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The purpose of this paper is to numerically trace the behavior of
concrete deep beams reinforced with internal Glass Fiber-
Reinforced Polymer (GFRP) bars and containing no web
reinforcement by using ANSYS program. For this purpose, a
finite element model is used for concrete deep beams that
previously examined in an experimental study and its predicted
failure loads were compared with the actual failure loads. The
results of the finite element model were in a good agreement with
observations from the experimental study. The comparisons
showed that the used model has the ability to capture the shear
behavior, as well as load-deflection response and crack patterns
of deep beams reinforced with internal GFRP bars in the entire
range of loading. The paper is also covered a parametric study on
shear span-to-depth (a/d) ratio, GFRP reinforcement ratio and
concrete compressive strength which they usually have high
impacts on the behavior of fiber-reinforced concrete beams. The
results of the parametric study showed that the ultimate failure
load of beams reinforced with GFRP bars was higher than that of
steel-reinforced concrete beams. The maximum failure load was
observed to decrease by decreasing the a/d ratio. The stiffness
and ductility of the beams were increasing by increasing the
reinforcement ratio.

1. Introduction

Concrete reinforced with steel bars is a common
material used in structures for many decades and
many researches have been carried out to study the
structural behavior of such structures. However, the
steel reinforcement corrosion has been identified as a
cause of additional costs due to the maintenance of
such structures exposed to aggressive environments.
Besides the costly solutions such as epoxy coating of
reinforcing bars or using concrete admixtures, as a
cost effective technique to fight against corrosion,
FRP bars are being increasingly used currently to
replace the old-type steel reinforcement in such
structures due to their non-corrodible characteristics
[1]. Some other advantages of FRPs are easy to install
and generally improve the ductility of concrete beams
[2]. They are also useful in structures need magnetic
transparency and in members which might be
subjected to chemical attacks [3]. There are many

developed design procedures to document the shear
response of steel-reinforced concrete members [4, 5].
The shear behavior of slender fiber-reinforced
concrete beams has been also investigated by many
researches [6-8]. However, little attention has been
given to deep beams with shear span-to-depth ratio of
less than 2.0 reinforced with longitudinal FRP bars
and without web reinforcements [9]. Deep Beams are
mainly used as girders in multi-story buildings,
highway bridges, coupling beams of shear walls and
as pile caps due to their high shear capacity. The
results of many studies show that the shear behavior
such as shear strength, deformation, and cracks width
of FRP-deep beams is different from that of deep
beams reinforced with conventional steel [10-12].
Usually, strut-and-tie method is recommended by
many codes of practice to be used for the analysis and
design of reinforced concrete beams, while using
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strut-and-tie modeling is not permitted by FRP design
codes [13]. Therefore, several design codes for
reinforced concrete construction recommends
different numerical models to evaluate the shear
strength of deep beams. [14, 15]. In this paper, a
numerical program has been undertaken to predict the
shear behavior of concrete deep beams internally
reinforced with GFRP bars. The modeling technique
also has been validated by comparing the obtained
results of this work to the results from the selected
experimental study [16]. In order to enhance the
durability of structures exposed to aggressive
environments, internal FRP bars has been used in such
structures. Several members within these structures
may have disturbed regions due to the nonlinear strain
distribution. More research is needed to investigate
the performance of such members, deep beams in
particular, containing these disturbed regions. This
research program was carried out to study the shear
response of internally reinforced concrete deep beams
with GFRP and without shear reinforcement using
ANSYS Program. The study also covers several
parameters includes span to depth ratio, the GFRP
reinforcement ratio, specified concrete compressive
strength and the size of meshing.

2. Finite Element Modelling

In order to verify the applicability of the developed
program to predict the shear capacity of internally
reinforced deep beams with GFRP bars, a numerical
model was implemented in ANSYS (ANSYS 14.5).
The response of reinforced concrete deep beams
before cracking can be well predicted by linear elastic
analysis, while nonlinear analysis should be used to
evaluate their performance after cracking due to a
major redistribution of stresses [17]. Nonlinear
behavior of concrete and GFRP bars materials were
considered in the finite element model. The load
control technique was also used in the analysis by
incrementing the loads in steps on the beam model
until the attainment of failure. The configuration and
geometry of the tested beams are adapted from an
experimental study conducted by Matthias, et al [16].
The model was validated against the experimental
measured responses using one specimen, designated
as BIN, which was tested under major shear loading.
The beam configuration, details of its reinforcement
and material properties are shown in Fig. (1) and
Table (1), respectively. The normal-strength concrete
with specified 28-day strength of 40.5 MPa was used.
Commercially available GFRP bars in size of 19 mm
(No. 6) were selected for the type of longitudinal
reinforcement in the specimen, as they are mostly
used in the industry. There are three layers of
reinforcement with 8 bars in the beam. Side and
bottom clear cover were assumed to be 40 mm. The
beam was tested under two-point loads applied at a

distance of 250 mm on both sides of mid-span as
shown in Fig. (1). A solid 65 element type has been
used to model the concrete material in the finite
element models. This type of element, shown in Fig.
(2), can be frequently employed for the finite element
modeling of solids in engineering practices. The
element has eight nodes with three degrees of freedom
and it can be used to model several three-dimensional
solids elements. It is also able to account the concrete
cracking in tension and crushing in compression [18].
The modulus of elasticity of concrete was calculated
by equation (1) [15]:

Ec=4700VC ...vvuvieeeeeeeee (1)

The stress-strain curve of concrete in compression has
a linear form up to approximately one-third of the
ultimate compressive strength. Then the stress
gradually increases until reaches the ultimate
compressive  strength. Beyond the ultimate
compressive strength, the curve falls into a softening
region and crushing eventually occurs at ultimate
strain. In this study, the concrete was also assumed to
be homogenous and isotropic. The isotropic stress-
strain curve for concrete can be computed by using the
following equations:

rR=¢Ec for0<e<el......... 2)
e E.

f= 5 forel<e<eo........(3)
1+(§)

r=£ foreo<e<ecu.......... 4
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A simplified compressive uniaxial stress-strain curve,
shown in Fig. (3) was adopted as required in ANSYS
program to model the stress-strain relationship of
concrete in compression. A LINK180 element type,
shown in Fig. (4), was used to model the steel and
GFRP bars and perfect bond between the concrete and
reinforcing bars was assumed. This type of element
has two nodes with three degrees of freedom, and it is
able to model the plastic deformation. The steel
material was assumed to be identical in both tension
and compression and linear elastic properties was
assumed for GFRP bars. The steel and GFRP stress-
strain curve used in the finite element modeling is
shown in Fig. (5). Generally, finite element models
analyzed by providing fine mesh yield high accurate
results. Therefore, to obtain accurate results, a
relatively fine mesh is assigned to all elements of the
finite element models. Fig. (6) shows a typical mesh
of the finite element model of a beam specimen.
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3. Model Validation

In order to illustrate the validity of the developed
model in predicting the shear behavior of concrete
deep beam, the load-deflection response of beam BIN
was compared to the experimental results as shown in
Fig. (7). Different stages of its response such as elastic
stage with tensile cracking initiation, post-cracking
stage and propagations of cracks followed by failure
can be seen from the shown curve. The curve has a
linear form before cracking with a constant slope, and
it takes a nonlinear form after cracking. In general, the
overall trend of the load-deflection behavior of the
finite element model is in a good agreement with the
experimental results in the pre- and post-cracking
stages. In the elastic region, the load-deflection curve
of the finite element model is slightly stiffer compared
to that of experimental beam. The presence of micro-
cracks in the experimental beam concrete due to
drying shrinkage, which reduces the beam stiffness,
can be the main cause of this difference as the finite
element model does not consider micro-cracks.
However, the finite element model shows a lower
response in the post-cracking stage in comparison to
the measured experimental response. This difference
might be due to the idealization of mechanical
properties of concrete and reinforcing bars in the finite
element models, and due to the loading configuration
and boundary conditions in practice. In addition,
assuming a perfect bond between the concrete and
reinforcement bars might not be correct compared to
reality, partly due to the bond slippage. The same
result was obtained in a study carried out by Ibrahim,
et al [19]. In general, the overall stiffness of the finite
element models is expected to be higher than that of
experimental beams stiffness. The finite element
model can also predict the propagation of cracks. In
ANSYS, the crack locations and crushing of concrete
are displayed by small circles with different colors.
The crack pattern obtained by ANSYS program for
the beam model is shown in Fig. (8). At first, the
tested beam experienced vertical flexural cracks
started at its extreme tension fibers under shear
loading due to the concentration of tensile stresses
near the mid-span. Then, as the load is further
increasing, the main diagonal cracks initiated near the
inside face of the supports and extended toward the
points of load applications (compression zone) due to
the increasing of shear stresses. These cracks became
horizontal near the load-application points. At failure,
more cracks were occurred and propagated in
compression zone and the concrete is crushed
between the loading points. This type of failure is
usually referred to as flexural compression failure.
The same cracking behavior was observed in the
experimental work as shown in Fig. (9). In general,
the crack pattern obtained in the nonlinear analysis is
in a good agreement with the experimental results.

4. Results and Discussion

To see the effectiveness of using GFRP bars in
concrete deep beams, a concrete beam reinforced with
internal GFRP bars was compared to a steel-
reinforced concrete beam. Fig. (10) shows the
response of the finite element models with GFRP and
steel reinforcement. The performance of the beam
having GFRP bars was almost similar to that having
steel reinforcing bars. The GFRP-reinforced beam
however experienced larger deflection in comparison
to the steel-reinforced beam. Such behavior is mainly
due to the relatively low modulus of elasticity of
GFRP bars. On the other hand, according to the figure,
the maximum failure load of GFRP-reinforced beam
was higher than that of beam reinforced with steel
bars by 48% approximately. This increase might be
attributed to the improvement in the arch action
mechanism due to the high-resistance of GFRP to
tension forces. In addition, the beam with GFRP
experienced a more ductile failure in comparison to
the beam having steel-reinforced bars. This result is in
agreement with other research findings which stated
that using of FRP in reinforced concrete members is
an effective way to enhance their ductility [2, 6, 9].
The summary of results of GFRP-reinforced beams
and steel-reinforced beams is shown in Table (2). In
the finite element modeling, three span-to-depth ratios
of 0.9, 1.08 and 1.19 were also taken to find out how
the beam responses if the a/d ratio changes. The
responses of the beams with different a/d ratios are
shown in Fig. (11). It was found that changing the a/d
ratio exhibited influential impacts on the shear
strength of the tested beam. Referring to the figure,
the ultimate load of the beam had dramatically
dropped from 1098 kN to 889 kN by decreasing the
a/d ratio from 1.08 to 0.9 and it has increased to 1100
kN with increasing the a/d ratio to 1.19. This might be
mainly due to the penetration of the cracks at the top
of the beam near the loading points as the failure
mechanism is mainly affected by the a/d ratio as
shown in Fig. (12). The mid-span deflection of beams
was also observed to increase by increasing the a/d
ratios as depicted in Fig. (11). This increase might be
associated with exhibiting more diagonal cracking as
the a/d increases. The same finding is observed in the
work done by Abed, et al [11]. Also, in order to study
the effects of reinforcement ratio, three different ratios
of 1.41%, 1.74% and 2.32% were taken into
consideration. Fig. (13) shows the response of the
tested beam with the previously mentioned
reinforcement ratios. The shear strength of the beam
was found to be improved by increasing in the ratio of
reinforcement. This improvement in shear strength
might be attributed to the increase in compression
block depth at failure. Increasing the reinforcement
ratio by only 0.33% also results in 15% increase in the
beam load-carrying capacity. In addition, the beam
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with higher reinforcement ratio also showed stiffer
response compared to beams with lower
reinforcement ratio. The same observation was also
found in a analytical study conducted by
Chattopadhyay et al [20]. On other hand, the ductility
of the beam was slightly decreased by increasing the
amount of reinforcement. This is mainly due to the
lower modulus of elasticity of the GFRP bars. The
summary of the study of effects of reinforcement ratio
is shown in Table (3). In addition, to understand the
effects of compressive strength of concrete, different
values of compressive strengths were taken in the
numerical analysis. According to the results shown in
Fig. (14), concrete compressive strength has a great
impact on the beam’s strength. From the load-
deflection curve of the beam with different
compressive strengths, it can be observed that the
load-carrying capacity of the beam is increasing when
the concrete compressive strength increases. The
failure loads were (1010, 1100, and 1285) kN with
compressive strength of (30, 40.5, and 50) MPa
respectively. The model with compressive strength of
50 MPa achieved a 17% higher failure load compared
to the beam model having the compressive strength of
40.5 MPa. The same response is observed for beams
with different a/d ratios as shown in Fig. (15) and Fig.
(16). Finally, the effects of compressive strength on
the reinforcement stress are also studied. The
reinforcement stresses for beams with different
concrete compressive strengths are shown in Fig. (17)
to Fig. (19). According to the figures, the
reinforcement stresses in the entire length of GFRP
bars were increased by increasing in concrete
compressive strength. 52% and 25% increases are
recorded in reinforcement stresses at beams mid-span
by increasing the compressive strength from 30 to
40.5 MPa and 50 MPa, respectively.

5. Conclusion

Based on the results obtained from the finite element
modeling, the following conclusion can be made:
Nonlinear finite element modeling using ANSYS is
able to simulate the shear behavior of deep beams
reinforced internally with GFRP bars. The finite
element model results also correspond well with the
observed experimental data such as crack patterns and
load-deflection behavior. Failure load of GFRP-
reinforced beam was higher than that of steel-
reinforced beam by 48%. Using GFRP was not only
improve the maximum load-carrying capacity of the
tested beam, but also enhance their ductility. A 20%
decrease in the ultimate load of the tested beam was
observed by decreasing the a/d ratio from 1.08 to 0.9.
Increasing the reinforcement ratio resulted in
increasing the shear cracking load and the failure load
due to the increasing of concrete tensile strength. A
15% increase in shear strength is observed by

increasing the reinforcement ratios from 1.41% to
1.74%. Shear strength of the concrete deep beams
highly affected by concrete compressive strength. The
ultimate load-carrying capacity was increased from
1100 kN to 1285 kN with increasing the concrete
compressive strength from 40.5 MPa to 50 MPa. The
reinforcement stresses were also increased by
increasing the concrete compressive strength. Finally,
it can be concluded that, the developed finite element
model in this paper can be used to study the shear
behavior of concrete deep beams reinforced with
internal GFRP bars.
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Fig. (1): Beam configuration and details of reinforcement (B1N)

Fig. (2): Solid 65 Element Type (18]
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Fig. (7): Load-deflection response of beam BIN
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Table (1) Properties of GFRP bars el

Reinforcement Property Reinforcing bar size
No. 6 (19 mm) No. 7 (22 mm) No. 8 (25 mm)
Nominal Diameter, mm 19 22 25
Cross-sectional Area, mm? 322 396 528
Failure Stress, MPa 765 709 938
Modulus of Elasticity, GPa 37.9 41.1 423
Glass Content, % Vol. 72 64.8 64.1

Table (2) Cracking and Ultimate Load of GFRP- and Steel-Reinforced Concrete Deep Beams

Type of Beam Pcr (kN) Pu (kN)
Steel-reinforced Beam 252 741
GFRP-reinforced Beam 219 1097

Table (3) Cracking Load, Ultimate Load and Deflection at Failure of GFRP- Reinforced Concrete Deep Beams
with Different Reinforcement Ratios

Reinforcement Reinforcement Per (kN) Pu (kN) Deflection at
Ratio (%) Failure (mm)

8 No. 6 1.41 228 1096 27

8 No. 7 1.74 257 1262 12

8 No. 8 2.32 276 1312 8




