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1. Introduction
Corrosion is a phenomenon that considerably de-

creases the service life of concrete structures. To 
remedy this issue, new materials have been produced 
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to survive in harsh environmental conditions. Glass 
fibre-reinforced polymer (GFRP) bars have been used 
as a substitute for conventional steel rebar in concrete 
structures due to its advantages, such as corrosion 
resistance and high strength-to-weight ratio com-
pared to steel rebar. For high importance concrete 
structures such as dams, bridges, and power plants, 
GFRP is an ideal reinforcing material alternative [1].  
The bond of GFRP bars to concrete was experi-
mentally tested using pull-out tests, which included 
90-degree hooked-end bars. Design guidelines were 
derived from the results of these tests for bonding 
between GFRP bars and concrete [2]. In another study 
conducted by Morphy, 113 concrete panel specimens 
were tested to determine the losses of FRP stirrup 
capacity, and recommendations were made for uti-
lizing FRP stirrups [3]. The long-term behaviour of 
GFRP bars was reported by Trejo et al., where the 
residual strength and modulus of elasticity of GFRP 
bars embedded in concrete were evaluated over a du-
ration of seven years. In addition, a computer model 
was developed as part of that study, and it showed 
that the decrease of bar strength was faster over the 
first few years of the study time span [1]. Another 
study conducted by Yang et al. involved steel, CFRP 
and GFRP bars that were used in small-size concrete 
beams to investigate the influence of adding fibres to 
concrete on the load-carrying capacity of the beams 
made of high-strength concrete. It was noticed that 
adding fibres increased the ultimate flexural strength 
and ductility of the specimens [4]. The near-surface 
mounted (NSM) method is a technique that has 
emerged to enhance the capability of using FRP. In 
the NSM technique, FRP bars or laminates are em-
bedded into pre-cut grooves on the concrete cover of 
reinforced concrete beams. In 1999, a few research-
ers proposed using NSM FRP rods to rehabilitate 
RC beams [5,6]. An epoxy paste adhesive significantly 
increases the bond strength between the FRP rein-
forcement and concrete because the FRP materials 
are surrounded on three sides [7,8]. In addition, several 
studies have been conducted to develop numerical 
and analytical bond-slip models for NSM FRP-con-
crete joints, such as those conducted by De Lorenzis 

and La Tegola [9] and Yuan et al. [10]. In a study by 
Sharaky et al. [11], concrete beams strengthened with 
NSM FRP bars were experimentally examined. In 
their study, the concrete beams were subjected to 
four-point flexural bending. The outcomes of that 
experimental study showed that the beams strength-
ened with CFRP bars had greater stiffness than those 
strengthened with GFRP bars [11]. A study on the 
compressive behaviour of GFRP bars in concrete 
cylinders proved that GFRP bars had the capability 
of withstanding high levels of compressive strains 
long after reaching the peak load of the specimens 
without any premature crushing [12].

Various researchers did numerical modelling of 
reinforced concrete structures because of its power  
in studying various types of structures [13,14]. Howev-
er, it is strongly suggested that experimental results 
be used to validate computer models and then the 
validated models be used to simulate the behaviour 
of structures. Following such a strategy enables the 
investigation of specific factors that are often diffi-
cult to investigate through experiments more effi-
ciently and cost-effectively. Besides experimental 
investigations, a few researchers conducted numer-
ical studies of concrete structures reinforced with 
FRP bars. For instance, Yang studied the behaviour 
of concrete beams reinforced with continuous FRP 
bars through experimental and numerical investi-
gations. That study aimed to better understand the 
deformation behaviour of the tested beams. Also, the 
numerical study revealed a new approach to model 
the development of shear resisting truss mechanism 
and to estimate the inclination of the developed com-
pressive forces within the concrete beams [15]. Stoner 
modelled twelve concrete beams with and without 
GFRP stirrups using ABAQUS/Standard software, 
and the outcomes of the developed model agreed 
with those of the models developed in similar stud-
ies. In Stoner’s model, truss and membrane elements 
were used to model the reinforcing bars [16]. 

In another numerical study on the behaviour of 
reinforced concrete beams conducted by Roudsari 
et al., steel, CFRP, and GFRP bars were used in the 
modelled specimens. It was concluded that the beams 
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with GFRP bars had greater mid-span deflections 
than those of other beams [17]. Prediction of the re-
sponse of GFRP-reinforced concrete columns under 
concentric and eccentric axial loads was modelled 
using ABAQUS/Standard software by Elchalakani. 
The model’s outcomes were verified against experi-
mental test results, where the predicted N-M strength 
interaction diagrams had good agreement with the 
experimental results [18]. In another numerical study, 
GFRP-reinforced concrete columns were modelled 
to investigate parameters such as the load-carrying 
capacity of the columns, longitudinal reinforcement 
ratio and compressive strength of concrete. Good 
agreement was seen between the numerical predic-
tions and experimental results [19]. 

Research on the bond of spliced FRP bars as rein-
forcement of flexure concrete members is limited. A 
study by Aly et al. [20] tested twelve concrete beams 
reinforced with spliced CFRP bars. The effects of bar 
diameter and splice length on bond strength were in-
vestigated. Results show that the FRP stress limit was 
directly proportional to the splice length [20]. In anoth-
er experimental study, thirteen beam specimens were 
tested to investigate the bond strength of lap spliced 
GFRP bars [21]. It was seen that the effect of trans-
verse reinforcement on the bond strength between 
GFRP bars and concrete depends on the surface 
properties of reinforcing bars. In a more recent study, 
twenty-two beams with FRP bars were experimental-
ly tested to investigate the effects of parameters such 
as the spacing of stirrups along the bar splice length, 
bar diameter, loading type, and type of spliced bar [22]. 
It was concluded that stirrups along the splice length 
increased the bond strength of GFRP bars. Most 
recently, eight full-scale GFRP-reinforced concrete 
beams with reduced spacing of shear stirrups were 
tested [23]. Results show that the bond performance of 
GFRP bars was enhanced with the reduction in shear 
stirrups’ spacing in the lap zone. 

Nevertheless, no sufficient data exists on the bond 
strength of 180-degree hooked-end GFRP bars with 
concrete in a full beam test setup. One of the very 
few studies conducted in this regard is an experimen-
tal study by Nour et al. [24] on four full-size concrete 

beams with mid-span bar lap splices. Two configura-
tions were used for reinforcing lap splices; two beam 
specimens had straight-end bar lap splices, while the 
other two had 180-degree hooked-end bar lap splic-
es. All beam specimens were subjected to four-point 
flexural bending until failure. Experimental results 
show that the 180-degree hooked-end GFRP bars had 
considerably stronger anchorage with concrete than 
straight-end bars, ultimately increasing the flexural 
strength and stiffness of the tested concrete beams [24]. 

Due to the lack of experimental data on the be-
haviour of full-size concrete beams reinforced with 
FRP bars, numerical studies can be highly benefi-
cial in investigating various aspects of beam rein-
forcement, including bar end configurations (e.g., 
straight, hooked, etc.) and bar diameter and number. 
Accordingly, for the study presented in this paper, 
ABAQUS/Standard was utilized to simulate the be-
haviour of full-size concrete beams reinforced with 
GFRP bars with mid-span lab splices. Three-dimen-
sional eight-node solid elements (C3D8R) were used 
for all reinforcing bars and concrete to achieve the 
best results. Sensitivity analyses were performed to 
determine the most efficient model regarding mesh 
density, dilation angle, and viscosity parameters. Af-
ter successful validation of the developed FE model 
against the experimental results obtained from the 
study conducted by Nour et al. [24], a parametric study 
was completed to investigate the effect of the num-
ber and diameter of GFRP bars, as well as the effect 
of the splice length on the overall behaviour of the 
reinforced concrete beams. In addition, the material 
of the reinforcing bars was changed to compare the 
behaviour of the beam with the same reinforcement 
configurations, e.g., bar diameter and number, but 
with a different material such as conventional steel.

2. Finite element models description 
and details

In this section, the methods used to obtain the re-
sults in the paper are elucidated. This allows readers 
to replicate the study in the future.
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2.1 Solution strategy

ABAQUS software is a powerful tool for the 
numerical modelling of various structures. This 
software has an implicit/standard solver for linear/
nonlinear static problems and an explicit solver for 
dynamic/large deformation problems. Implicit FEA 
can be used for most common engineering problems 
but requires considerable computation and accurate 
calculations to devise a solution. In nonlinear implic-
it analysis, the solution of each step requires a series 
of trial solutions (iterations) to establish equilibrium 
within a certain tolerance. No iteration is required in 
explicit analysis as the nodal accelerations are solved 
directly. Explicit FEA can generate faster solutions 
to most complex problems but typically requires ex-
pert software and skills to implement successfully. 
The explicit solution is more useful for reinforced 
concrete structures because of its merits in analyzing 
brittle materials and ease of convergence. Unlike 
the implicit solution, the explicit solution does not 
involve a global stiffness matrix for the modelled 
structure or assembly. Accordingly, the explicit dy-
namic solver of ABAQUS was used in this study. 

2.2 Material properties

Three constitutive models are included in AB-
AQUS software, i.e., the Smeared Crack Model 
(SCM), Brittle Cracking Model (BCM) and Concrete 
Damaged Plasticity Model (CDPM). In CDPM, both 
tensile cracking and compressive crushing are con-
sidered. Isotropic tensile and compressive plasticity 
and scalar isotropic damaged elasticity are used in 
this model. So, irreversible damage that occurs dur-
ing the fracture process is considered by implement-
ing the Concrete Damaged Plasticity Model in this 
study. To improve the convergence rate, the viscosity 
parameter was implemented in the FE models of this 
study.

In the plastic-damage concrete model, two equa-
tions, yield function and flow potential, are solved. 
Equations (1) and (2) show the yield function and 
flow potential, respectively.
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Default values of 0.1, 1.16 and 0.667 are used 
for ∈, σb0 /σc0 , and Kc, respectively, as per the 
ABAQUS Theory Manual [25]. Proper values of the 
dilation angle and viscosity parameter were obtained 
through sensitivity analyses.

To model concrete’s uniaxial stress-strain tension 
behaviour, a tension stiffening model was used to 
have the effect of dowel action and bond between 
bars and concrete. Accordingly, the Maekawa tension 
stiffening model [26] was utilized, and Equation (9) 
was used to determine the tensile stiffening stress.

( )ctu
t t tuf forε

σ = ε > ε
ε

(9)

0 0/b cσ σ
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where, ft, εtu, ε, and c are uniaxial tensile strength, 
cracking strain, average tensile strain, and stiffening 
parameter, respectively. In Equation (9), c equals 
0.4 for deformed bars, and 0.2 for welded wire mesh 
reinforcement. Figure 1 shows the tension stiffening 
model of Maekawa et al. [26].

Figure 1. Tension stiffening model.

Source: Maekawa et al. [26].

For the uniaxial compression behaviour of con-
crete, the model proposed by Eurocode 2 [27] was 
utilized in this study. Accordingly, Equation 10 was 
used to determine the uniaxial compressive stress of 
concrete in the model (Figure 2).
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(10)

For the values of strain over εc1θ, linear or nonlin-
ear model is permitted in Eurocode 2 [28].
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Figure 2. Uniaxial compression model.

In order to use metal plasticity model for steel 
bars, the simplified trilinear model was utilized as 
illustrated in Figure 3. Steel with 420 MPa strength 

and modulus of elasticity of 200,000 MPa was used.
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Figure 3. Simplified trilinear model for bars. 

Source: Raza et al. [19].

Since GFRP has a brittle rupture mode of failure, 
both linear and elastic behaviour of this material 
was modeled until failure [16]. Moreover, the tensile 
strength of GFRP bars was set to 1250 MPa, based 
on the material data sheet provided by the manufac-
turer.

2.3 Element type

The ABAQUS element collection has a wide 
variety of elements, including shell, contact, beam, 
and hexahedral elements. The right element to use in 
a finite element model significantly depends on the 
application. Since precise finite element modelling 
of the experimentally tested concrete beams and de-
tailed behaviour of GFRP bars were intended in this 
study, all parts were modelled with solid elements. 
Three-dimensional eight-node solid elements with 
reduced integration (C3D8R) were used for all the 
parts of the FE models developed in this study (i.e., 
concrete, steel stirrups, and GFRP bars). The C3D8R 
elements were chosen specifically for their capacity 
to express significant deformations and geometrical 
and material non-linearity. Compared to the stand-
ard eight-node solid elements with full integration 
(C3D8), C3D8R elements can produce more reliable 
results with no numerical difficulties, such as hour-
glassing or shear locking. For the beam modelled 
with straight-end bar lap splices, 3296 elements and 
6231 nodes were used, while for those with hooked-
end bar lap splices, 3488 elements and 6663 nodes 
were used.
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2.4 Tested beams

Four full-size concrete beams, each reinforced 
with three GFRP bars with lap splices at the beam 
midspan, were experimentally tested in a prior study 
by Nour et al. [24]. Two of the beam specimens had 
straight-end bars, as shown in Figure 4(a), while the 
other two specimens had hooked-end bars, as shown 
in Figure 4(b), to investigate the bond strength be-
tween the GFRP bars and concrete at the beam mid-
span bar lap splice’s location [24]. 

The average 28-day compressive strength of con-
crete was 36.4 MPa, and the elasticity modulus of 
GFRP bars provided by the supplier was 64.0 GPa. 
The two steel bars utilized at the top of the beam 
as stirrup hangers had a 10 mm diameter, while the 
three GFRP bars that formed the main reinforce-
ment of the beam had a 20 mm diameter each. The 
overall length of the bar lap splices was 550 mm in 
both beam configurations. Each beam specimen was 
simply supported over two supports, one pinned and 
the other roller support, to avoid any axial thrust 
force that might develop in the beam at high loading 

levels. To maintain maximum moment values at the 
beam midspan where the bar lap splices existed and 
to avoid any shear force interference, a four-point 
flexural bending test was performed by applying 
load over two points on top of the beam at a loading 
rate of 2 kN/min as shown in Figure 5. This relative-
ly low loading rate was deliberately applied to avoid 
premature cracks in the concrete beams. Experimen-
tal results show that all four specimens reached their 
respective theoretical design moment. However, the 
concrete beam specimens with hooked-end bar lap 
splices had stronger bar anchorage than the straight-
end bar specimens. More details of the experimental 
results can be found in the study by Nour et al. [24].

2.5 FE models validation

Beam geometry was modelled in three dimen-
sions using the ABAQUS/CAE interface. As pre-
viously mentioned, all parts of the beams were 
modelled using solid elements. Figure 6 shows the 
reinforcement details as they were tested and mod-
elled for beam specimens with straight and hooked-

(a) Beam specimen with straight-end bar lap splices.

(b) Beam specimen with hooked-end bar lap splices.
Figure 4. Reinforcement details of the tested beams. 

Source: Nour et al. [24].
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end bar lap splices.
All material properties, details of reinforcement, 

and support conditions were modelled according to 
the details provided in the cited experimental study [24].  
Monotonic loads were applied over two lines of 
nodes on top of the modelled beam, where the loca-
tions of applying load in experiments were rigid to 
those two reference lines. The locations of applied 
loads were the same in experiments and models. To 
achieve reliable outcomes, a series of sensitivity anal-
yses were performed. Different mesh sizes, dilation 
angles, and viscosity parameters were studied, and 
their effects on the FE model results were analyzed.

The non-zero viscosity parameter can be used to 
improve the convergence of the model, but for larger 
values of this parameter, FE model results may be 
falsified. Sensitivity analysis of the viscosity param-
eter with the values of 0, 0.0001, and 0.01 showed 
no sensitivity of the FE model toward this parameter. 

Dilatancy is a phenomenon caused by shear in the 
microstructure of a material that induces an increase 
in its volume. Various dilatancy values were used for 
this parameter based on the coincidence of the results 
between numerical and experimental studies [28,29].  
In the study presented in this paper, the dilation an-
gle varied between 20 and 40 degrees (in 5-degree 
increments) to achieve the best results regarding the 
beam midspan deflections. As shown in Figure 7 for 
beam specimens with straight and hooked-end bar 
lap splices, respectively, a dilation angle that equals 
25 degrees led to the best results.

It is worth noting that for the GFRP bars, the 
mesh size was 40 mm, while for the steel stirrups 
and stirrup hanger bars, the mesh size was 100 mm. 
Also, the cross section of each of the GFRP bars, 
stirrups and stirrup hangers was partitioned into four 
equal quarters. To investigate the effect of concrete 
mesh size on the model results, mesh sizes that var-

     

Figure 5. Test setup. 

Source: Nour et al. [24].

(a) Experimental bar cage [24].

(b) Beam with straight-end bar lap splices. (c) Beam with hooked-end bar lap splices.

Figure 6. FE model reinforcement details.
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ied between 40 and 80 mm (in 20-mm increments) 
were investigated. Figure 8 illustrates the effect 
of concrete mesh size on the FE model outcomes 
regarding beam midspan deflections for beam spec-
imens with straight and hooked-end bar lap splices, 
respectively.

As seen in Figure 8, three mesh sizes of 40, 60 
and 80 mm were used in the modelling, and results 
were compared with the experiments. Stiffness, the 
slope of the diagram, was the same for the models 
with 60 mm mesh size and experiments. Strength, 
which is the ability to tolerate the applied loads, was 
also the same. So, concrete with a mesh size of 60 
mm had the best agreement with the experimental 
results regarding strength, stiffness, and ductility. 

Tensile stresses damages of straight and hooked-
end bar beam models are presented in Figure 9, re-
spectively. As shown in the figures, the cracking pat-

tern of the beams was mainly vertical flexural cracks 
between the two loading points, followed by cracks 
between the support and the nearest loading point 
from either end of the beam. It is worth mentioning 
that Figure 9 shows the tensile stresses damage con-
tour at the last stage of applying the load, which con-
curred with the maximum beam midspan deflections 
that were greater in the beam model with hooked-
end bar lap splices.

3. Parametric study
A parametric study using validated FE models has 

investigated the effect of the GFRP bar end config-
uration within the beam bar lap splices zone on the 
bar-concrete bond strength. Study parameters includ-
ed the number and diameter of the reinforcing bars 
and the overall length of the beam bar lap splices.
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3.1 Spliced versus continuous GFRP bars

Most of the experimental studies on the behav-
iour of GFRP-reinforced concrete beams in the lit-
erature utilized continuous bars [16,17]. So, GFRP bars 
were modelled continuously to compare the differ-
ence between the two reinforcement configurations 
in this study. In Figure 10, it is shown that although 
the initial stiffness of the beam with continuous bars 
was higher than that of the beams with either straight 
or hooked-end bar lap splices, the latter had 8% and 
9% greater strength after cracking, respectively, 
compared to that with continuous bars. This can be 
attributed to the higher reinforcement ratio at the 
midspan of the beams with bar lap splices, particu-
larly that with hooked-end bars.

Benmokrane et al. tested FRP bars in concrete 
beams to study the effect of reinforcement ratio on 
a few parameters, such as ultimate capacities and 
failure modes [30]. In that study, it was concluded that 
the ultimate moment capacity increased by increas-
ing the beam reinforcement ratio. However, there 
was a limitation to the maximum increased strength 
due to the concrete compressive failure strain. More-
over, the effect of reinforcement ratio on concrete 
beam damage was studied by Kattan and Voyiadjis, 
as their study showed that increasing reinforcement 
ratio decreased the damage in the experimentally 
tested beams [31]. Although the reinforcement ratio 
at the middle of the beams with lap splices was dou-
ble the one with continuous bars, its influence was 

small, as can be seen in Figure 10. For example, at a 
deflection of 13 mm, the strengths of both the speci-
mens with lap splices were about 280 kN while this 
parameter was 257 kN for the beam with continuous 
bars. The difference is 8%, which is small because 
in the beams with bar lap splices, GFRP bars were 
not continuous, and the reinforcement ratio was not 
twice in all parts of the beam.
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with continuous vs. spliced bars.

3.2 Effect of bar diameter

As a second parameter investigated in this study, 
three different bar diameters (i.e., 20, 15, and 10 
mm) were modeled in both beam reinforcement 
configurations, with straight and hooked-end bar 
lap splices. As shown in Figure 11, decreasing the 
bar diameter has an almost negligible effect on the 
beam’s initial stiffness. However, considerable dif-

         

(a) Beam modelled with straight-end bar lap splices. (b) Beam modelled with hooked-end bar lap splices.
Figure 9. Tensile stresses damage contour.
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ferences in the flexural behaviour of the modelled 
beam with different bar diameters were observed 
after cracking. The magnitude of the applied load 
at the maximum attained midspan deflection of 14 
and 22 mm for the beam modelled with a 10-mm bar 
diameter was smaller than half of that of the beam 
modelled with 20-mm diameter bars in both beam 
configurations, with straight and hooked-end bar lap 
splices, Figure 11, respectively.

A comparison between the results of section 3.1 
and this section shows that the parameter that had 
an enormous effect on the strength of the specimens 
was the reinforcement ratio. For example, when the 
diameter of the GFRP bars was 15 mm, the rein-
forcement ratio was 2.25 times that of the beam with 
10 mm bars. The former strength was 200 kN, while 
the latter was about 128 kN at a deflection of 12 mm 
in the beams with straight-end lap splices. The dif-
ference was 36%. 

3.3 Effect of the number of bars

To study the effect of the number of GFRP bars 
on the behaviour of the modelled beams, the number 
of bars with 10 mm diameter was increased from 3 
to 4 and 5 bars. Because of the relatively large width 
of the modelled beams, i.e., 300 mm, there was 
enough space to accommodate more than three bars. 
As can be seen in Figure 12, increasing the number 
of bars had almost no effect on the initial stiffness 

of the concrete beams. However, at the maximum 
attained midspan deflection of 14 mm, the beam 
modelled with five bars sustained an applied load 
that was about 13% and 33% more than the loads 
sustained by those modelled with four and three 
bars, respectively, all with straight-end bar lap splic-
es. For the beams with hooked-end bar lap splices, at 
the maximum attained midspan deflection of 22 mm, 
the beam with five bars sustained applied load that 
also was about 13% and 33% more than the loads 
sustained by those modelled with four and three 
bars, respectively. The maximum attained beam mid-
span deflection values (i.e., 14 and 22 mm) of the 
beams modelled with straight and hooked-end bar 
lap splices, respectively, were determined from the 
referenced experimental study conducted by Nour et 
al. [24]. Similar results to section 3.2 were obtained in 
this section, which confirms the effect of increasing 
the reinforcement ratio along the entire length of the 
beam.

3.4 Effect of the length of lap splices

The length of the bar lap splices is one of the very 
important parameters that has been studied by a few 
numbers of researchers [32]. In addition, many design 
standards specify a minimum splice length that is 
mainly based on the bar diameter and other factors, 
e.g., bar end anchorage, bar surface configuration, 
etc. This study modelled 15 to 40 times the bar di-
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Figure 11. Load-deflection relationships of beams modelled with different bar diameters.
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ameter lap splice lengths, i.e., 300, 550, and 800 
mm. These splice lengths were calculated according 
to the CSA-S806-12 design standard [33] for straight 
and hooked-end bar lap splices, as per Nour et al. [24].  
Figure 13 illustrates the effect of increasing the 
splice length on the flexural behaviour of the beam in 
terms of its midspan deflections for beams modelled 
with straight and hooked-end bar lap splices, respec-
tively. As shown in the figures, there was almost no 
measurable difference between the initial stiffnesses 
of the beams modelled with the three different splice 
lengths. However, at the maximum attained midspan 
deflection of 14 mm, the beam modelled with 800 
mm splice length sustained applied load that was 
about 7% and 11% more than the loads sustained 
by those modelled with 550- and 300-mm splice 
lengths, respectively, all with straight-end bar lap 
splices. While for the beams with hooked-end bar 
lap splices, at the maximum attained midspan de-

flection of 22 mm, the beam modelled with 800 mm 
splice length sustained applied load that was about 
5% and 10% more than the loads sustained by those 
modelled with 550- and 300-mm splice lengths, re-
spectively. It became clear that various lengths of 
lap splices did not have a great effect on the strength 
of the beam. It proved that the minimum amount 
of reinforcement ratio along the beam defined the 
strength of the beam, whether the splices were 
straight or hooked.

3.5 Effect of bar material

To compare the behaviour of the concrete beams 
reinforced with bars made of different materials, 
beams were also modelled using conventional steel 
bars of the same diameter as the GFRP bars for both 
straight and hooked-end bar lap spliced beam con-
figurations. As shown in Figure 14, the beams mod-
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elled with steel bars have higher stiffness, strength, 
and ductility than those modelled with GFRP bars. 
At the maximum attained midspan deflection of 14 
mm, the beam modelled with steel bars sustained an 
applied load about 26% more than the beam mod-
elled with GFRP bars, both with straight-end bar lap 
splices. While for the beam with hooked-end bar lap 
splices, at the maximum attained midspan deflec-
tion of 22 mm, the beam modelled with steel bars 

sustained an applied load that was about 14% more 
than that sustained by the beam modelled with GFRP 
bars. This also concurs with the results of an exper-
imental study conducted by Szczech and Kotynia in 
which they investigated the bond strength of GFRP 
and steel reinforcement in concrete beams through 
pull-out tests, as they concluded that steel bars have 
stronger bond strength compared to GFRP bars hav-
ing the same diameter and anchorage length [34].

4. Conclusions
Due to the lack of research data on the perfor-

mance of concrete beams reinforced with 180-degree 
hooked-end GFRP bars and having midspan bar lap 
splices, a numerical study involving three-dimen-
sional FE modelling that is based on the experimen-
tal study carried out by Nour et al. [24] on four full-
size beams that had straight, and hooked-end bar lap 
splices have been conducted. An extensive paramet-
ric study to investigate the effects of parameters such 
as bar continuity, bar diameter, number of bars, bar 
material and splice length is presented in this paper. 
The following conclusions have been drawn from 
the numerical analysis outcomes.

•	 Numerical simulation could accurately 
model concrete beams with straight or hooked-end 
bar lap splices. In terms of beam stiffness, flexural 
strength, and ductility, good agreement was achieved 
between the FE model predictions and the experi-
mental results used to validate the models. 

•	 By comparing load-deflection relationships 

of the beams modelled with spliced bars with those 
modelled with continuous bars, it is noticed that 
the initial stiffness of the continuous bar beam was 
greater than that of the beams modelled with spliced 
bars, either with straight or hooked-end bar lap 
splices. However, after cracking, beams with bar lap 
splices had greater ultimate flexural strength than 
those with continuous reinforcing bars.

•	 By changing the diameter of the GFRP bars 
(i.e., 20, 15, and 10 mm), it was seen that before 
cracking, the beams with different bar diameters 
behaved very similarly. However, after cracking, the 
magnitude of the applied load at the maximum at-
tained midspan deflections of 14 and 22 mm for the 
beam modelled with a 10-mm bar diameter was less 
than half of that of the beam modelled with a 20-
mm bar diameter in both beam configurations, with 
straight and hooked-end bar lap splices, respectively.

•	 Increasing the number of bars had almost 
no effect on the concrete beam’s initial stiffness. 
However, at the maximum attained midspan deflec-
tion, the beam modelled with five bars sustained an 
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applied load that was about 13% and 33% more than 
that sustained by the beams modelled with four and 
three bars, respectively, for both straight and hooked-
end bar lap splices beam configurations.

•	 Increasing the splice length from 300 to 550 
and 800 mm had almost no measurable effect on 
the initial stiffness of the modelled concrete beams. 
However, at the maximum attained midspan deflec-
tion of 14 mm, the beam modelled with 800 mm 
splice length sustained applied load that was about 
7% and 11% more than that sustained by the beams 
modelled with 550- and 300-mm splice lengths, 
respectively, all with straight-end bar lap splices. 
While for the beams with hooked-end bar lap splices, 
at the maximum attained midspan deflection of 22 
mm, the beam modelled with 800 mm splice length 

sustained applied load that was about 5% and 10% 
more than that sustained by the beams modelled with 
550- and 300-mm splice lengths, respectively.

•	 By substituting GFRP bars with steel bars, 
the beam flexural strength increased enormously, 
which is attributed to the reinforcing steel material’s 
greater strength and elastic modulus than GFRP.
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Notations

c = Stiffening parameter (0.4 for deformed bar, 0.2 for welded wire mesh)

F = Yield function

fc = Compressive strength of concrete

ft = Tensile strength of concrete

G = Flow potential

Kc = Ratio of second irreversible stress in the tensile meridian to this value in the compressive meridian

p = Effective hydrostatic pressure

q = Mises equivalent effective stress

S = Deviatoric part of effective stress tensor 

β = Strain rate factor

ψ = Dilation angle measured in the p-q plane

∈ = Eccentricity

ε = Strain

εc = Strain of concrete corresponding to 

εtu = Cracking strain

σb0 = Initial biaxial compressive yield stress

σc = Compressive stress

σc0 = Initial uniaxial compressive yield stress

( )pl
c cσ ε = Effective uniaxial cohesion compressive stress

maxσ̂ = Algebraically maximum effective stress

σt = Tensile stress

σt0 = Uniaxial tensile stress at failure
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