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INTRODUCTION behavior before the yielding of the beam using glass and
carbon FRP is similar to beams with conventional steel
reinforcement. However, the beam using FRP bars exhibits
higher load-carrying capacity compared to the control
sample which uses conventional steel reinforcement.
Furthermore, the shear behavior of FRP-reinforced
concrete (RC) beams without shear reinforcement [3], [4],
[5] has also been studied. EI-Sayed et al [5] performed four
bending tests for the concrete slender beam with FRP bars
as flexural reinforcement. Those beams were cast without
stirrups and subjected to monotonic loading. Based on the
research result performed by [3], the slender beam with
carbon and glass FRP as flexural reinforcement has a
similar behavior to the beam using conventional steel
reinforcement. However, the shear strength of concrete
beams using FRP bars is not directly proportional to the
axial stiffness of the FRP bars, unlike the concrete with
conventional steel reinforcement. However, the research
results performed by [4] and [5] show that the right amount
of FRP reinforcement ratio can increase the shear strength
of reinforced concrete beams without shear reinforcement.
Other researchers also conducted research related to the
shear behavior of concrete members reinforced with FRP
stirrup reinforcement [1], [6]. The experimental result
performed by [1] shows that GFRP stirrups enhance the
concrete contribution after the formation of the first shear
crack. The need for efficient shear reinforcement in
concrete structures is well-established, as shear failures can

Corrosion in steel reinforcement is still the main problem
in reinforced concrete structures. The influence of extreme
weather and environmental conditions that contain a lot of
salt and sulphate, such as the marine environment, can
accelerate the corrosion process in reinforced steel. This
condition causes the need to improve the reinforced
concrete structure, so reinforcing materials can withstand
corrosion. One of the materials currently being developed
to overcome the problem of corrosion in steel
reinforcement is noncorrosive FRP reinforcement.
According to researchers [1], noncorrosive FRP
reinforcement can eliminate the potential of corrosion and
the associated deterioration. The use of fiber-reinforced
polymer (FRP) composite material in reinforced concrete
structures is increasingly used where this material can
overcome the main problem with conventional steel
reinforcement, especially corrosion. FRP possesses unique
mechanical properties, including high tensile strength and
corrosion resistance, making it an attractive alternative to
traditional steel reinforcement.

Research on FRP reinforcement to replace ordinary
steel reinforcement has been conducted by several
researchers. Several researchers conducted experiments on
the investigation of the behavior of reinforced concrete
beams and slab incorporating FRP reinforcement [1], [2],
[3]. Research performed by [2] shows that the deflection

Journal of Civil Engineering / Vol. 39 No. 2/ October 2024 134


mailto:rahmatdwisutrisno@umg.ac.id

Journal of
Civil Engineering

ISSN 2086-1206 E-ISSN 2579 -9029

lead to catastrophic consequences. Traditional methods
typically involve the use of steel stirrups to enhance shear
resistance. However, the advent of advanced materials,
such as GFRP, has opened new avenues for improving the
shear behavior of concrete elements.

For investigating the response, an experimental test is
the most reliable, which can show the real response under
the loading. However, the experimental test is often very
time-consuming and expensive, so another method is
needed to evaluate and predict the behavior of reinforced
concrete structures under various loading conditions. In
terms of the concrete behavior under loading conditions,
the response of reinforced concrete beams can be admitted
as linear under normal conditions [7]. The result can be
nonlinear when reinforced concrete beams are given a very
extreme load, such as a seismic event [8]. The nonlinear
response can also occur when the applied load is greater
than the capacity of the reinforced concrete beam, such as
poor design or construction [9], [10], [11], [12], which for
concrete beam structures with FRP reinforcement can also
experience the same response. The nonlinear finite element
analysis is a technique that can predict the shear capacity
of reinforced concrete beams with reasonably accurate
results. The nonlinear finite element method and proper
concrete constitutive model are necessary to accurately
predict peak load and crack patterns associated with
concrete shear behavior.

This paper focuses on evaluating the ability of FRP bars

to replace conventional steel reinforcement as shear
reinforcement in reinforced concrete beam elements with
nonlinear finite element analysis. The constitutive beam
model used in this study is based on the multi-surface
plasticity-fracture model developed by Piscesa et al [13],
[14]. The reinforcing bars are modelled as smeared
reinforcement rather than embedded formulation, requiring
additional explanation in order to calculate the ratio of
reinforcement. Precalculating the reinforcement ratio for
the input in the modelling would not be feasible for a
complex reinforcement system. Researchers Ahmed et al
[1] employed the materials for the concrete beam,
longitudinal reinforcement, and stirrup reinforcement that
are used in this paper.
This paper uses the isotropic fracture model to investigate
the shear behavior of reinforced concrete beams. At a
certain position in the shear force-deflection curve, the
shear force and fracture propagation predictions are shown.
The beams with reinforced concrete were modelled as a
whole beam. Although some researchers perform
simulations with half the beam for symmetrical beams, the
cracks that occur can be different between the right and left
sides. For the comparison of crack patterns, half of the
beam length will be displayed to get the same comparison
results as shown by Ahmed et al [1].

RESEARCH SIGNIFICANCE

Several extensive research was performed to study the
performance of concrete elements incorporating FRP as the
primary reinforcement. However, there was still limited
research conducted on the shear behavior of concrete using
FRP stirrups, especially the GFRP bars. As durability is
one of the most important factors in designing reinforced
concrete structures, the study on the use of GFRP bars is

crucial to give a deeper understanding of the use of GRFP
especially as shear reinforcement. Therefore, this research
presents a study on the shear behavior of reinforced
concrete beams, including shear capacity, displacement
curves, and crack patterns that occur in reinforced concrete
beams using an in-house 3D-NLFEA finite element
package. In addition, this research also examined the
accuracy of the simulation and experimental test of
concrete beams incorporating GFRP bars stirrups.

METHODOLOGY
A. CONSTITUTIVE MODEL

The finite element package 3D-NLFEA was
developed by [13], [15]. This package uses SALOME as a
pre-processor and PARAVIEW as a post-processor [16].
The constitutive model for concrete material used the
constitutive model developed by Piscesa et al.[13], [14],
[17], and it has been developed by adopting several
constitutive models from previous researchers such as [18]
and [19]. The constitutive model of Piscesa et al. uses a
plasticity-fracture approach, whereas for the failure
surface, Piscesa et al. plasticity-fracture using a modified
failure surface model from [18] by modifying the
parameter which is often used to adjust the peak and
residual stress for specific concrete strength, which is
known as the frictional driver parameters, based on the
equation from [19], [20].

Fracture energy used for concrete beams is calculated
based on [21], with a maximum aggregate size set to
25mm. The input for the base fracture energy (GFO) is 0.03
N/mm, where the base tensile fracture energy (GFO0) is a
function of the maximum aggregate diameter scaled by
concrete compressive strength. Furthermore, the tension-
stiffening effect is also included in the constitutive model.
According to researchers [22], the tension stiffening effect
is defined as the ability of the intact concrete between the
cracks to withstand part of the tensile forces or the
contribution of the intact concrete between the cracks to the
stiffness of the structural element. The tension stiffening
equation used in the plasticity-fracture model uses an
equation based on[23], the equation shown in Equation 1
below.

fCT

fcl = 1+\/m (1)
where fe is the concrete principal tensile stress, €1 iS a
principal tensile strain in concrete, and fe is the stress in
concrete at cracking. In this model, the tension stiffening is
applied directly to all concrete meshes because it affects the
concrete’s input stress-Strain diagram. In this model,
tension stiffening is applied directly to entire concrete
meshes because it affects the input stress-strain diagram of
concrete. During the pre-processor stages, the maximum
mesh size of the hexahedral element is set to 25 mm
because it adjusts to a predetermined size of maximum
aggregate. Hence, theoretically, the internal length scale
should be set to 25 mm for reinforced concrete beams.

The constitutive model of the steel reinforcing bar is
modelled using an elastic-perfectly plastic model. The
material model with the first line as the initial elastic
section has the value of the modulus of elasticity of steel,
Es. The second line represents the plasticity of the steel by
hardening, and the slope is the hardening modulus, Es. In
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terms of perfect plasticity, where Esn = 0. The limiting
strain L indicates the limited ductility of the steel [24].

modulus of elasticity for the steel stirrup were 576 MPa and
200 GPa, respectively.

Table 1 Concrete properties and reinforcement details of test specimens

Concrete Flexural Reinforcement Shear Reinforcement
Test . .

. ' Es Diameter Spacin fruv Es

Specimen fe Material fy Material pacing
MPa MPa GPa mm mm MPa GPa
S§S-9.5-2 40.8 Nine strand Steel 9.5 300 fy=556 Es=200
of 15.4 mm

SG-9.5-2 39.5 diameter 1860 200 GFRP 9.5 300 664 45
SG-9.5-3 41.0 seven wire GFRP 9.5 200 664 45
SG-9.5-4 335  steelstrand GFRP 9.5 150 664 45

B. MATERIALS AND BEAM SPECIMENS

In this paper, the material and geometry of the
reinforced concrete beam specimens were taken from the
experimental test performed by [1]. Researchers [1] tested
four large-scale RC beams, including three beams
reinforced with GFRP stirrups and one with steel stirrups,
which were constructed and tested. The 7.0 m long beams
had a T-shaped cross-section measuring a total height of
700 mm, a web width of 180 mm, a flange width of 750
mm, and a flange thickness of 85 mm. The cross-section of
the beam can be seen in Figure 1. All four beams using the
same longitudinal reinforcement, namely three layers of
three 15.4 mm diameter seven-wire steel strands with
tensile strength and modulus of elasticity of the seven-wire

According to the test results [1], the GFRP stirrup for
the reinforced beam with GFRP stirrup fails at strains
reaching an average value of 8890 microstrains. Therefore,
in this paper, the simulation of reinforced beams with
GFRP stirrups uses the same strain values as described in
the study [1], which is expected to get results close to the
experimental results carried out by [1]. The concrete
properties for all four beams can be seen in Table 1, which
also displays the reinforcement properties that will be used
for longitudinal reinforcements, GFRP stirrups, and steel
stirrups.

The concrete is assumed to have a compressive strength
of 0.85f’c, where 0.85 is a factor to reduce the actual
concrete strength of the beam to consider the different
strength between the concrete beam and the cylinder,

CcL
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l 2 Noi15M l
OE S S S S
[ ]
500 2000 | 2000 | 2000 | 500
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Figure 1 Dimension, Reinforced Details, and Test Scheme of Beam [1]

strands (15.4 mm diameter), were 1860 MPa and 200 GPa,
respectively. The transverse reinforcement consisted of 9.5
mm diameter GFRP stirrups for three beams SG-9.5-2, SG-
9.5-3, and SG-9.5-4, and 9.5 mm diameter steel stirrups for
the fourth beam, SS-9.5-2. The stirrups spacing for the
three reinforced beams with GFRP stirrups were 300, 200,
and 150 mm. However, stirrup spacing for beams
reinforced with steel stirrup was spaced at 300 mm. The
yield stress and modulus of elasticity for the GFRP stirrup
were 664 MPa and 45 GPa, and the yield stress and

which can be affected by the dimension and curing
condition of the specimens. The ACI 318-19 was used to
calculate the modulus elasticity for the concrete material.
The concrete tensile strength (ft) used as an input takes
about 80% of the estimated concrete tensile strength
without silica fume, as outlined in [19], [20]. The meshing
for beams used an eight-node hexahedral solid element,
and the rebar element was simulated using a wire element.
Bonding for solid element and wire element using tie
constraint type and the boundary condition, which will
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define the bearings and loads in the model, using a four-
point bending scheme and displacement control loading
techniques according to the experimental test conducted by
[1]. Figure 1 shows how the beam model is tested. The
loading is given with a displacement control of -0.1 mm for
every load step.

RESULTS AND DISCUSSIONS

The shear force-deflection output based on the 3D-NLFEA
result of four beams is displayed in this section. Table 2
compares the shear force-deflection result between the
experimental test and numerical simulation with 3D-
NLFEA. According to [1], the test specimens were
designed to fail in shear, and the stirrup’s strength governed
the ultimate shear strength of the test specimens. The

ultimate shear force result from the experimental was taken
when the stirrup reinforcement in the beam reaches the
yield phase for steel stirrups and the rupture phase for
GFRP stirrups so that the results of the 3D-NLFEA
simulation use the same behavior as the experimental
results to get the ultimate shear force.

As shown in Table 2, the ultimate shear force output
from the 3D-NLFEA simulation has a similar output as the
experimental test with the ratio of ultimate shear force
between the experimental test and 3D-NLFEA having
average and coefficient of variation of 1.000 and 0.206%,
respectively. These results indicate that the results of the
3D-NLFEA have an excellent ability to predict the ultimate
shear force, whereas previously explained that the ultimate
shear force from the experimental test results is taken when

Table 2 Evaluation of Experimental Results Compared to 3D-NLFEA

Shear Force (kN)

Deflection (mm)

. Displ.
Vu Displ. Test D,\Ilst,I:SAD Test/Displ. 3D-
Test Vu Vu3D-  Test/Vu NLFEA
Specimen  Test NLFEA 3D- - - -
Mid- . Mid- . Mid- .
NLFEA Shear SM;:] Shear SM;?] Shear SM ;?]
Span P Span P Span P
S55-9.5-2 272.28 272.91 0.998 25.0 49.8 22.4 49.2 1.115 1.013
SG-9.5-2 258.55 258.00 1.002 26.7 46.7 26.8 47.2 0.995 0.989
SG-9.5-3 336.96 336.94 1.000 29.1 55.6 33.8 61.8 0.862 0.900
SG-9.5-4 415.91 415.11 1.002 36.8 68.4 41.3 79.4 0.892 0.861
Average 1.000 Average 0.976 0.941
300 - SS-9.5-2 SG-9.5-2
300 T
250 - - 50 4
g 200 = 200 +
E 150 + gl 150 +
LE — — —Exp Mid Shear Span "E 100 4+ = — —Exp Mid Shear Span
§ 10T Exp Mid Span E Exp Mid Span
7] . n 50 + ——— 3D-NLFEA Mid Shear Span
50 4 3D-NLFEA Mid Shear Span 3D-NLFEA Mid Span
3D-NLFEA Mid Span 0 ; ; ; ! .
0 , , , , , . 0 10 20 30 40 50
0 10 20 30 40 50 60 Displ (mm)
Displ (mm)
SG-9.5-3 5G-9.514
400 T 450
350 + 400
~ 300 + —~ 350
| < 30
8 3 250
g7 S 200
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Figure 2 Shear Force and Displacement Comparison Curve [1], Beams with 3D-NLFEA
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the reinforcement reaches the yield phase on the steel
stirrup and the rupture phase on the GFRP stirrup.

Figure 2 shows the comparison of the shear force-
deflection curve for four beams. The deflection from 3D-
NLFEA results is slightly different from the experimental
results. For beam SS-9.5-2, the displacement ratio between
the experimental and the 3D-NLFEA results has values for
the displacement ratio at mid-shear and mid-span of 1.115
and 1.013, respectively. These results indicate that the
displacement from 3D-NLFEA has a slightly
underestimated result compared to the experimental test.
For beam SG-9.5-2, the displacement ratio between the
experimental results and the 3D-NLFEA results has values
for the mid-shear and mid-span of 0.995 and 0.998,
respectively. These results indicate that the displacement
results from 3D-NLFEA have the same results as the
displacement results of the experimental test. For beam
SG-9.5-3, the displacement ratio between the experimental
and 3D-NLFEA results has values for the mid-shear and
mid-span of 0.862 and 0.900, respectively. These results
indicate that the displacement results from 3D-NLFEA are
slightly overestimated compared to the displacement
results of the experimental test. For beam SG-9.5-4, the

Failure plane
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@
©
@
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L 2000 . 500
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$G-9.5-2
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-
.500mm 2000 mm -
SG-9.5-2 Experimental
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\ Y )
=]
$G-9.5-3 e
..500 mm >4 2000 mm - o
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Failure plgne P
1 ;
=]
SG-9.5-4 g
— v

|.500mm |

2000 mm

SG-9.5-4 Experimental

overestimated compared to the displacement results of the
experimental test.

On the other hand, for the combination of the four
beams, the displacement comparison between the
experimental results and the 3D-NLFEA results has an
average ratio for the mid-shear span and mid-span of 0.976
and 0.941, respectively, with the coefficient of variation for
the mid shear span and mid-span of 11.849% and 7.627%.
These results show that overall, the 3D-NLFEA results
have slightly overestimated results from the mid-shear and
mid-span displacements for four beams. This could be
caused by the addition of a tension-stiffening effect, which,
according to [22] the tension stiffening effect is expressed
as the contribution of the intact concrete between the cracks
to the stiffness of the structural elements or the ability of
the intact concrete between the cracks to withstand some of
the resulting tensile forces. In this model, the tension
stiffening effect was considered, resulting in increased
shear and flexural strength of the reinforced concrete beam.
The cracked concrete’s contribution also increases the
beam’s nonlinear stiffness under stress. All those effects
were combined and finally caused an increase in the
displacement of the beam [22].
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00e+00 001 0.02 0.06 7.56e-02

I 1 |

SG-9.5-2 3DNLFEA

)

Strain Magnitude
0.0e+00 001 002 003 0.04 005 006 7.50-02

) ' ; O —

SG-9.5-3 3DNLFEA

ot d

Strain Magnitude
0.0e+00 001 0.02 0.03 0.04 0.05 0.06
| | |

7.56-02

SG.9.5-4 3DNLFEA

Figure 3 Crack Pattern Comparison for Ahmed et al. [1] beams with 3SDNLFEA

displacement ratio between the experimental and 3D-
NLFEA results has values for the mid-shear and mid-span
of 0.892 and 0.861, respectively. These results indicate that
the displacement results from 3D-NLFEA are slightly

A comparison of the crack patterns between the 3D-
NLFEA numerical simulation analysis and the
experimental results can be seen in Figure 3, where the
comparison of the crack patterns that occur in the beam’s
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