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Abstract: This paper numerically investigates the flexural response of concrete beams reinforced with
steel and four types of Fiber-Reinforced Polymers (FRP), i.e., Carbon FRP (CFRP), Glass FRP (GFRP),
Aramid FRP (AFRP), and Basalt FRP (BFRP). The flexural responses of forty beams with two boundary
conditions (simply supported and over-hanging beams) were determined using ABAQUS. Subsequently,
the finite element models were validated using experimental results. Eventually, the impact of the
reinforcement ratios ranging between 0.15% and 0.60% on the flexural capacity, crack pattern, and
fracture energy were investigated for all beams. The results revealed that, for the low reinforcement
ratios, the flexural performance of CFRP significantly surpassed that of steel and other FRP types. As
the reinforcement ratio reached 0.60%, the steel bars exhibited the best flexural performance.

Keywords: ABAQUS; finite element analysis (FEA); fiber reinforcement polymer (FRP); concrete
damage plasticity (CDP)

1. Introduction

Although steel is the most popular material for reinforcing concrete elements due to
its cost and enhanced mechanical features [1-3], the corrosion of steel bars reduces the
structure’s lifespan and raises maintenance expenses [4,5]. Fiber-Reinforced Polymer (FRP)
bars are an appealing option in the reinforcement of concrete elements because they provide
excellent levels of durability, corrosion resistance, and fatigue resistance, in addition to
having a high strength-to-weight ratio [6-13]. FRP may be used for various purposes, such
as reinforcing structures internally or externally by embedding discrete FRP fibers into the
concrete, utilizing the near-surface-mounted technique (NSM) for FRP plates and sheets
attached to the structure with vinyl-ester glue or epoxy [9,10].

To simulate the behavior of beams, many constitutive numerical models were provided
in the existing literature [14-17]. Tejaswini and Raju [14] studied the flexural response for
reinforced concrete beam sections with different failure modes using ABAQUS. The aim
was to numerically compare the Finite Element Analysis (FEA) experimental findings. Salih
et al. [15] executed seventeen models using ANSYS software of concrete beams reinforced
with CFRP and GFRP bars. Various parameters were studied, including the number of bars,
size, types, and longitudinal configuration for FRP bars. The outcomes were described
in the form of a load—deflection diagram. Al Hasani et al. [16] investigated the crack
propagation of RC beams reinforced with steel bars using ABAQUS software to simulate
crack propagation. A comparison of numerical and experimental data findings has been
established. The results indicated that the cracks were initiated from the tension side at
the bottom of the beam. Shirmardi and Mohammadizadeh [17] simulated twenty concrete
beams reinforced with GFRP in ABAQUS. The study focused on the span/depth ratio and
the reinforcement ratio. The results showed that the rigidity of the beam decreases as the
span/depth ration increases.

Many experimental tests were also conducted to compare the flexural behavior of
the beams reinforced with GFRP and steel bars [18-23]. Shanour et al. [18] investigated
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seven GFRP and steel beams under four-point loading. The primary studied factors were a
concrete compressive strength and reinforcement ratio. The fracture breadth and GFRP
reinforcing stresses were measured for the tested beams mid-span deflection. The results
showed that increasing the reinforcement ratio reduces the crack widths and mid-span
deflection. Krasniqi et al. [19] examined GFRP and steel-reinforced beams under four-point
loading. The results showed early crack initiation due to the low elastic modulus of GFRP
bars. Sirimontree et al. [20] investigated the flexural behavior of concrete reinforced with
GFRP and steel bars. The beam was subjected to four-point loading. The stiffness, flexural
capacity, and mode of failure were investigated. The results relieved that the stiffness of
GFRP-reinforced beams decreased in comparison to steel-reinforced beams.

Arivalagan [21] examined the beams’ flexural behavior reinforced with GFRP bars
and stainless-steel bars (SSRB). The results showed that the beams reinforced with GFRP
experience larger deflections, lower stiffness, and lower ultimate loads than the control
beam. This was due to a slip between the rebar and the concrete. Saraswathi and Dhanalak-
shmi [22] studied the behavior of concrete beams reinforced with GFRP and steel bars.
Various factors, including the load capability, load deflection, and mechanism of failure
were examined. The GFRP bars exhibit higher deflections due to their low elastic modulus.
The GFRP bars failed due to the slip between the rebar and the concrete. To improve
the FRP bars’ bond behaviors. Murugan and Kumaran [23] studied the flexural tensile
behavior of five rectangular concrete beams reinforced with surface-treated GFRP under
two-point static loading. The sand-sprinkled and grooved reinforcing bars were used to
improve the bond behavior. The investigated parameters were the ultimate load capacity,
fracture widths, crack propagation, and beam failure modes. The results showed that the
sand-coated GFRP reinforcements had poorer performance than the grooved GFRP beams
concerning ultimate load capacity and deflections. To compare the behavior of the beams
reinforced with BFRP and steel bars.

Some studies focused on the studying behavior of BFRP and CFRP. Hamdy and
Arafa [24] examined six concrete beams reinforced with BFRP bars, dispersed steel fibers
and steel tested in four-point bending until failure. The moment carrying capacity and
failure loads were calculated and compared with the experimental data. The results showed
that the BFRP bar-reinforced beams experienced greater deflection values than steel beams
as it has low stiffness of FRP bars. Zhang et al. [25] experimentally studied the flexural
deflection of six concrete beams reinforced with BFRP bars and one beam reinforced with
steel bars. Additionally, the numerical simulation was performed using FEM. The findings
demonstrated that all the BFRP-reinforced concrete beams had either concrete crushing or
rupture. Ashour and Habeeb [26] investigated the tensile behavior of the CFRP-reinforced
simply supported and continuous beams. It was found that the CFRP beams failed due to
the rupture of bars. The use of CFRP bars enhanced the load carrying capacity. Many studies
focused on the usage of CFRP in the strengthening of rc beams [27-30]. All the studies
indicated that CFRP increased the load carrying capacity in flexural and shear strengthening.

Despite the efforts of the previously mentioned studies to investigate the flexural
behavior of concrete beams reinforced with FRP, the majority of these studies focused on
the utilization of GFRP bars, disregarding the other FRP types. Furthermore, most studies
focused on the application of CFRP bars to strengthen the concrete beams rather than
reinforcing them. Thus, the flexural behavior of most FRP types lacks further investigation.
Moreover, the fracture energies of the beams reinforced with FRP were not discussed.
Therefore, the current study addresses the literature gap by examining the flexural behavior
of four FRP types (CFRP, AFRP, BFRP, and GFRP) to help the structural designers to find an
effective alternative to steel bars. To this end, the influence of different reinforcement ratios
(0.15%, 0.27%, 0.42%, and 0.60%) on the flexural capacity of forty concrete beams. Moreover,
the load—deflection relationships and crack patterns of these beams were discussed. In
order to verify the models, the results of FEM were compared with the experimental work
performed by Issa and Elzeiny [31]. Section 2 of this study provides an overview of the
experimental work, specifics of developing numerical FE models, the behavior of materials,
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and FE model verification. The parametric study and findings are discussed in Section 3.
Finally, a brief discussion of the results, conclusions, and recommended work are presented
in Section 4.

2. Model Evolution
2.1. General

The experimental investigation performed by Isa and Elzeiny [31] consisted of six over-
hanging concrete beams that were subjected to a three-point load. The beams” dimensions
were 150 x 250 mm; the total length was 2000 mm, including a 600 mm long cantilever.
There were three groups, each with varying ratios of GFRP rebars, concrete strength, and
rebar types (steel or GFRP). The details of the examined beams are shown in Figure 1.
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Figure 1. Details of concrete beams: (a) concrete dimensions of tested beam and (b) longitudinal
reinforcement configuration.

2.2. Model Loading Boundary Condition and Meshing

The overhanging beams presented by Isa and Elzeiny [31] were simulated in ABAQUS.
In order to simulate the concrete, 3D solid C3D8R element have been used. T3D2 is a 2D
truss element used in the modeling of steel and FRP reinforcements. The concrete material
was defined according to the damage plasticity models and details of defining steel and
FRP materials are discussed in detail in the following section. A static condition of loading
was considered. The embedded bar option was used to simulate the bond between FRP
and steel reinforcement in concrete. Ties were utilized to simulate the bond between the
beams and the plates. A loading point (reference point) at the tip of the cantilever was
added at the top of the plate as shown in Figure 2 and the displacement was computed at
the node located at the bottom of the beam. The fine mesh size of 20 mm and increment
size from 0.01 to 1 to obtain more accurate results. The details of meshing are shown in
Figure 2.

2.3. Materials
2.3.1. Damaged Plasticity Model

Three crack models: (i) brittle crack model, (ii) smeared crack model, and (iii) concrete-
damaged plasticity (CDP) model in ABAQUS were used to simulate the concrete dam-
age [32]. The CDP model was used to represent the inelastic responses of concrete com-
pression and tension damage characteristics. The models take into account two failure
mechanisms, namely tensile cracking and compressive crushing.
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Figure 2. Reference point and finite element meshing.

2.3.2. Tensile Behavior of Concrete

The tensile strain and cracking stress relationship was used to describe the behavior of
concrete under tension. The cracking strain was computed using Equation (1):

e k= g—efl @
where &;” ¥ is the tensile cracking strain, ¢ tensile strain, and &Sl is the elastic strain of
the unaffected material. The model was developed based on the Nayal and Rasheed [33]
model of tension-stiffening. Gilbert and Warner [34] created a homogenized stress and
strain relationship. The accuracy of the plastic strain values was checked using ABAQUS
and are calculated as shown in Equation (2). The inaccurate damage curves result from the
tensile plastic strain values that are negative or decreasing.

~ d (oF
P_ o~ck_ Mt Pt
& = & a 1) o 2

where ¢; ¥ is the tensile plastic strain, d; refers to tensile damage parameter values, o is
the concrete tensile stress, and Ej is the elastic modulus.

2.3.3. Compressive Behavior of Concrete

The relationship between compressive stress and cracking strain was used in defin-
ing the nonlinear compression behavior of concrete. Equation (3) was used to convert
compressive strain to inelastic strain.

e M= — ek 3)

where £2 " is the compressive inelastic strain, . is compressive strain, and ¢ is elastic
strain corresponding to the unaffected material. The accuracy of the plastic strain values
was checked using Equation (4) to ensure there were no negative or decreasing values.

~ : d 14
P_ .~in _ c ~<
fo T 1— do) B

(4)
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where the symbol ¢ P is the compressive plastic strain, d. is the damage parameter values,
and o, is the compressive strength. In compression, the stress—strain relationship was ob-
tained using a computational model created by Hsu et al. [34]. The concrete materials with
compressive strengths of up to 62 MPa can be utilized with this model. The stress—strain
of concrete exhibits linear behavior up to 50% of compressive strength in the hardening
part. The material was described until the o. of 30 MPa in the softening part. The model
equations are presented in Equations (5)—(8).

B (&)
Oc = (%) Ocu ®)
e (8)
1
p— 6
'B 1-— (Ucu/(so EO)) ©)
eg = 0.000089 o, + 0.002114 7)
Eo=124.3 0, + 32831.2 (8)

where ¢ refers to strain at peak stress and {3 refers to a variable that depends on the shape
of stress—strain diagram.

2.3.4. Concrete Damage Parameters (CDP)

The elastic modulus following tensile and compressive failure can be calculated
using Equations (9) and (10). The tensile and compressive failure has a range between 0
and 1, where 0 indicates that the material is in its initial state but 1 indicates that there
is a loss in material strength. The compression and tensile damage can be calculated
using Equations (11) and (12).

Ei = Eo(1 —dy) )

Ec = Eo(1 —dc) (10)
PR

di=1- () )

de=1-() (12)

where E; refer to the tensile damage elastic modulus, E. is elastic modulus of compressive
damage, d; is tensile damage, d. is compressive damage, o/, is effective compressive
strength, and o} is effective tensile strength. The CDP model in ABAQUS is defined by
five parameters [35]. Table 1 summarizes the CDP values needed to define the model in
ABAQUS [36].

Table 1. Recommended values for CDP model parameters.

CDP Parameters Symbol Recommended Values
Dilation angle Y From 30 to 45
Eccentricity € 0.1
Viscosity Parameter v 0.0001 to 0.008
Shape Factor K. From 0.667 to 1
Biaxial stress ratio fro From 1to 1.16

2.3.5. FRP Bars Behaviors

The behavior of the FRP bars was assumed to be isotropic linear elastic up to fail-
ure without any damage criteria [37,38]. FRPs were defined by their linearly elastic re-
sponse in the absence of any visible yield point. The stress—strain equation is presented in
Equation (13).

f=Erer &< en (13)
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where f; refer to the fiber strength, Eg is the elastic modulus, ¢¢ refer to the strain, and &g,
refer to the ultimate strain of FRP bars.

2.3.6. Behavior of Steel

Steel bars used for reinforcement have linearly elastic behavior under low strains. The
yield point of steel is used to explain its plastic behavior. When a material’s stress—strain
curve reaches a yield point, the elastic behavior changes to a plastic one. The only strains
that are produced by the steel’s deformation before it reaches the yield point are elastic
strains, which are entirely returned when the load is withdrawn. When the steel reaches its
yield stress, permanent (plastic) deformation starts to occur [39]. The stress—strain equation
is expressed in Equation (14). Kobraei et al. [37] and Abbood et al. [38] suggested proper
values for the yield stress, elastic modulus of steel, and elastic modulus of FRP; these are
summarized in Table 2.

f, = {Es €5 €5 < Egy (14)

fSy €s > Esy

where f; is stress, Es is modulus of elasticity, s is strain in the steel bars, fsy is yielding
strength, and Esy is yielding strain.

Table 2. Steel and FRP properties.

Yield Stress Tensile Strength Modulus of Elasticity
(N/mm?) (N/mm?) (kN/mm?)
Bar Type
Allowable Chosen Allowable Chosen Allowable Chosen
Range Value Range Value Range Value

Steel 276-517 450 483-690 500 200 200
GFRP - - 483-1600 1045 35-51 40
CFRP - - 600-3690 2900 120-580 300
AFRP - - 1720-2540 2500 41-125 100
BFRP - - 600-1500 1200 50-65 55

2.4. Experimental Program Specimens

The specimens were classified into three groups A, B, and C. Group A consists of
three beams reinforced with steel bars (SN8-8, SN10-10, and SN 12-12). The first part of
the symbol (SN) reflects the steel reinforcement and the second part 8-8, 10-10, and 12-12
reflects the bar diameter. Group B consists of two beams reinforced with GFRP bars (GN8-8
and GN12-10). Group C represents the beam reinforced with GFRP bars (GM10-10). The

o of concrete for group A and B was 42.25 MPa. The o, of concrete for group C was
59.26 MPa. The compressive strength of the concrete and the details of reinforcement
configuration are summarized in Table 3.

Table 3. Compressive strength of concrete and reinforcement configuration.

Gro Beam Type of Longitudinal Top Longitudinal Bottom Longitudinal Compressive
up Reinforcement Reinforcement Reinforcement Strength (MPa)

SN 8-8 Steel 208 208

A SN 10-10 Steel 20910 210 42.25
SN 12-12 Steel 2012 212

B GN 8-8 GFRP 208 208 42.25
GN 12-10 GFRP 2012 2710

C GM 10-10 GFRP 2010 2010 59.26

2.5. FE Models Verification and Discussion

Four statistical indicators were utilized to verify the model [35]:
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(i) Nash—Sutcliffe efficiency (INSE) is a statistic indicator that determines the proportion-
ate difference between the observed data variance and residual variance.

(if) Coefficient of determination (R2) is the percentage of variance or difference that can be
statistically explained by one or more independent variables for a dependent variable.

(iii) Modified index of agreement (md) calculates the proportional and additive differences
between the experimental and numerical in the means and variances.

(iv) Kling—Gupta efficiency (KGE) evaluates the bias, correlation, and variability be-
tween the numerical and experimental data. These indicators are calculated for
Equations (15)—(18).

N (s _ .2
NSE =1- [ Lo o = %) 2] (15)
Za:l (xu _ xmean)
N s
md=1— Zu:l‘xﬂ xa| a8
Zﬁv:l(’)?a — xmean| + |xg — xmeanl)
2
R2 — Zfl\]:][(xu — xmeﬂn)(ﬁa _ J?mean)] (17)
\/Z,Il\lzl [32,1 — ﬁmean]2 \/Zé\]=1 [xﬂ _ xmean}z
,  (gmen N2 [gpygmen \?
KGE =1 - (Pc—1)+<Wl—1> + W_l (18)

where £, denotes a numerical value, S.D is the experimental data standard deviation, N
denotes the quantity of data values, x,; denotes the experimentally acquired data value, P
denotes the Pearson’s correlation coefficient, " denotes the experimental mean value,
and S.D is the standard deviation of numerical data. ABAQUS was used to validate six
FEM models for the beam features illustrated in Figure 1. The deflection was measured
at the tip of the cantilever. Figure 3 illustrates the outcomes of load deflection curves.
The results indicated that steel had a greater load capacity than GFRP except for the
diameter size (8 mm), which was attributed to the better bond strength of GFRP bars in
small diameters when compared to steel. As the diameter increases the bond strength
decreases [40]. Moreover, steel exhibits a greater increase than GFRP as the load increases
due to the low stiffness and modulus of elasticity of GFRP. The results of R2, KGE, md,
and NSE for all beams are presented in Table 4. The outcomes revealed good concordance
between experimental and numerical findings.

Table 4. Results of statistical indicator.

Statistical Indicators SN8-8 SN10-10 SN12-12 GN8-8 GN10-10 GN12-10 Optimal Value
NSE 0.909 0.833 0.743 0.949 0.59 0.874 1
md 0.974 0.963 0.937 0.986 0.971 0.973 1
R 0.944 0.988 0.782 0.971 0.895 0.918 1
KGE 0.867 0.828 0.862 0.885 0.737 0.831 1
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3. Parametric Study and Results

The study includes examining the flexural behavior and fracture propagation of beams
using various FRP types and comparing them with those of steel. Two parameters were
studied: the bar type and the reinforcement ratio. The reinforcement ratio 0.15% refers
to bar diameter 6 mm, 0.27% refers to 8 mm, 0.42% refers to 10 mm, and 0.60% refers to
12 mm. These parameters were evaluated for simply supported and over hanging beams.
The beam details are shown in Figure 4. The o, of concrete was 42.5 MPa while E; for steel
reinforcement was 200 GPa. The investigation includes various FRP materials such as glass,
aramid, carbon, and basalt. The reinforcement configurations for both groups are shown in
Table 5. The displacement was measured at the beams’ midpoint for simple beams and at
the cantilever tip for the overhanging beams.

ll’

250 mm

Upper reinforcement

1950 mm e cr—

F
i
*

-
+

Y

150 mm
2000 mm

Y

Steel SHrrups

=

T

r‘r

T

Lower reinforcemant

Figure 4. Details of concrete beams: (a) concrete dimensions of simple beam and (b) longitudinal
reinforcement configuration.

Table 5. Reinforcement configuration.

Bottom

Type of Top Longitudinal . . Reinforcement .
Longitudinal Bars Beam No. Reinforcement L(?ngltudmal Ratio (%) Stirrups
Reinforcement
CFRP 6-6 206 206 0.15
CFRP 8-8 208 208 0.27
CFRP CERP 10-10 2010 2610 0.42
CFRP 12-12 2612 2012 0.60
BFRP 6-6 206 206 0.15
BFRP 8-8 208 208 0.27
BERF BFRP10-10 2610 2610 0.42 3
BFRP 12-12 2012 2612 0.60 &
AFRP 6-6 206 206 0.15 g
AFRD AFRP 8-8 208 208 0.27 B
AFRP 10-10 2610 2610 0.42 3
AFRP12-12 2012 2012 0.60 g
GFRP 6-6 206 206 0.15 =
GFRP 8-8 208 208 0.27
GFRP GFRP10-10 2610 2010 0.42
GFRP 12-12 2612 2012 0.60
Steel 6-6 206 206 0.15
Steel Steel 8-8 208 208 0.27
tee Steel 10-10 2610 2610 0.42

Steel 12-12 2012 2012 0.60
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3.1. Results of Simple Beam

The FE models for simple beams were executed. The maximum deflection was mea-
sured at the beams’ mid span. The results of the load—deflection curves are depicted in
Figure 5. The results show that increasing the reinforcement ratios for FRP bars reduce
the load capacity due to the loss of bond strength. This can be attributed to the type of bar
surface, the surface treatments, the cross section, position and diameter of the rebar, and
the concrete strength. For the steel bars, increasing the reinforcement ratios increases the
loading carrying capacity. The relationship between ultimate loads and reinforcement ratio
is illustrated in Figure 6. It was observed that CFRP had a higher modulus of elasticity
leading to lower deflections and better stiffness of beams. The beams reinforced with AFRP
showed better ductility than GFRP and BFRP.

180
180
160 - - ~-FEM AFRP ——— FEM CERP 160 —FEM CFRP — - FEM BFRP
140 — . -FEM BFRP - - -FEM GERT 140 FEM AFRP ===-FEM GFRP
120 — - -FEM steel 120 — . FEM steel
=100
T 80
[=]
= 60
40 S T
20 oIV
0
0 20 10 60 80 %0
Deflection (mm)
Deflection (mm)
(a) (b)
180
160 FEMAFRP  — - —FEMBFRF 180 —  -FEM steel =~ ——FEM CERP
» — . —FEM steel - — — FEM GFRP 160 —EMBERP | — —FEM EERP
120 —FEMCFRE 140 FEM AERP
E % 120
-t = 100
: 3
S 3 80
60
40
20
0
0 20 40 60 80 0 20 40 €0 50
Deflection (mm) Deflection (mm)
(©) (d)

Figure 5. Load Deflection curves for simple beam with different reinforcement ratios: (a) 0.15%,
(b) 0.27%, (c) 0.42%, and (d) 0.60%.
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Figure 6. Ultimate load vs. reinforcement ratio.

All the beams showed the same trend for fracture behavior. The failure mode was
tension failure as shown in Tables S1-54 in the Supplementary Materials. Figure 7 shows
the crack pattern for CFRP and Steel beams at 0.15% reinforcement ratio as a sample. It can
be observed that the crack started at the bottom of the beams near to the maximum tension
zone. The fracture energy (Gy) was calculated as follows in Equation (19).

Gf= -2 (19)

IMNRRENEREEEE =TT TENENAREEEERERREN
1] L ekt V[T 11

NERSET

(a) (b)
Figure 7. Crack Pattern at 0.15% reinforcement ratio (a) Steel and (b) CFRP beams.

The region under the entire load deflection diagram represents the energy that the
beam will absorb during failure [35]. The results of the fracture energy (Gy) are shown in Ta-
bles 51-54 in the Supplementary Materials. At 0.15%, the results show G of (70,686.7 N/m)
for CFRP and (40,646.7 N /m) for steel and, at 0.60%, G r was (100,713.3 N/m) for CFRP
and (137,260 N/m) for steel as shown in Figure 8. This shows a better ductility of steel bars
in higher reinforcement ratios due to the bond strength enhancement.
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Figure 8. Fracture energy vs. Type of bars.

3.2. Results of Overhanging Beams

The models were executed and the maximum deflection was measured at the cantilever
tip. The results of load deflection are illustrated in Figure 9. The reinforcement ratios had
an effect on the stiffness of the beam. As the reinforcement ratio increases, the stiffness
of the beam increases. As expected, greater deflections were obtained for the beams with
lower reinforcement ratios. Furthermore, the deflections in the concrete beams reinforced
with GFRP and BFRP in all the models were greater than those reinforced with steel, CFRP,
and AFRP at the same load. This is due to the low stiffness and modulus of elasticity of the
BFRP and GFRP bars. As a result, increasing the reinforcement ratio increases the ultimate
load capacity and decreased the deflection. The relationship between the ultimate load and
reinforcement ratio is illustrated in Figure 10. The figure shows that steel reaches a higher
ultimate load in the larger reinforcement ratios than the FRP bar types. Moreover, CFRP
shows better ductility than other FRP materials due to higher tensile strength. The beams
reinforced with BFRP and GFRP had a low stiffness due to the low modulus of elasticity
and, consequently, high deformations were obtained.

For the crack patterns, all the beams showed the same trend for fracture behavior. A
tension failure was observed as shown in Table S5-5S8 in the Supplementary Materials. At
0.15%, for steel and CFRP beam:s, the crack appeared at the top of the cantilever as shown
in Figure 11 as a sample. The results of the fracture energy are shown in Table S5-58 in
the Supplementary Materials. It was found that the maximum load capacity is directly
proportional to G . The results of the fracture energy were as shown in Figure 12. At 0.15%,
the results of G £ were (39,133.3 N/m) for CFRP and (14,666 N /m) for steel and, at 0.60%
Gy, were (77,740 N/m) for CFRP and (89,253.3 N/m) for steel. It was observed that, as the
reinforcement ratio increases, the fracture energy increases.
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Figure 9. Load-deflection relationship for different reinforcement ratios: (a) 0.15%, (b) 0.27%,
(c) 0.42%, and (d) 0.60%.
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Figure 11. Crack pattern at 0.15% reinforcement ratio: (a) Steel and (b) CFRP beams.
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Figure 12. Fracture energy vs. Type of bars.

4. Conclusions

and

In this paper, FE models were developed to investigate the flexural behavior of steel-
FRP-reinforced concrete beams. Forty simply supported and overhanging beams

were simulated using ABAQUS. CDP was employed to express the inelastic responses
of concrete. The load-deflection curves, crack propagations, and fracture energy were
attained for each beam. The findings showed that:

The FEM results of overhanging beams were validated using four statistical indicators
and they showed good agreement with the experimental results in the literature.
The CFRP bars could withstand higher load than steel bars by 29% and 33% for
simple and overhanging beams, respectively. Furthermore, CFRP could absorb greater
fracture energy than steel by 22% and 40% for simple overhanging beams, respectively.
Hence, CFRP can be an effective alternative to steel.

As the reinforcement ratio increases, CFRP showed greater load carrying capacity
than other FRP types. For simple beams, the load capacity for CFRP bars increased by
80% more than GFRP, 37.5% more than AFRP, and 120% more than BFRP. Similarly,
for overhanging beams, CFRP had a 130% greater load than GFRP, 50% than AFRP,
and 87.5% than BFRP. This enhancement in the load capacity is attributed to higher
stiffness, tensile strength, and their modulus of elasticity compared to other FRP types.
As the reinforcement ratio increases, the increase in the ultimate load capacity for
GFRP and BFRP bars was insignificant due to the low modulus of elasticity compared
to other FRP types.

As the bar diameter increases, the bond strength for FRP bars decreases. Thus, all the
FRP types could be considered alternatives to steel when low bars sizes are utilized.

The results obtained from the current study showed that CFRP is an adequate alter-

native to steel, especially at low reinforcement ratios. Interestingly, the stiffness of beams
with CFRP bars was quite near to the reinforced concrete beams. The deflections of BERP

and

GFRP beams were typically more significant due to the low elastic modulus and
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various bond properties. For future research, examining the bond behavior of FRP bars is
recommended. Moreover, researchers could explore advanced methods to deal with the
brittle behavior of FRP bars and examine the shear behavior of beams using various FRP
types. Finally, we recommend including the cost estimation for concrete beams reinforced
with FRP bars in future comparative studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /buildings13020374/s1. Table S1. Ultimate load, fracture energy
and crack pattern for simple beams with ratio 0.15% reinforcement ratio. Table S2. Ultimate load,
fracture energy and crack pattern for simple beams with 0.27% reinforcement ratio. Table S3. Ultimate
load, fracture energy and crack pattern for simple beams with 0.42% reinforcement ratio. Table
S4. Ultimate load, fracture energy and crack pattern for simple beams with 0.60% reinforcement
ratio. Table S5. Ultimate load, fracture energy and crack pattern for overhanging beam with 0.15%
reinforcement ratio. Table S6. Ultimate load, fracture energy and crack pattern for overhanging
beam with 0.27% reinforcement ratio. Table S7. Ultimate load, fracture energy and crack pattern for
overhanging beam with 0.42% reinforcement ratio. Table S8. Ultimate load, fracture energy and crack
pattern for overhanging beam with 0.60% reinforcement ratio.
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