) 500 

Tensile strength (MPa) 630 

Elongation (%) 14 

Modulus of elasticity (MPa) 200000 

 

Table 3- Mechanical properties of GFRP 

reinforcement. 

Description Value 

Specific gravity 1.9 

Tensile strength (MPa) 800 

Elongation (%) 2.2 

Modulus of elasticity (MPa) 40000 

 

2.4 Strain gauge and (LVDTs) 

For all specimens, one electrical strain gauge was 

installed on one of the main reinforcement rebars. 

Strain gauges used were made by Tokyo measuring 

instruments lab, of the type Flab-6-11-1LJC-F, with a 

gauge length = 6 mm, gauge resistance = 120 ± 0.5 

ohms, gauge factor = 2.08 ±  1%, coefficient of 

thermal expansion = 11.8 × 10^(−6)/℃ , and 

transvers sensitivity = 0.4 %. As illustrated in Figure 
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(6), the strain gauges were placed on the bars 

following surface cleaning and smoothing. To 

measure the deflection that occurred during loading, 

two linear variation displacement transducers 

(LVDTs) with a length of 100 mm were fastened to the 

bottom surface of the beam. One of the transducers 

was positioned in the middle of the beam and the other 

was placed under load. 

 

Table 4- Properties of concrete mixes used. 

Material 
Fcu = 25 

MPa 

Fcu = 35 

MPa 

Coarse aggregates 

(Kg/beam) 
104.7 97.4 

Fine aggregates 

(Kg/beam) 
52.4 66.1 

Cement (Kg/beam) 30.45 30.45 

Water (Kg/beam) 16.53 13.75 

Admixtures (Kg/beam) 0 0.57 

 

Table 5- Compressive strength for specimens after 28 

days from casting. 

Group 
Compressive strength in 

N/𝐦𝐦𝟐 

A 25 

B 35 

 

 

Figure 4- Wooden forms for specimens. 

 

2.5 Testing Setup and Procedures 

All beams were tested at Menoufia University’s 

reinforced concrete laboratory. The experimental 

setup is shown schematically in Figure (7). All 

specimens were tested over a simply supported clear 

span of 2000 mm with bearing rods of diameter 40 mm 

at each support. The testing load was applied using a 

200-ton hydraulic jack.  The concentrated load was 

located at 1000 mm (mid span) from the center of the 

supports and turned into two-point load at 300 mm 

from mid span. Figure (8) shows the actual setup of 

the test. The data logger system is connected to a load 

cell, LVDTs and strain gauge at the same time 

connected to a computer with software program to 

record the data. 

 

 

Figure 5- Casting the fresh concrete. 

 

 

Figure 6- Setting the strain gauge on bars. 

 

 

Figure 7- Schematic diagram of experimental setup. 
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Figure 8- Actual setup of tests. 

 

3. Experimental Test Results 

3.1 Crack Pattern 

With the increasing load, the vertical flexural cracks 

started to form on the specimens' bottom surface and 

other cracks such as flexure shear cracks and web 

shear cracks initiated. Little branches also begin to 

form when these cracks move in the direction of the 

compression zone. However, there is a noticeable 

decrease in the creation of new cracks as it gets closer 

to the ultimate load, but there is also a noticeable 

widening of the existing cracks. In contrast to the 

GFRP RC beams, which have bigger cracking widths 

and wider crack spacing, the steel RC beams display 

closely spaced cracks. Additionally, it was noted that 

the cracks are bigger when the GFRP reinforcement 

ratio is lower. It was observed that in beams had one 

row of GFRP bars, all the bars were ruptured at the 

crossing point with stirrups under the load causing 

failure pattern like local shear failure in those 

specimens.  Figure (9) and Figure (10) depict the tested 

beams' crack patterns. 

 

3.2 Failure Modes 

Figure (11) and Figure (12) depict the failure shape of 

the beams that were tested. The steel-bar-reinforced 

beams exhibit a ductile failure, or tension failure, in 

which the reinforcing bars yield before the concrete 

achieves its maximum strain, according to test results 

and the failure shape of the tested beams. When the 

concrete develops its maximum strain before the 

reinforcement bars reach their ultimate strength, the 

bars collapse due to concrete crushing failure 

(compression failure) in the 1.0% reinforcement ratio 

reinforced GFRP beams. The 0.5% reinforcement 

ratio beams reinforced with GFRP bars failed in 

tension due to GFRP rupture.  

 

 

 

 

 

 

Figure 9- Crack pattern for beams of group A 

 

 

 

 

 

 

 

 

Figure 10- Crack pattern for beams of group B. 
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Figure 11- Failure shape for beams of group A. 

 

 

 

 

 

 

 

 

 

Figure 12- Failure shape for beams of group B. 

3.3 Initial Cracking Loads 
Figure (13) shows a comparison of the initial cracking 

loads for all the tested beams. It was shown that 

employing GFRP bars, as opposed to steel bars, 

reduced the initial cracking load in beams having a 

0.5% reinforcement ratio with the same amount and 

diameter of rebars by 24% and 30% for beams of 25 

MPa and 35 MPa concrete strength, respectively. And 

also, the initial cracking load decreased in beams 

having a 1.0% reinforcement ratio with the same 

amount and diameter of rebars by 16% and 31% for 

beams of 25 MPa and 35 MPa concrete strength, 

respectively. 

 

 

Figure 13- Comparison between initial cracking loads 

for different tested beams. 

 

3.4 Failure Loads 
Figure (14) shows A comparison of failure loads for 

all tested beams. When GFRP bars were used instead 

of steel bars, it became apparent that the failure load 

increased. Using GFRP bars in beams of 25 MPa 

concrete strength increased the failure load by an 

average of 18% and 7% while beams of 35 MPa 

concrete strength increased by an average of 22% and 

11% for beams of 0.5% and 1.0% reinforcement ratio, 

respectively. When reinforcement ratio increased from 

0.5% to 1.0% for the beams reinforced with GFRP 

bars, The failure load increased by an average of 54% 

and 60% for beams of 25 MPa and 35 MPa concrete 

strength, respectively. It was found that increasing the 

grade of the concrete in beams reinforced with GFRP 

bars increased the failure load by ratios higher than 

beams reinforced with steel bars. When concrete 

strength increased from 25 MPa to 35 MPa for beams 

reinforced with GFRP bars, the failure load increased 

by an average of 9% and 12%, while beams reinforced 

with steel bars increased by 5% and 8% for beams with 

a 0.5% and 1.0% reinforcement ratio, respectively. 
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Figure 14- Comparison between failure loads for 

different tested beams. 

 

3.5 Deflection Values 
Figures from Figure (15) to Figure (19) show a 

comparison of the load-deflection curves for the 

specimens. When employing GFRP, it was observed 

that as the cracking load is reached, there is a decline 

in slope following the initial linear branch with a sharp 

slope that corresponds to the uncracked section. Up to 

the ultimate failure load, the post-cracking behavior of 

GFRP bars is almost linear. This results from the 

GFRP reinforcement's lack of ductility. GFRP 

reinforced beams show higher deflection and lower 

flexural rigidity as compared to steel reinforced 

beams. Using GFRP bars in beams of 25 MPa concrete 

strength increased the deflection value by an average 

of 21% and 90% while beams of 35 MPa concrete 

strength increased by an average of 26% and 51% for 

beams of 0.5% and 1.0% reinforcement ratio, 

respectively. 

 

 

Figure 15- Load deflection curve (at mid span) for 

beams of group A. 

 

 

Figure 16- Load deflection curve (at mid span) for 

beams of group B. 

 

 

Figure 17- Load deflection curve (at mid span) for 

beams of 0.5% reinforcement ratio. 

 

 

Figure 18- Load deflection curve (at mid span) for 

beams of 1.0% reinforcement ratio. 

 
 

Figure 19- Load deflection curve (at mid span) for all 

beams. 
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3.6 Ductility and Energy Absorption 
A structure's ductility is essential to its safety since 

inadequate ductility can result in a sudden, brittle 

failure. There are numerous definitions for ductility 

and ductility indices of structures, and most of them 

were developed with the assumption that steel is used 

for reinforcement. Furthermore, in most of those 

formulas, the yield point of the reinforcing steel is 

typically utilized as the reference base. FRP materials, 

on the other hand, exhibit a linear stress-strain 

relationship without plastic deformation up until the 

failure point. Furthermore, unlike steel beams, the 

energy released upon failure in fiber-reinforced 

polymer (FRP) beams is linear [33]. Three categories 

were established for these indices: conventional, 

displacement-based, and energy-based. Conventional 

ductility indices are exclusive to ductile 

reinforcements, but indices based on displacement and 

energy can be applied to both non-ductile and ductile 

reinforcements [34]. A recommended model was put 

out to calculate the ductility (μ) of fiber-reinforced 

polymer beams [35]. as shown in Eq. (1). 

𝜇 =  
Etotal

E@0.75Pmax

    (1)  

The energy absorption and ductility values for all 

tested beams are shown in Figure (20) and Figure (21), 

respectively. 

It is evident from the figure that the ductility index 

decreased from an average of 1.22 to 1.11 (by about 

9%) when using GFRP bars as compared to using steel 

bars. 

 

 

Figure 20- Energy absorption values for tested 

beams. 

 

3.7 Design of Beams 
Table (6) presents the analytical outcomes of the beam 

failure loads derived from ACI 318-19, ACI440.1R15 

(Equations from Eq. (2) to Eq. (8)), ECP203-2020, and 

ECP 208-2005 (Equations from Eq. (9) to Eq. (15)). 

ρ𝑓𝑏 =  0.85
𝑓𝑐

′

𝑓𝑓𝑢
. 𝛽1.

𝐸𝑓.𝜀𝑐𝑢

𝐸𝑓.𝜀𝑐𝑢+𝑓𝑓𝑢
     (2) 

Where 𝛽1 is taken as 0.85 for concrete strength up to 

28 MPa and reduced by 0.05 for each 7 MPa increase 

in 𝑓𝑐
′
 but is not taken as less than 0.65. 

 

Figure 21- Ductility values for tested beams. 

 

𝑀𝑛 = 𝐴𝑓 . 𝑓𝑓 . (𝑑 −
𝑎

2
) over reinforced design (3) 

a =
Af.ff

0.85 fc
′  b

     (4) 

𝑓𝑓 = 𝐸𝑓𝜀𝑐𝑢
(𝛽1𝑑−𝑎)

𝑎

    (5) 

𝑀𝑛 = 𝐴𝑓 . 𝑓𝑓𝑢. (𝑑 −
𝛽1𝑐𝑏

2
) Under reinforced design (6) 

cb =
𝜀𝑐𝑢

εcu+𝜀𝑓𝑢
 𝑑     (7) 

𝑓𝑓𝑢 = 𝐶𝐸𝑓𝑓𝑢
∗       (8) 

Where CE is taken as 1.0 for the comparison with the 

experimental flexural strength. 

μ𝑓𝑏 =  0.8
0.67 𝑓𝑐𝑢

𝑓𝑓𝑢
∗ .

𝐸𝑓.𝜀𝑐𝑢

𝐸𝑓.𝜀𝑐𝑢+ 𝑓𝑓𝑢
∗

   (9) 

𝑀𝑢 = 𝐴𝑓 .
𝑓𝑓𝑒

∗

𝛾𝑓
. (𝑑 −

𝑎

2
)
 over reinforced design (10) 

a =

𝐴𝑓𝑓𝑓𝑒
∗

𝛾𝑓
0.67 𝑓𝑐𝑢

𝛾𝑐
 𝑏

      

(11) 

𝑓𝑓𝑒
∗

𝛾𝑓
= (

0.8𝑑−𝑎

𝑎
) 𝐸𝑓 . 𝜀𝑐𝑢

    (12) 

𝑀𝑢 = 0.8 (
𝐴𝑓𝑓𝑓𝑢

∗

𝛾𝑓
) (𝑑 −

0.8 𝑐𝑏

2
)
  

under reinforced design   (13) 

cb =
𝜀𝑐𝑢

εcu+𝜀𝑓𝑢
∗

 d    (14) 

𝑓𝑓𝑢
∗ = 𝐶𝐸 . 𝑓𝑓𝑢     (15) 

Where CE, 𝛾𝑐 and 𝛾𝑓 is taken as 1.0 for the comparison 

with the experimental flexural strength. 

The impact of reinforcing in the compression zone is 

considered in these results. This phenomenon causes 

the failure of beams with a 0.5% GFRP bar 

reinforcement ratio to shift from compression to 

tension failure. 

To prevent shear failure, stirrups of 10 mm diameter 

each 150 mm were used which give a capacity of 3.19 

N/mm2 according to ECP as shown in Eq. (16). 

According to experimental failure loads and by taking 

into consideration the own weight of beams, the 

maximum shear force for beams of 25 MPa was in B4 

which equals 66.3 KN with an actual stress of 2.17 

N/mm2, and for beams of 35 MPa was in B10 which 

equals 76.3 KN with an actual stress of 2.5 N/mm2. 
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Table 6– Failure loads of the beams by using equations of ACI 440.1R-15, ACI 318-19, ECP 208-2005 and ECP 

203-2020. 

Group Series Beam Code 
Failure load (Kg) 

Type of section 
ACI ECP 

A 

Ⅰ 
2S10-25 5514 5509 Under reinforced 

4S10-25 10057 10057 Under reinforced 

Ⅱ 
2S10-35 5869 5629 Under reinforced 

4S10-35 10289 10083 Under reinforced 

B 

Ⅲ 

3G8-25 8660 6952 Under reinforced 

6G8-25 10469 10199 Over reinforced 

2G10-25 8983 7211 Under reinforced 

4G10-25 10466 10195 Over reinforced 

Ⅳ 

3G8-35 8660 6952 Under reinforced 

6G8-35 11974 11640 Over reinforced 

2G10-35 8983 7211 Under reinforced 

4G10-35 11983 11648 Over reinforced 

 

𝑞𝑠𝑡 =
𝑛 𝐴𝑠 𝑓𝑦/𝛾𝑠

𝑏 .𝑠

      (16) 

Where fy equals 420 MPa and 𝛾𝑠 equals 1.15 according 

to ECP203-2020. 

A comparison of experimental and analytical failure 

loads for several tested beams is shown in Figure (22). 

Good results from the analysis match the outcomes of 

the experimental tests. 

 
 

Figure 22- Comparison between experimental and 

analytical failure loads for different tested beams. 

 

4. Finite Element Model 

A common numerical method used in structures and 

structural components is finite-element analysis (FEA) 

[36]–[38]. All the samples were numerically simulated 

using the FE program "ABAQUS Release 6.14" to 

study their flexural behavior up to failure. 

 

4.1 Material Properties 

The compressive and tensile stress-strain curves for 

the concrete were integrated into ABAQUS to account 

for the nonlinearity of the material. The Concrete 

Damaged Plasticity (CDP) model in ABAQUS was 

used to simulate concrete damage [39]–[41]. For the 

steel used in the beams, an elastic modulus of 200 GPa 

and a Poisson's ratio of 0.3 were determined. A yield 

stress of 500 MPa was determined. The GFRP bars 

exhibit a linear stress-strain curve up until rupture, in 

contrast to the ductility of steel. To simulate this 

behavior, just the modulus of elasticity (40 GPa) and 

Poisson's ratio (0.25) were added to the GFRP material 

model. 

Linear hexahedral reduced integration 3-D stress 

elements (C3D8R), which have eight nodes and three 

degrees of freedom (DOF) each, are used to simulate 

the concrete beam. GFRP and steel bars are modelled 

with T3D2, which are 2-node linear 3-D truss elements 

with three degrees of freedom per node [42], [43]. 

Rigid constraints apply to the load and support bearing 

plates. The connectivity between the bars and the 

beam is defined through the application of an 

embedded-type constraint, where the steel 

reinforcement acts as the embedded region and the 

concrete beam acts as the host region. Figure (23) 

displays the reinforcement cage for a beam in addition 

to the concrete beam model. 

 

 
 

Figure 23- The reinforcement cage for a beam in 

addition to the concrete beam model. 
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Figure 24- The comparison of the load-deflection 

relationship between the FE model prediction and the 

experimental data. 

 

4.2 Modelling 

The accuracy of the FE models was confirmed by 

comparing the load versus deflection responses 

obtained for the same beam with the outcomes of 

experiments. Figure (24) gives the comparison of the 

load-deflection relationship between the FE model 

prediction and the experimental data for all tested 

beams. It is evident from the subplots in the figures 

that the finite element model that was created can 

accurately predict the behavior of beams with respect 

to their initial stiffness, ultimate failure load, and load-

corresponding deflection during the loading process 

until failure. The results show good agreement in 

every case, with a few minor variations in the initial 

stiffness. This divergence from the experimental 

findings could be due to the anticipated variation in the 

tensile characteristics of the concrete material. 

 

5. Finite Element Results 

Figures from Figure (25) to Figure (29) illustrate 

comparison between load-deflection curves for FE 

models. The results show good agreement in every 

case, with a few minor variations in the initial 

stiffness. This divergence from the results of the 

experiments could be explained by an expected 

variation in the concrete material's tensile 

characteristics. Table (7) provides a summary of the 

first crack and ultimate loads determined by 

experimental, analytical, and numerical study. Figure 

(30) shows the differences between experimental, 

analytical, and numerical results for failure loads. 

Numerical analysis results are in good agreement with 

analytical and experimental results. 

 
 

Figure 25- Load deflection curves from FE models 

for group A. 

 
 

Figure 26- Load deflection curves from FE models 

for group B. 
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Table 7- First crack and failure loads determined by experimental, analytical, and numerical study. 

Beam code 
First crack load (Kg) Failure load (Kg) 

Exp. ACI ECP FEM Exp. ACI ECP FEM 

2S10-25 1390 1505 1620 1821 7170 5514 5509 6923 

4S10-25 1565 1505 1620 1965 12131 10057 10057 11853 

2S10-35 2236 1780 1917 2075 7525 5869 5629 7102 

4S10-35 2209 1780 1917 2252 13122 10289 10083 12342 

3G8-25 1737 1505 1620 1476 8116 8660 6952 9152 

6G8-25 1596 1505 1620 1613 12977 10469 10199 13507 

2G10-25 1050 1505 1620 1475 8774 8983 7211 9718 

4G10-25 1314 1505 1620 1729 12983 10466 10195 13391 

3G8-35 1439 1780 1917 1772 9360 8660 6952 9412 

6G8-35 2035 1780 1917 2018 14089 11974 11640 15639 

2G10-35 1574 1780 1917 1938 8937 8983 7211 10027 

4G10-35 1701 1780 1917 2112 14972 11983 11648 15473 

 

Figure 27- Load deflection curves from FE models 

for beams of 0.5% reinforcement ratio. 

 
 

Figure 28- Load deflection curves from FE models 

for beams of 1.0% reinforcement ratio. 

 

 

Figure 29- Load deflection curves from FE models 

for all models. 

 
 

Figure 30- Failure loads comparison between 

experimental, analytical, and numerical studies. 
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5. Conclusions 

From the present study, the following conclusions are 

obtained: 

1- For the same amount and diameter of 

reinforcement, using GFRP bars instead of 

steel bars reduced the initial cracking load in 

beams having a 0.5% reinforcement ratio by 

24% and 30% for beams of 25 MPa and 35 

MPa concrete strength, respectively. 

2- For the same amount and diameter of 

reinforcement, using GFRP bars instead of 

steel bars decreased the initial cracking load 

in beams having a 1.0% reinforcement ratio 

by 16% and 31% for beams of 25 MPa and 

35 MPa concrete strength, respectively. 

3- For the same reinforcement ratio and the 

same grade of concrete, using GFRP bars of 

diameter 10 mm led to approximately equal 

or slightly increased initial cracking load 

compared to GFRP bars of diameter 8 mm. 

4- Using GFRP bars in beams of 25 MPa 

concrete strength increased the failure load 

compared to steel bars by an average of 18% 

and 7% for beams of 0.5% and 1.0% 

reinforcement ratio, respectively. 

5- Using GFRP bars in beams of 35 MPa 

concrete strength increased the failure load 

compared to steel bars by an average of 22% 

and 11% for beams of 0.5% and 1.0% 

reinforcement ratio, respectively. 

6- When reinforcement ratio increased from 

0.5% to 1.0% for the beams reinforced with 

GFRP bars, The failure load increased by an 

average of 54% and 60% for beams of 25 

MPa and 35 MPa concrete strength, 

respectively. 

7- For the same reinforcement ratio and the 

same grade of concrete, using GFRP bars of 

diameter 10 mm led to approximately equal 

or slightly increased the failure load 

compared to GFRP bars of diameter 8 mm. 

8- Increasing the grade of the concrete in beams 

reinforced with GFRP bars increased the 

failure load by ratios higher than beams 

reinforced with steel bars. 

9- When concrete strength increased from 25 

MPa to 35 MPa for beams reinforced with 

GFRP bars, the failure load increased by an 

average of 9% and 12%, while beams 

reinforced with steel bars increased by 5% 

and 8% for beams with a 0.5% and 1.0% 

reinforcement ratio, respectively. 

10- GFRP reinforced beams show higher 

deflection and lower flexural rigidity as 

compared to steel reinforced beams. 

11- Using GFRP bars in beams of 25 MPa 

concrete strength increased the deflection 

value by an average of 21% and 90% while 

beams of 35 MPa concrete strength increased 

by an average of 26% and 51% for beams of 

0.5% and 1.0% reinforcement ratio, 

respectively. 

12- For the same reinforcement ratio and the 

same grade of concrete, using GFRP bars of 

diameter 10 mm led to approximately equal 

or slightly decreased the deflection value 

compared to GFRP bars of diameter 8 mm. 

13- For steel-reinforced beams, ACI 318-19 and 

ECP 203-2020 give almost the same failure 

loads and underestimate the failure loads 

compared to experimentally obtained results. 

14- For under-reinforced sections in beams 

reinforced with GFRP bars, ECP 208-2005 

underestimates the failure loads compared to 

ACI 440.1R-15 which gives good results 

with experimentally obtained results. 

15- For over-reinforced sections in beams 

reinforced with GFRP bars, ACI 440.1R-15 

and ECP 208-2005 give almost the same 

failure loads and underestimate the failure 

loads compared to experimentally obtained 

results. 

16- The ductility index decreased from an 

average of 1.22 to 1.11 (by about 9%) when 

using GFRP bars as compared to using steel 

bars. 

 

6. Notation 

𝐴𝑓  area of FRP tension reinforcement, mm2 

As  area of steel bar, mm2 

a the depth of equivalent rectangular stress 

block, mm 

b  effective width of beam, mm 

c  distance from extreme compression fiber to 

the neutral axis, mm 

cb  distance from extreme compression fiber to 

the neutral axis at balanced condition, mm 

CE  environmental reduction factor 

d  distance from extreme compression fiber to 

centroid of tension force, mm 

Ec  modulus of elasticity of concrete, MPa 

ES  modulus of elasticity of steel reinforcement, 

MPa 

Ef  modulus of elasticity of FRP reinforcement, 

MPa 
𝑓𝑐

′  cylinder compressive strength of concrete, 

MPa 

fcu  cube compressive strength of concrete, MPa 

ff  stress in FRP reinforcement under specified 

loads according to ACI, MPa 

ffu  designed tensile strength of GFRP bars 

according to ACI, MPa 
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ffu  tensile strength of GFRP bars according to 

ECP, MPa 

𝑓𝑓𝑢
∗   tensile strength of GFRP bars according to 

ACI, MPa 

𝑓𝑓𝑢
∗   designed tensile strength of GFRP bars 

according to ECP, MPa 

𝑓𝑓𝑒
∗   stress in FRP reinforcement under specified 

loads according to ECP, MPa 

fy  yield strength of steel longitudinal 

reinforcement, MPa 

Mn nominal moment of reinforced concrete 

section according to ACI, KN.m 

Mu  ultimate limit moment according to ECP, 

KN.m 

n number of branches for stirrups. 

qst  shear resistance provided by steel stirrups, 

MPa 

s stirrup spacing, mm 
𝜀𝑐𝑢  ultimate strain of concrete 

𝜀𝑓𝑢 ultimate strain in GFRP 

𝜌𝑓  longitudinal reinforcement ratio 

ρ𝑓𝑏 , 𝜇𝑓𝑏  balanced longitudinal reinforcement ratio 

𝛽1  factor of the equivalent stress block depth 

𝛾𝑐  , 𝛾𝑓  strength reduction factor for concrete and 

FRP bars 
𝛾𝑠  strength reduction factor steel bars 
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