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Abstract
This study presents the development of a nonlinear finite element (FE) model that is
capable of simulating the response and predicting the shear strength of concrete beams
reinforced with carbon fiber-reinforced polymer (CFRP) bars. More specifically, this
paper investigates the effect of unsymmetrical loading which creates two shear span-todepth (a/d) ratios within the beam specimen and further complicates shear response,
especially in FRP-reinforced concrete beams. It is observed that, the predicted FE results
are in very close agreement with the measured experimental results. Thus, it can be
concluded that the developed models can be used to simulate the behavior of concrete
beams reinforced with CFRP bars.
Keywords: Computational modeling; CFRP bars; shear strength; reinforced concrete
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1. Introduction
For the last two decades, researchers and engineers implemented the use of
fiber-reinforced polymer (FRP) bars to replace steel bars in reinforcing concrete structural
members [1-4]. The two main types of FRP bars commonly used as internal reinforcement
are made of Glass (GFRP) or Carbon (CFRP) material. While, GFRP is relatively cheaper
than CFRP, GFRP bars have significantly lower elastic modulus which tend to reduce rigidity
of the reinforced beam and consequently its ability to retain cracks development. Further, GFRP
rebars are prone to long-term material degradation which raises concerns regarding the durability
and sustainability of the reinforced beam. In fact, recent tests have shown that unlike glass fibers,
carbon fibers cannot absorb moisture and thus are resistant to acid, alkali and organic solvents [57]. Hence, CFRP rebars do not undergo sizeable deterioration in saline (marine) environments
where humidity is high and or cold regions where salt (and Chloride by-products) are used for
deicing. Thus, CFRP bars are recognized as the most favorable material to replace the

conventional flexural steel bars in reinforced concrete (RC) slabs and beams due to their
high strength-to-weight ratio, resistance to corrosion and durable bond characteristics [58]. In addition, the flexural longitudinal CFRP bars in RC members contribute to the
concrete shear strength in a similar fashion to that of the steel reinforcement as presented
by many researchers [9-12].
The concrete contribution to the shear resistance of RC beams is influenced by the
concrete compressive strength, aggregate interlock, dowel action, shear span-to-depth
ratio (a/d), and beam size. Researchers have examined experimentally and numerically
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the influence of such parameters on the performance of concrete beams reinforced with
FRP bars when loaded symmetrically under one-point or two-point loading [13-23].
However, there are limited studies on the shear resistance of such beams when loaded
unsymmetrically till failure.
Among the limited studies, Razaqpur et al. [23] studied experimentally the effect of the
a/d ratio and beam size on the shear resistance of CFRP-reinforced concrete beams
subjected to unsymmetrical loading. The beam specimens were designed to fail in shear
and subjected to a concentrated load that created two different a/d ratios within the same
beam specimen till failure. A total of six specimens with four different sizes were cast
without shear reinforcement and tested under one concentrated load and with three
different a/d ratios. The depth of four RC beam specimens was varied from 200 mm to
500 mm. The test results indicated that the a/d ratio and beam size have a major effect on
the shear strength of RC beams. It is also noteworthy that the ACI-440 [24] guidelines
for calculating the concrete shear strength overestimated the obtained experimental
values for the large size beams. Thus, the current ACI-440 design guidelines for
calculating the concrete shear strength should be modified to include these two
parameters (a/d ratio and beam size) as suggested by the authors [23].
Three-dimensional nonlinear finite element (FE) modeling and analysis of
concrete beams reinforced with CFRP bars will contribute to the understanding of the
behavior of such beams under unsymmetrical loading. Full range of data representing
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deformation and stress results will be obtained from the developed FE models. This is
advantageous over the expensive and time consuming experimental testing that is limited
to deflection and strain results of LVDTs and strain gauges at discrete and limited
locations within the tested specimens.
The main objective of this work is to determine the effects of shear span-to-depth
ratio and beam depth on the concrete contribution to the shear resistance of concrete
beams longitudinally reinforced with CFRP bars. This study highlights the fact that the
failure load and location in analyzed beams cannot be properly predicted by the shear
design recommendations of American Concrete Institute (ACI) Committee 440 as these
provisions do not account for the effects of span-to-depth ratio and beam size on shear
strength of FRP-reinforced concrete beams. Thus, this study aims at developing six FE
models using the finite element software, ANSYS version 14.5 [21] that can predict the
response and concrete shear strength of concrete beams reinforced with CFRP bars and
subjected to unsymmetrical loading. In order to validate the accuracy of the developed
models, the predicted load versus maximum deflection results, load-carrying capacity,
shear force at the left support (VL), shear force at the right support (VR), and ultimate shear
strength (Vu) are compared with the obtained experimental results of Razaqpur et al. [23].
The developed FE models incorporated the nonlinear properties of the concrete material
in both tension and compression and the elastic-brittle material properties of the CFRP
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bars. The bond-slip behavior between the CFRP bars and concrete surfaces is also
incorporated in the developed models.

2. Summary of Experimental Program
A total of six concrete beams reinforced with CFRP bars that were cast and tested
under unsymmetrical one-point loading by Razaqpur et al. [23] were simulated in this
study. The variables of the test program were the a/d ratio and beam size or depth. All
beams were reinforced with the same amount of CFRP reinforcement ratio (about 0.3%)
and concrete strength (average strength of 52.3 MPa) to study the effect of a/d ratio and
beam size on the concrete shear strength of the tested specimens. The CFRP bars had a
diameter and cross-sectional area of 9.5 mm and 72 mm2, respectively. The width, span
length, and total length of the six beam specimens were 300 mm, 3,000 mm, and 3,630
mm, respectively.
The beams’ designation, height h, depth d, area of CFRP bars Af, shear span to the left
support aL, and shear span to the right support aR are provided in Table 1. The tested beam
specimens were designed and cast without internal stirrups to fail in shear. It is clearly
indicated in Table 1 that the beams were divided into two groups to examine the influence
of the beam size and a/d ratio on the shear strength of the tested specimens. More details
of the experimental program and test matrix can be found in the work conducted by
Razaqpur et al. [23].
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Table 1: Detailing of tested beam specimens [23]
Beam
B1
B2
B3
B4
B5
B6

h
d
Af
(mm) (mm) (mm2)
230
200
210
330
300
288
430
400
360
530
500
420
430
400
360
430
400
360

aL
(mm)
700
1,050
1,400
1,750
2,600
2,400

aL/d
3.5
3.5
3.5
3.5
6.5
6.0

aR
(mm)
2,300
1,950
1,600
1,250
400
600

aR/d
11.5
6.5
4.0
2.5
1.0
1.5

3. Development of Finite Element Models
3.1. Element Types
A total of six FE 3D models are developed to predict the shear strength of
the tested specimens described in the previous section. The models are created and
analyzed in the ANSYS 14.5 [25] software. The assigned geometry, material properties,
loading, and boundary conditions to the developed FE models resembled that of the tested
specimens. The developed models are designated as “B1_FE”, “B2_FE”, “B3_FE”,
“B4_FE”, “B5_FE”, and “B6_FE”, respectively.
Figure 1 shows the isometric view and cross-sections of the optimum mesh for
every RC beam specimens, respectively. The obtained optimum mesh of every beam
shown in Fig. 1 has been obtained by conducting a mesh sensitivity analysis. The concrete
brick element, SOLID65 [25] is used to model the concrete beam. The element is defined
using eight nodes, each with 3 degrees of freedom (dof) along the x, y, and z directions,
respectively. This element is also capable of simulating the nonlinear properties of
concrete in tension and compression [25]. The longitudinal CFRP bars are simulated
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using LINK180 [25] elements that is capable of simulating the elastic-brittle properties
of the FRP reinforcement. The loading plates and supports are modelled using brick
SOLID45 [25] elements. The properties of this element are similar to that of the SOLID65
but without the capability of simulating the nonlinear behavior of concrete. This
technique will eliminate stress concentration problems at the concrete surfaces under the
loading plates. SOLID45 [25] elements are utilized to model the loading supports shown
in Fig. 1. The properties of SOLID45 element is similar to SOLID65, but without the
cracking and crushing capabilities.
The bond-slip behavior between the CFRP bars and adjacent concrete surfaces is
also incorporated in the developed FE models. The CEB-FIP [26] bond-slip model
presented in Eqs. (1-4) is used to develop the complete bond-slip behavior between the
CFRP bars and concrete interface.
s
   max  
 s1 
   max

0.4

   max ( max   f )

( s  s2 )
( s3  s2 )

  f

for 0  s  s1

(1)

for 0  s  s1
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for 0  s  s1

where,
 = bond stress in (MPa)
s1, s2, s3 = relative slip in (mm)
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max = 2.5√𝑓𝑐′ = maximum bond stress in (MPa)
smax = slip in (mm) corresponding to max
f = 0.4max = bond stress at failure in (MPa)
The used values of max and smax for the CFRP bars were taken from as results of number
of experimental tests [27-32] as 15.24 MPa and 2.8 mm, respectively. The spring element
COMBIN14 [25] is used to simulate the bond-slip behavior along the longitudinal axis
of the CFRP bars. In addition, the dof of the adjacent nodes of the SOLID65 and LINK180
elements were assumed to be fully compatible along the other two translational directions
(y and z). This is achieved by coupling the adjacent nodes along these directions.

3.2. Material Properties and Constitutive laws
The incorporated material properties in the developed FE models are similar to that
of the tested beam specimens and consider the nonlinear material of concrete in
compression, concrete cracking, and brittle failure of the CFRP bars in tension.
Figure 2 shows the employed stress-strain curves of concrete in compression and
tension. The nonlinear material properties in compression and tension are based on the
Hognestad [33] parabola and William and Warnke [34] model, respectively. The elastic
modulus, Poisson’s ratio, tensile strength, and compressive strength of the tested beam
were taken as 33.99 GPa, 0.2, 4.34 MPa, and 52.3 MPa, respectively. The concrete
constitutive model in ANSYS also requires inputs of coefficients for the open and close
cracks, t and c, that range between 0.0 and 1.0. The 0.0 and 1.0 values represent smooth
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(full loss of shear transfer) and rough (no loss of shear transfer) cracks, respectively.
Based on an extensive parametric study by the authors [35-37] on simulating the response
of shear-deficient RC beams, the t and c coefficients were taken as 0.2 in this study.
In addition, elastic-brittle material properties were assigned to the CFRP
longitudinal rebar reinforcement, with an elastic modulus, Poisson’s ratio, and tensile
strength of 114 GPa, 1500 MPa, and 0.28, respectively. Moreover, the assigned elastic
modulus and Poisson’s ratio of the rigid loading supports were taken as 200 GPa and 0.3,
respectively.

3.3. Convergence and failure criteria
The developed FE models were analyzed by applying the load incrementally till
failure using the load steps and substeps commands in ANSYS [25]. The program uses
the applied cyclic loads were divided into a series of load increments called load steps
and substeps. At the end of each load increment, convergence is achieved by NewtonRaphson equilibrium iterations. The minimum load substep was taken as 10 N and
divergence occurred when the solution for the 10 N load increment does not satisfy the
equilibrium equations and falls outside the radius of convergence. In general, failure in
the developed models is said to occur once the shear capacity of the analyzed falls below
the level of applied loading [35-37]. At this point, stiffness of the elements located in high
shear region drastically drops to zero. This hinders stability of the numerical solution and
leads to failure (divergence due to loss of shear capacity).
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4. Results and discussion
4.1. Model validation
In order to validate the accuracy of the developed FE models, the experimental and
numerically predicted applied load versus maximum deflection response curves are
compared, as shown in Fig. 3. The horizontal location of the measured deflection point
away from the left support (at a distance x) for each beam specimen is also indicated in
Fig. 3. In addition, the measured and predicted results for the load-carrying capacity (P),
shear force at left support (VL) at failure, and shear force at right support (VR) at failure
are compared and presented in Table 2.
It can be observed from Fig. 3 that there is a reasonable agreement between the
measured and predicted load versus maximum deflection response curves for all the tested
specimens. In addition, it is clearly indicated from Table 2 that the maximum Mean
Absolute Percent Error (MAPE) between the predicted and measured results is less than
13.5% for P, VL, and VR. In particular, as indicated in Table 2, the average MAPE between
the predicted and measured P, VL, and VR values are 6.29%, 6.34% and 6.82%,
respectively. The Normalized Mean Square Error (NMSE) between the predicted and
measured P, VL, and VR are 0.02, 0.66 and 0.01, respectively while the correlation
coefficients (R) of P, VL, and VR are 0.998, 0.758 and 0.999, respectively.
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Thus, it could be concluded that the developed models are very accurate and can
confidently be used to predict the shear strength and performance of concrete beams
reinforced with CFRP bars and subjected to unsymmetrical loading.

4.2. Model Behavior
The developed FE models can provide full field of deformation and stress results.
This is advantageous over experimental testing that is limited to deformation and strain
results at discrete locations within the beam specimen. For instance, Figure 4 shows the
distribution of the principle tensile stress (σ3) throughout the tested beam specimens. The
six tested beam specimens failed by a major diagonal crack between the support and
loading point. The distributions of the principle tensile stresses in Fig. 4 of the developed
models clearly indicate such failure mechanism.
Figure 5 shows the axial stress distribution in the CFRP bars at failure. It can be
observed from Fig. 5 that the stress in the bars is less than the tensile strength of the
CFRP bars (1500 MPa). Thus, it could be concluded that none of the CFRP bars failed
during testing.

5. Conclusion
This numerical study presented the development of six 3D FE models to simulate the
response of concrete beams reinforced with CFRP bars when subjected to unsymmetrical
loading. The following observations and conclusions were drawn:
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•

The models can predict the load versus maximum deflection response curves of
the tested specimens with a reasonable level of accuracy.

•

The developed FE models are capable of predicting the load-carrying capacity,
shear strength at left support, and shear strength at right support of the tested
specimens with good accuracy.

•

The MAPE between the predicted and measured values ranged from 13.19% to
0.25% for the load-carrying capacity, from 13.11% to 0.97% for shear strength at
the left support and from 13.33% to 0.74% for shear strength at the right support.

•

The NMSE of the predicted P, VL, and VR are 0.02, 0.66 and 0.01, respectively,
indicating that P and VR were predicted very accurately.

•

The correlation between the predicted and measured values, especially for P and
VR are almost = 1.0.

•

It should be noted that shear strength in beams similar to those presented in this
study is a function of numerous factors such as aggregate size, concrete
compressive strength, ratio of the longitudinal reinforcement etc. Hence, the
authors urge the civil engineering community to study the effects of such
parameters in order to better understand the shear strength behavior of concrete
beams reinforced with FRP rebars.
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Figure 3: Measured and predicted load versus maximum deflection curves
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Figure 4: Principal stress distribution at failure (MPa)
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Figure 5: Axial stress distribution in the CFRP bars at failure (MPa)
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