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SIMULATING THE FLEXURAL PERFORMANCE OF 
ONE-WAY REINFORCED CONCRETE SLABS WITH 
OPENINGS STRENGTHENED BY THE USE OF 
CARBON FIBER REINFORCED POLYMER (CFRP)

Wael S. Hameedi - István K. Völgyi – Waleed S. Hameedi

Over the past decade, the use of fiber-reinforced polymers (FRPs) as bonding agents to enhance and re-
habilitate concrete structures has become widespread. Despite the demonstrated effectiveness of this ap-
proach in numerous experimental studies, there are still concerns about the time and expense required for 
these investigations. To address this issue, The objective of this study was to investigate how the carbon 
fiber-reinforced polymer (CFRP) reinforcement affects the bending performance of one-way reinforced 
concrete slabs using advanced finite element software (ABAQUS). To investigate the impact of various fac-
tors on slab performance, two models of one-way RC slabs were developed, taking into account concrete 
grade, number of CFRP layers, and opening size (600x600mm). By comparing the results obtained in this 
study with existing experimental data, the findings indicated that the approach adopted in this research 
could offer a cost-effective and efficient way to evaluate the performance of FRP-strengthened concrete 
structures.
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1.  INTRODUCTION
FRP’s (Fiber Reinforced Polymers) have been widely 
employed in recent times for the purpose of strengthening 
or reinforcing structural components, whether by externally 
wrapping them with sheets or using them as internal 
reinforcement. Additionally, the methods that use externally 
bonded FRP materials are the most commonly used techniques 
for upgrading and reinforcing existing structures that have 
been damaged (Al-Amery and Al-Mahaidi 2006). This is 
because they possess a high ratio of strength to weight, are 
highly rigid, can be easily installed, and maintain a stable 
shape throughout their operational lifespan (Costa and Barros 
2010), (Rafi et al. 2008), (Benjeddou et al. 2007).

Many studies (Kim and Shin 2011), (Toutanji et al. 2006), 
(Anania et al. 2005), (Li et al. 2008), (Gao et al. 2005), 
(Ceroni 2010), (Rafi et al. 2008), (Benjeddou et al. 2007) 
have been conducted on reinforced concrete (RC) beams that 
were reinforced using FRP sheets in order to enhance their 
flexural strength. This was achieved through experimental, 
finite element, and analytical methods. The findings of these 
studies indicate that the use of FRP to reinforce beams in 
flexural strengthening can prevent debonding failure if a 
properly designed anchorage is implemented (Kim and Shin 
2011), (Rafi et al. 2008), (Ceroni 2010), (Esfahani et al. 
2007), (Chajes et al. 1994), (Wenwei and Guo 2006). This 
provides a favorable level of both strength and ductility when 
subjected to flexural stress. Concrete slabs, on the other hand, 
are a common building element used in various construction 
projects, ranging from residential buildings to commercial 
facilities. These slabs can sometimes have openings or 
penetrations, such as for ducts, pipes, or other services.

However, these openings can weaken the overall structural 
integrity of the slab and compromise its load-carrying and 
energy dissipation capabilities, stiffness, and ductility of the 
slabs (Anil et al. 2013). To ensure the strength and stability 
of the slab with openings, various repair and strengthening 
techniques are employed. One effective method for 
strengthening concrete slabs with openings is the use of 
Carbon Fiber Reinforced Polymer (CFRP) sheets. CFRP 
sheets are made of high-strength carbon fibers embedded 
in a polymer matrix, which provides exceptional tensile 
strength, stiffness, and durability. The use of CFRP sheets for 
concrete slab strengthening has gained significant attention in 
recent years due to their high strength-to-weight ratio, ease 
of installation, and durability. By applying CFRP sheets to 
concrete slabs with openings, their load-carrying capacity and 
overall performance can be significantly improved, ensuring 
the structural integrity of the slab and extending its lifespan. 
Despite the many benefits of using CFRP to strengthen 
one-way RC slabs, most research in this area is based on 
experimental studies and numerical modeling has been 
limited. Civil engineering departments at universities could 
greatly benefit from further research into the use of CFRP, 
exploring its advantages and disadvantages and the impact 
on the flexure and shear capacity of structural members. 
Additionally, further research could lead to reduced cost, 
time, and work required for experimental studies.

One of the first studies that focused on concrete slab 
strengthening was Ebead and Marzouk (2004), which 
investigated nine square slabs with dimensions of 1.90 m 
and thickness of 0.15 m. The slabs had different amounts of 
reinforcement and were simply supported along the edges 
with free corners. They were loaded through the column stub 
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at the center. The authors found that failure mode depended on 
the reinforcement ratio, with slabs having less than or equal 
to 0.5% reinforcement failing in flexure and those with 1.0% 
or more failing due to punching shear. The lowest first crack 
loads were observed for slabs with a reinforcement ratio of 
0.35%, while the use of CFRP and GFRP slightly increased 
the equivalent reinforcement ratio. As the reinforcement ratio 
increased, deflection values decreased, with a decrease from 
42 to 24 mm for ratios of 0.35% to 1.0%. The load-deflection 
curve for flexural strengthening specimens had a higher 
slope than that of the reference specimens, and their average 
deflection at ultimate load was approximately 0.6 that of the 
reference specimens. Flexural strengthening specimens also 
experienced less deformation due to the effect of the FRP 
materials on the overall behavior of the slabs in relation to 
punching-shear strengthening. Furthermore, a study was 
conducted by Smith and Kim (2009), which comprehensively 
explored the use of (FRP) composites in strengthening one-
way reinforced concrete slabs with central holes. The study 
involved testing four wide slabs with cut-outs and two narrow 
slabs without cut-outs to evaluate the impact of different 
load application positions on the performance of the slab. 
The results of the study were impressive, with all of the 
FRP-strengthened slabs exhibiting a higher load-carrying 
capacity compared to their unstrengthened counterparts. 
However, the failure mode in all cases was debonding at 
intermediate cracks, which were found to be diagonal and 
originating from the corners of the cut-outs of the slabs. 
This study did not only assess the load-carrying capacity 
of the FRP-strengthened slabs but also examined how this 
strengthening method could distribute stresses around the 
holes in RC structures, the failure mechanisms, and the pre 
and post-debonding behavior of the strengthened structures. 
To achieve this, the researchers recorded strains on the 
FRP, concrete, and internal steel reinforcement, as well as 
deflections at different positions on the slab surfaces. Overall, 
this study provided valuable insights into the effectiveness of 
FRP composites in strengthening concrete slabs with central 
holes and highlighted the importance of considering failure 
modes in the design process. in addition to their experimental 
work a finite element model was created to predict the 
ultimate moment of resistance around crucial crack lines, and 
it was discovered that the model’s predictions closely aligned 
with the experimental outcomes. The model successfully 
accounted for the varied bending behaviors of the slabs and 
the debonding failure of the reinforced slabs, indicating its 
suitability for application in future strengthening initiatives. 

Last but not least Anil et al. (2013) conducted research 
on the flexural Performance of one-way RC slabs that were 
strengthened using CFRP strips. The study focused on the 
impact of the size and location of openings in the slab on its 
behaviour. Three square openings with side lengths of 300 
mm, 400 mm, and 500 mm were examined and placed in 
either the bending or shear zone. 13 slabs were examined, with 
one serving as a reference, six without CFRP strengthening, 
and six with CFRP reinforcement around the opening. The 
study found that the use of CFRP strips greatly increased 
the load-carrying capacity and stiffness of the specimens, 
and the technique could be quickly and cost-effectively 
applied during construction or while the structure was in use, 
without disturbing occupants. Nevertheless, there has been 
no numerical analysis conducted on this research in order to 
investigate additional parameters, while minimizing the need 
for expensive and time-consuming experimental work.

2.  METHODOLOGY
Structural engineering often utilizes finite element analysis 
to gather valuable information on structure stress and strain 
distribution. This information is not readily available through 
experimental means, and numerical investigation can provide 
complementary data for better understanding. Additionally, 
finite element models can be subjected to parametric studies 
to optimize a structural design. Advances in FE formulation 
have resulted in sophisticated algorithms capable of handling 
complex geometries, contact interactions,  plasticity, and 
large deformations (Starossek et al. 2010). In this chapter, 
three-dimensional finite element simulations with nonlinear 
characteristics were produced employing the commercially 
available ABAQUS/Standard 6.13 program.

In this study, two models of one-way reinforced concrete 
slabs were analyzed. The first model, referred to as Slab1, 
was a control slab with a 500×500 mm opening located at 
the region with maximum moment. The second model, Slab2, 
was identical to the first but was strengthened by adding CFRP 
strips. Both slabs were simply supported with dimensions of 
3000×1000×150 mm in length, width, and depth respectively.

Anil et al. (2013) conducted an experiment aimed at 
investigating the flexural behavior of one-way reinforced 
concrete slabs that contained structural holes, and to assess 
the impact of (CFRP) strengthening on this behavior. The 
experimental setup involved the use of eleven steel rebars of 
Ø10 for main reinforcement, and transverse reinforcement was 
provided with Ø10 steel rebars that were spaced at 250 mm. 
To simulate a real-world scenario, the reinforcement around 
the opening was removed. The slab specimens underwent a 
four-point loading examination where the ratio between the 
shear span and the effective depth was 7. The load on the 
separator beam›s center was evenly divided and applied as two 
concentrated loads, allowing for the assessment of the slab›s 
flexural strength and behavior under load. The experimental 
results were analyzed to evaluate the effectiveness of the 
CFRP stips strengthening in improving the flexural behavior 
of the slabs, and to identify any potential issues that may arise 
when using such reinforcement in practice. Figs. 1 and 2 show 
the arrangement of loading, reinforcement specifications, and 
dimensions of the specimens.

CFRP strengthening scheme of specimen Slab2 is shown 
in Fig. 3.

Fig. 1: Load configuration for all slab samples (all dimensions are in 
mm)

Fig. 2: Reinforcement details and dimensions of the specimen (all 
dimensions are in mm)
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2.1  Finite Element Analysis
Because of the simplicity of the examined specimen, it 
was possible to model it as a full-scale slab without being 
segmented for its symmetry. However, some measurements 
of the loading rods, support rods, loading plate, and reaction 
beam were missing from the experimental details. To 
overcome this challenge, these unknown measurements 
were estimated systematically to produce results that were as 
close as possible to the experimental results. The estimated 
dimensions can be seen in Fig. 4. Concrete, loading rods, 
support rods, loading plate, and reaction beam were modeled 
using the three-dimensional eight-node element (C3D8), 
reinforcement was modeled using the three-dimensional 
two-node truss element (T3D2), and the CFRP strips were 
modeled using a 4-node shell element (S4R). 

A convergence study was conducted on the full-scale 
slab model to determine the optimal mesh density. This is 
accomplished by decreasing the mesh size and observing 
the resulting changes in the ultimate load. The RC slab was 
modeled with mesh sizes 120, 100, 60, 40, and 30 mm, Fig. 5 
shows that the difference in the ultimate load was negligible 
when the mesh size was reduced from 40 mm to 30 mm. As a 
result, the 40 mm model was selected for all slabs, as depicted 
in Fig. 6.

2.2. Loading and boundary conditions
In the numerical analysis, a uniform load was applied to the 
loading plate, which transferred the load to the reaction beam. 
The reaction beam then divided the load into two equal parts 
that acted on the loading shafts. The load was ultimately 
transferred to the top surface of the simply supported slab. 
To model the interaction between the loading plate, reaction 
beam, loading shafts, and concrete, a surface-to-surface 
contact was used.

It is important to note that the bond between the CFRP 
strips and the concrete slab was perfect, and the adhesive 
layer was not considered in the numerical analysis . This 
was because the primary failure mechanism observed in the 
strengthened slabs, as detailed in the investigations by Anil 
et al. (2013), was the failure of the CFRP material itself (as 
depicted in Fig. 7); so, there is no need to model the bonding 
material between CFRP and RC slab surfaces. To accurately 
simulate the system, the supporting rods were fixed at their 
lower surface, preventing any movement in any direction, 
while the upper surface of the loading plate was fixed in all 
directions except for vertical displacement. The lateral faces 
along the length of the slab were restricted horizontally from 
movement in the X-direction and from rotating in the Y and 
Z-directions.

2.3  Characteristics of Materials and 
Assumed Parameters

In this paper, two specimens from the experimental test with 
the same opening size have been used: the first is without 
CFRP strengthening and compared with FEM model Slab1, 
and the second is with CFRP strengthening and compared 
with FEM model Slab2. The material properties used in the 
analysis of the slabs are listed in Tables 1 and 2, which detail 
the properties of the concrete, reinforcement, and CFRP fabric. 
However, certain properties, like steel’s Young’s Modulus, 
had to be estimated and were assumed to fall within the range 
of 200 to 210 GPa, as their exact values were deemed to have 
an insignificant impact on the result of the study.

3.  ANALYSIS RESULTS
Finite element analysis is a powerful tool in the field of 
structural engineering that can provide valuable insights into 
the stress and strain distributions within structures. Unlike 
experimentation, numerical simulations can capture a range 

Fig. 3: CFRP Strengthening scheme of Slab2 (all dimensions are in mm)

Fig. 6: Finite element mesh

Fig. 4: Estimated dimensions in mm

Fig. 5: Convergence study results
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of detailed information, which can serve as complementary 
data to enhance understanding. Moreover, the use of finite 
element models allows for the exploration of a variety of 
model parameters through parametric studies, thus improving 
the design process. In this chapter, we employ ABAQUS,                           
a commercially available simulation software, to develop 3D, 
materially nonlinear finite element models. These models are 
designed to accurately capture the sophisticated behaviors of 
the structures under study and provide an effective means of 
predicting their performance.

Table 1: Concrete characteristics

Slab1
Modulus of elasticity (MPa)* Ec 19661

Compressive strength (MPa) f ’c 17.5
Tensile strength (MPa)** ft 1.38
Poisson’s ratio*** vc 0.2
Slab2

Modulus of elasticity (MPa)* Ec 21071
Compressive strength (MPa) f ’c 20.1
Tensile strength (MPa)** ft 1.48
Poisson’s ratio*** vc 0.2

* 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 = 4700�𝑓𝑓𝑓𝑓′𝑐𝑐𝑐𝑐  ** 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡 = 0.33 �𝑓𝑓𝑓𝑓′𝑐𝑐𝑐𝑐    *** Assumed value 

Table 2: Main, transverse reinforcement bars and CFRP fabric 
characteristics

Main and distribution reinforcement bars
Modulus of elasticity (GPa)* Es 200
Steel yield strength (MPa) fy 480
Ultimate tensile strength (MPa) fpu 627

Poisson’s ratio* vs 0.3
Bar cross-sectional area (mm2) As 78.5
CFRP  sheet
Thickness (mm) t 0.12
Poisson’s ratio* vf 0.3

Young’s modulus (GPa) Ef 231

Tensile strength (MPa) fy 4100
* Assumed value    

3.1  Analysis results of RC Slab1
Fig. 8 compares the load-deflection curves obtained from 
the experimental test and the finite element analysis for 
RC Slab1. The results from the numerical simulation are in 
close alignment with the experimental findings throughout 
the entire loading process. However, a slightly stronger 
numerical response can be observed near the maximum load. 
The predicted maximum load of 61.6 kN is slightly higher 
than the experimental value of 60 kN, with a difference of 
2.66%. The calculated maximum deflection of 98.9 mm is 
also slightly higher than the experimental value of 98.7 mm, 
with a difference of 0.19%. Fig. 9 shows the distribution of 
the plastic strain of Slab1 at the maximum load. The figure 
suggests that the areas with the highest plastic strain are the 
zones most impacted by the loading and that cracks are likely 
to form in these areas.

3.2  Analysis results of RC Slab2
The load-deflection behavior of RC slab2 reinforced with 
CFRP strips is depicted in Fig. 10. The experimental and 
analytical results show good agreement throughout the 
loading range, with a slightly stiffer response observed in 
the experimental data at stages close to ultimate load. The 
experimental ultimate load was found to be 93.8 kN, while 
the numerical result was 88.7 kN, resulting in a difference of 
5.58% between predicted and actual values. Additionally, the 
experimental ultimate deflection of 93.2 mm was marginally 
higher than the numerical result of 92.9 mm, with a difference 
percentage of 0.32%. Fig. 11 presents the magnitude of the 
plastic strain of Slab2 at the ultimate load, indicating that 
areas with the highest plastic strain are susceptible to cracking 
and are the most influenced zones.

4.  PARAMETRIC STUDY
The objective of this study is to investigate the effect of 
various parameters on the flexural behavior of reinforced 
concrete (RC) slabs that are reinforced with (CFRP) strips. To 
achieve this, a thorough parametric analysis was conducted 
to assess the influence of three key parameters: the number 
of CFRP strip layers, concrete compressive strength, and 
different size of the opening (600×600 mm).

Each parameter was examined in isolation, with all other 

Fig. 8: Exp. and num. load-displacement curve of Slab1 without CFRP 
strengthening

Fig. 7: Example pictures for CFRP failures
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variables held constant to accurately evaluate the impact 
of the specific parameter on the behavior of the slab. The 
numerical tests were designed to comprehensively analyze the 
flexural behavior of the RC slabs reinforced with CFRP and 
to gain a deeper understanding of the underlying mechanics 
of the system. The results of this study will provide valuable 
insights for the design and construction of reinforced concrete 
structures that utilize CFRP reinforcement, and will aid in the 
development of more efficient and reliable structural systems.

4.1  Influence of adding additional 
layers of CFRP strips 

During the actual experimental test, a single layer of CFRP 
strips was utilized for Slab2. In order to investigate the impact 
of adding more layers of the CFRP strips on the behavior of 
Slab2, it was modeled by adding a second CFRP sheet on 
top of the existing sheet in the finite element analysis, and 
identified as Slab3. The results obtained from the numerical 
simulation are presented through the load-deflection curves 
depicted in Fig. 12. These findings provide valuable insights 
into the effectiveness of using double layers of CFRP and 
can assist in optimizing the design of reinforced concrete 
structures with openings. 

Alternatively, numerical results demonstrate a clear 
relationship between the number of CFRP layers and the 
ultimate load capacity of Slab2. Specifically, as the number 
of CFRP layers increases from 1 to 2, there is a noticeable 
increase in the ultimate load capacity. In fact, the increment 
in ultimate load capacity is approximately 10%, indicating 
a significant improvement in structural performance. These 
findings highlight the importance of considering the number 
of CFRP layers when designing and assessing the load-
bearing capacity of reinforced concrete structures.

4.2  Influence of different concrete 
compressive strength

A parametric study was conducted to investigate the effects 
of concrete grade on Slab2 performance. The purpose of this 
study is to assess the precision of the finite element analysis, 
and it’s not intended to reflect realistic conditions, since the 
compressive strength of the tested slab can not be changed. 
Fig. 13 sheds light on how different concrete grades affect the 
load-deflection response of Slab2. Our study evaluated the Fig. 11: Magnitude of plastic strain for the specimen Slab2 at maxi-

mum load

Fig. 9: Plastic strain magnitude of Slab1 at ultimate load

Fig. 10: Exp. and num. load-displacement curve of Slab2 with CFRP 
strengthening

Fig. 12: Load-deflection diagram based on FEM analysis for Slab2 
with single CFRP layer compared to Slab3 with double CFRP lay-
ers
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impact of five concrete compressive strengths, ranging from 
25 to 65 MPa, on the slab’s performance. It was observed that 
as the compressive strength of the concrete increased, so did 
its ultimate load-bearing capacity as expected.

Compressive strength is the most important parameter of 
the concrete material, influencing its various other properties, 
including tensile strength, bending strength, shear resistance, 
and bond with reinforcement bars. The higher the compressive 
strength, the better the concrete performs, resulting in up to 
30%  higher failure loads.

In conclusion, the results of our study highlights the 
importance of using higher-grade concrete in construction 
projects, as it leads to improved load-deflection response 
and general performance of Slab2. Further enhancements 
are required in the finite element model to accurately capture 
the debonding failure between the RC slab and the CFRP 
sheets. Additionally, incorporating the debonding behavior 
especially into this parametric investigation will yield distinct 
and more accurate outcomes.

4.3  Influence of different hole sizes
This study analyzed the impact of a larger opening size on 
the performance of a reinforced concrete slab using FEM 
modeling. A 600×600 mm opening has been made at the 
maximum moment region in the model referred to as Slab4 
without externally strengthening the opening’s edges by 
CFRP strips, while strengthened one referred to as Slab5, 
bothspecimens subjected to the same loading conditions, 
material properties, reinforcement specifications, boundary 
conditions, mesh density, and CFRP strip thickness as the 
previously analyzed Slab2.

This section aimed to numerically evaluate the effectiveness 
of using CFRP strips to strengthen a one-way reinforced 
concrete slab with a larger opening. Cutting a 600×600 mm 
hole at the maximum moment region of the reference slab, 
which was examined in previous experimental work (Anil 
et al. 2013), will reduce its load-bearing capacity by 44%, 
i.e., the opening will result in less main reinforcement, so the 
last will yield at a lower load level. Although applying CFRP 
strips using the same scheme applied to Slab2, as shown in 
Fig. 3, on the edges of the opening as a strengthening technic 
will increase the slab carrying capacity by 25%. It should be 

Fig. 13: Influence of concrete compressive strength on the load-dis-
placement curve of the Slab2

pointed out that this strengthening method can restore about 
one-third (33%) of the original strength of the reference 
slab that was compromised due to the hole. Moreover, a 
comparison of the load-deflection curves between Slab2 
and Slab4 with different opening sizes, as shown in Fig. 
14, Indicates that increasing the size of the opening to 
600×600mm would result in a reduction of the load-bearing 
capacity by 15%. These results highlight the importance 
of proper strengthening techniques in RC slabs with larger 
openings.

5.   CONCLUSIONS
This study aims to investigate the impact of using Carbon 
Fiber Reinforced Polymer (CFRP) strips on the flexure 
behavior of Reinforced Concrete (RC) slabs. Utilizing 
the ABAQUS 6.13 software, numerical simulations were 
carried out to predict the overall flexural Performance of the 
strengthened slabs. The use of CFRP on the external surface 
of RC slabs has been acknowledged as an effective method 
of enhancing the behavior and strength of these structures. 
In general:
1. The load-midspan displacement curves from the simulation 

results match the experimental data for all specimens 
analyzed in this paper. The ultimate loads obtained through 
numerical analysis varied from the experimental ultimate 
loads by 1% to 6%, in other words, this high percentage 
indicates that the finite element model is sufficiently 
accurate to produce outcomes that are very similar to those 
obtained through experimental work.

2. The ultimate load capacity of Slab2 can be affected by 
the compressive strength of the concrete, as suggested by 
the numerical simulations. The results demonstrate that 
a higher concrete compressive strength, such as 65 MPa 
compared to 25 MPa, can result in a 30% increment in the 
ultimate load capacity of the slab.

3. The numerical analysis results indicated that adding an 
extra layer of CFRP strips to Slab2 led to a 10% increase 
in the ultimate load capacity.

4. The study revealed that when removing a 600×600 mm 
hole from the middle of the monolithic slab that was 
previously tested, its load-bearing capacity will decrease 

Fig. 14: Load-deflection diagram based on FEM analysis for Slab2, 
Slab4 and Slab5
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by 44%. This occurs because the hole reduces the amount 
of tension reinforcement, causing it to fail at a lower load 
level. However, strengthening the opening edges with 
CFRP strips will increase the slab›s load-carrying capacity 
by 25%. Additional research is necessary to determine 
the precise quantity of CFRP strips needed to completely 
restore the flexural capacity of slabs with openings to their 
initial states prior to the removal of the hole.
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