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In the current paper, the effect of carbon fiber reinforced polymer (CFRP) laminates on the flexural strength of rein-
forced concrete beam (RCB) with the web opening in the flexural zone was investigated using a numerical method. 
The main aim of the current work is to model the reinforced concrete beam strengthen by two shape of CFRP lam-
inates (2- layer and U-shape), to observe the influences of CFRP on the flexural strength of the beam. To this end, 
cyclic loading was applied to investigate the flexural behaviour of the Twelve RC beams under the cyclic loading. 
All beams kept the same dimensions length, breadth, and depth (2400 × 300 × 200) mm were modeled in the finite 
elements adopted by ABAQUS software. Steel bars have been used for both flexural strengthening and stirrups. A 
Three-point bending tests were performed using cyclic loading. Furthermore, the effect of web openings with different 
sizes (Side length of 40, 60, 75% of the breadth) on the flexural behavior of RC beams was investigated in detail. 
The flexural strength, local analysis, and ductility of the base beam and CFRP reinforced beam were analyzed. The 
results of the simulations revealed that the CFRP laminates enhanced the strength of the base beam significantly. 

Key words: von mises stress, reinforced concrete beam, yielding criteria, carbon fiber reinforced polymer, flexural 
behavior, cyclic loading, numerical analysis
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INTRODUCTION

In modern construction, it is necessary to create a sys-
tem of pipes and ducts to provide basic services. These 
services are water pipes, sewerage, air conditioning, 
power wiring system, communications, and internet 
services. Typically, the ducts which have been men-
tioned are under the slit of the beam and, for aesthetic 
considerations, they are embraced with a swung roof, 
forming an unusable room. To optimize the design, it is 
conventional to use beams with web openings through 
which these channels can pass, and eventually, it reduc-
es the amount of unused area and as a result, the de-
sign is more compressed. This compact design does not 
demonstrate great savings for usual buildings but in the 
case of a skyscraper, such a design can have enormous 
influence as it can reduce the height of the final building 
by the amount of saving per floor time in the number of 
floors. This may be one of the most important reasons 
why web openings have been introduced to the concrete 
beams [1-8]. Recently the application of fiber-reinforced 
polymers (FRPs) in civil engineering has risen notice-
ably due to various advantages of these materials such 
as low density, high strength to weight ratio, flexibility, 
comparatively low cost, appropriate durability, and cor-
rosion resistance compared to traditional materials. In 
the last two decades, the usage of FRP materials for the 
strengthening of reinforced concrete (RC) has attract-
ed notable attention. Therefore, there have been many 
studies conducted on the mechanical behavior such as 
compression, flexural, fatigue, etc. of strengthened sec-

tions by FRP [9-12]. The flexural behavior of reinforced 
concrete (RC) beams has been studied widely [13-17]. 
The results of these investigations have revealed the in-
fluence of several methods of the FRP system to obtain 
the needed outcomes. Numerous numerical and experi-
mental studies investigated the effect of different types of 
strengthening methods in FRP reinforced beams. They 
have studied different types of FRP materials such as 
glass, Basalt, carbon, and aramid as well as various 
shapes of the combination of FRP to the RCs [ 18-21].
Sonnenschein et al. [22] have investigated the effect of 
using different FRP composites in the bridge construc-
tions. They reviewed many studies and suggested that 
steel reinforcement can be substituted with FRP com-
posites specifically when concrete structures subjected 
to natural environment. They specified that corrosion is 
the main reason of the failure for the steel reinforcement 
beams and columns of the bridges, so in these struc-
tures FRP can completely satisfied the requirements 
as a reinforcement instead of traditional reinforcement 
(steel). They reported the mechanical properties of 
various types of FRPs and their application in different 
structural elements of bridges. De Lorenzis et al. [23] 
compared the behavior of full-scale supported highway 
bridge deck panels reinforced when bending with either 
externally bonded CFRP laminates or internally placed 
NSM CFRP bars. The failure of CFRP laminate rein-
forced deck covers lies through a combination of tearing 
and peeling CFRP laminates. NSM CFRP service has 
been filed tensile rupture of CFRP bars. With respect to 
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the ability to unstrengthen deck control, the torque in-
creases from 17 to 29%, the decks are reported to be 
fitted with externally bonded CFRP laminates and inter-
nally placed NSM CFRP bars, respectively. This paper 
deals with the flexural behavior of Full-scale Reinforced 
Concrete Beams (RCBs) under the cyclic loading. The 
RCB specimens contain a large opening (ranged from 40 
to 75% of the web depth) at the flexural zone. One solid 
beam without an opening and strengthening used in this 
work as a reference specimen. Then adding CFRP lam-
inates to the beams were investigated using ABAQUS 
software numerically.

Numerical Finite Element Modelling

In the current study, numerical method is utilized to per-
form the simulation using ABAQUS  software[24] that is 
a well-known and user friend analysis software package 
which is capable of solving  a wide-ranging linear and 
non-linear problems. Mechanical properties such as den-
sity, inelastic and Hashing damage criteria of concrete 
as well as the mechanical properties of steel and CFRP 
were defined to model by performing concrete damage 
plasticity  (CDP) model.  Isotropic damaged elasticity 
theory was considered for both compressive and tensile 
plasticity according to (ABAQUS and Manual 2012)[25]. 
The parameters related to the CDP FE model have been 
listed in Table 1 [26]. Uniaxial tensile and compressive 

𝜎𝜎𝑐𝑐 =  𝐸𝐸0 (1 − 𝑑𝑑𝑐𝑐)�𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑐𝑐
𝑝𝑝𝑝𝑝 � (1)

𝜎𝜎𝑡𝑡 =  𝐸𝐸0 (1 − 𝑑𝑑𝑡𝑡)�𝜀𝜀𝑡𝑡 − 𝜀𝜀𝑡𝑡
𝑝𝑝𝑝𝑝 � (2)

Where σc, dc, E0,  is the compressive stress, compressive 
damage variable and initial elastic modulus of the mate-
rial, respectively. Also, σt, dt, E0,  is the tensile stress, 
tensile damage variable, respectively. Furthermore, εc 
and εc

pl are compressive strain and compressive plastic 
strain, respectively. Also, εt and εt

pl are the strain under 
the tension and tensile plastic strain, respectively.

Table 1: CDP parameters of Concrete[26]

Dilation Angle 
(Ψ)

Eccentricity 
(Є) fb0/fc0 k Viscosity 

(µ)
56 0.1 1.16 0.667 0.0001

The tensile and compression behavior of concrete were 
defined and utilized for both conditions of prior to ulti-
mate strength and post peak stress.  Also, the mechani-
cal properties of CFRP used in the current work is listed 
in Table 2.

Table 2: Mechanical properties of CFRP [25]

E1
(N/mm2)

E2
(N/mm2)

ν12
G12

(N/mm2)
G13 (Nmm2) G23 (Nmm2)

23000 17860 3.0 10000 10000 10000

Longitudi nal 
Tensile Strength      

(N/mm2)

Longitudinal 
Compressive 

Strength
(N/mm2)

Transverse 
Tensile 

Strength
(N/mm2)

Transverse Tensile 
Strength
(N/mm2)

Longitudinal 
Shear Strength

(N/mm2)

Transverse Shear 
Strength
(N/mm2)

3450 2760 133 536 117 117

mechanical performances of concrete are needed to 
characterize the CDP in ABAQUS. The relations for the 
stress-strain of uniaxial compression test and tensile test 
are as follows:

A developed model by S. Bahij et al.  [27-30] has been 
used in ABAQUS for failure of the concrete. This model 
has been modified by several researchers. The model 
offered by Lee et al.[26] was chosen for this study. The 
plasticity properties may be explained by many phenom-
ena, like strain softening, deterioration of the material 
gradually, and volumetric expansion, and consequently a 
decrease in strength and stiffness of the concrete. More 
details about the CDP model and the related theories is 
available in the ABAQUS Analysis User’s Manual [25]. 
The plastic properties for stress and strain for damage of 
the concrete can be achieved by the Equations (3) and 
(4) to measure damage throughout the degradation only 
in the softening stage where stiffness is proportional to 
the cohesion of the sample.

𝐸𝐸
𝐸𝐸0

=
𝐶𝐶

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
=  (1 − 𝑑𝑑) (3)

𝜀𝜀−𝑝𝑝 = 𝜀𝜀𝑝𝑝 −
𝑑𝑑

1 − 𝑑𝑑
𝜎𝜎
𝐸𝐸0

𝜀𝜀−𝑝𝑝 = 𝜀𝜀 −
𝑓𝑓
𝐸𝐸0

        (4)and

Where C is cohesion in the criteria of the yield strength, 
that is also proportional to stress, Cmax is equal to the 
strength of the concrete, d and f are damage factor and 
the tensile or compressive strength of concrete. Further-
more, damage  compression  for  model  elements  and  
tensile  factors  is  evaluated  via Equations (5) and (6), 
separately.
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𝑑𝑑𝑐𝑐 = 1 −
𝜎𝜎𝐶𝐶𝐸𝐸𝐶𝐶−1

𝜀𝜀𝑐𝑐
𝑝𝑝𝑝𝑝 � 1

𝑏𝑏𝑐𝑐 − 1� + 𝜎𝜎𝑐𝑐𝐸𝐸𝐶𝐶−1
(5)

𝑑𝑑𝑡𝑡 = 1 −
𝜎𝜎𝑡𝑡𝐸𝐸𝐶𝐶−1

𝜀𝜀𝑡𝑡
𝑝𝑝𝑝𝑝 � 1

𝑏𝑏𝑡𝑡 − 1� + 𝜎𝜎𝑡𝑡𝐸𝐸𝐶𝐶−1
(6)

Where σc is the compressive stress and σt is tensile 
stress. Ec is the concrete modulus elasticity, εt

pl is the 
plastic. The values of bc and bt are recommended by 
[31] and equal to 0.7 and 0.1, respectively. There are 
many kinds of tests to determine the flexural strength of 
a material such as three-point bending and four-point 
bending tests. In the current work three-point bending 
tests were simulated in ABAQUS and the schematic of 
three-point bending test and detailed model used in the 
simulations is illustrated in Fig.1. Rectangular reinforced 
beam (RCB) with the width, hight and length of 300 mm, 
200mm, and 2400 mm, respectively were used as a 
base model to observe the effect of adding web opening 
and CFRP on the flexural strength of the beam. Also, the 
beam was reinforced via 4 bars with the diameters of 
8 mm and c/c of 152 mm and series of stirrups with an 
interval distancing of 100 mm c/c (see Fig. 1). The young 
modulus of the steel bars and stirrups was defined as 
200 Gpa and the mechanical properties of the steel were 
set in the ABAQUS software. The compressive strength 
(fc) of the concrete used in the study was 30 MPa. 

Figure 1: Details of RC beam includes bars and stirrups

The Dynamic behavior of concrete used for the simula-
tion and also damage properties used in ABAQUS for 
the simulation is presented in Table 3.

Table 3: Dynamic behavior and tensile damage values of concrete used in the simulation

Tensile (CDP) Tensile Damage
Stress in-strain stress damage in-strain

3450652.112 0 3450652 0 0
2295713.038 0.00029 2295713 0.740058 0.00029
1884035.156 0.000549 1884035 0.868129 0.000549
1651583.006 0.000802 1651583 0.916419 0.000802
1496056.714 0.001052 1496057 0.940729 0.001052
1382096.603 0.0013 1382097 0.955019 0.0013

MECHANICAL MODELING

Firstly, the beam, steel embedded region inside of the 
concrete beam, FRP layers, and rigid bodies for support 
and applying the deformation were designed in the part 
module of the ABAQUS software. After that, the material 
properties of the steel, CFRP, and concrete were defined 
in the property module. Subsequently, the three-point 
bending setup was assembled in assembly module of 
the software as shown in Fig.2.

Figure 2: Assembly of the three- point bending system 
simulated in this study

Also , Fig.3 demonstrates the setup consist of 23 stir-
rups and 4 steel bars inside of the beam to make the 
reinforced concrete beam. Furthermore, four rectangular 
rigid bodies were designed to make the supports at both 
side of the beam and one for applying the load from the 
top of the system which can be seen in Fig.3.

Figure 3: Embedded stirrups and bars of steel
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4-a: U shape wrapped CFRP 4-b: CFRP laminated 2- layers 

Consequently, U shape and 2-layiers wrapped polymer 
were design to see the effect of CFRP on the flexural 
strength of the reinforced concrete beams. The design of 
this laminated layer can be seen in Fig. 4a and 4b For the 
next part of the modelling in ABAQUS, the interactions 
between different parts of the system and constraints 
and contacts were defined. Afterward, in mesh module 
all the parts were meshed one by one to discretize the 
parts for numerical solution. Although, low element size 
may give better results, the low element size increases 
the number of the elements which subsequently increase 
the simulation time. Therefore, we have tried to optimize 
the number of the elements and element size to achieve 
a reliable result and compute the problem faster. In most 
of the cases of this thesis, the approximate global size 
was defined as 0.05. Fig.5 demonstrates the system for 
the three-point bending test after mesh. Also, The design 
of CFRP laminates with the thickness of 1 mm and width 
and length of 300mm and 2400 mm, respectively shown 
in Fig. 6-a and 6-b.

Figure 5: Meshed setup

6-a: U shape wrapped CFRP 6-b: CFRP laminated 2- layers 

Figure 6: Meshed CFRP laminates
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7-a: mesh of CFRP laminates with opening 7-b: Design of CFRP laminates with opening

Figure 7: Design and mesh of CFRP laminates with opening

Design and mesh of CFRP laminates with opening 
shown in Fig.7. An increasing cyclic loading were applied 
on the beams with the specific time intervals until the fail-
ure of the beam. The main concrete part was considered 
as the important part for the failure. The loading curve 
is illustrated in Fig.8. Displacement for each cycle were 
chosen as 1.5 mm. Three rectangular web opening were 
used with different side sizes of 40%, 60%, and 75% of 
the depth in order to see the effect of web opening size 
on the flexural behavior of the beam for both cases of 
with and without CFRP. U shape wrapped CFRP were 
tie to the beam prior to simulation. The side sizes of the 
rectangular web openings were 12, 7.5, and 180 mm 
,respectively. The boundary conditions were selected for 
both rigid bodies at sides of the beams as an ENCAS-
TRE (U1=0, U2=0, U3=0, UR1=0, UR2=0, UR3=0) and 
friction were defined between the beam and rigid bodies 
in order to give the ability of moving in 2 directions to 
the beam on the supoorts. Loading were applied using 

Figure 8: Amplitude of  cyclic loading in different time 
steps of simulation

Table 4: Name and abbreviation of all conditions of the study

No. Model Name Abbreviation
1 RC Beam RCB
2 RC Beam with web opening 40% RCB-W40
3 RC Beam with web opening 60% RCB-W60
4 RC Beam with web opening 75% RCB-W75
5 RC Beam with 2-layer CFRP RCB-CFRP-2L
6 RC Beam with 2-layer CFRP with web opening 40% RCB-CFRP-2L-W40
7 RC Beam with 2-layer CFRP with web opening 60% RCB-CFRP-2L-W60
8 RC Beam with 2-layer CFRP with web opening 75% RCB-CFRP-2L-W75
9 RC Beam with  U shape CFRP wrapped RCB-CFRP-U

10 RC Beam with U shape CFRP wrapped with web opening 40% RCB-CFRP-U-W40
11 RC Beam with U shape CFRP wrapped with web opening 60% RCB-CFRP-U-W60
12 RC Beam with U shape CFRP wrapped with web opening 75% RCB-CFRP-U-W75

a displacement control loading via rigid body at the top 
of the beam and unload to the initial point and repeating 
this process.

575
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RESULTS AND DISCUSSION

Fig. 9 demonstrates the effect of adding web opening 
on the flexural behavior of the RC beams with respect 
to the number of cyclic loading. It can be observed that 
with increasing the size of the web opening from 40% of 
the depth of the beam to 75%, the maximum von mises 
stress of the beam has reached to the maximum ten-
sile strength of the beam at lower number of the cycles. 
Furthermore, stress concentration on the corner of the 
web opening may significantly decrease the strength of 
the beam. Fig.10. shows the start of the yielding on the 
concrete beam and increasing the number of the yielded 
elements throughout that in further cycles with increas-
ing the displacement amplitude. The results of the sim-
ulation of the beam were in a good agreement with the 
literature in case of start of the yielding form the bottom 
part of the beams and propagating through the sample. 
Then with increasing the stress level at further cycles the 
top parts of the beam was also yield from the compres-
sive stress

Figure 9: Maximum Von Mises stress of the RC beams 
with and without web opening at different cycles

Figure 10: Yielding criteria stages on the RCB during 
the cyclic loading

The maximum von Mises stress distribution on the re-
inforced concrete beam after the fifth cycle was shown 
in Fig.11 It can be seen that the von Mises stress value 
has reached to about 40 MPa at the top center of the 
beam where the displacement has been applied via rigid 
body.The equivalent plastic strain on the concrete beam 
can be seen in Fig.12. In the figure it can be observed 
that the maximum PEEQ  is at the compressive zone at 
the top of the beam and also at the bottom of the beam 
where the beam is under the tensile stress. With apply-
ing the displacement from the rigid bodies to the beam 
the compressive stress generates above the neutral line 
of the beam then the maximum plastic strain occurs on 
the zones that displacement directly applied.

Figure 11: The maximum von Mises stress distribution 
on the reinforced concrete beam after the fifth cycle

Figure 12: The equivalent plastic strain distribution on 
the reinforced concrete beam after the fifth cycle

Also, the von Mises stress distribution on the steel bars 
and stirrups is demonstrated in Fig. 13.  As shown in Fig. 
13, the most critical zone on the embedded region was 
the bottom bars where the maximum stress was 393.2 
MPa and that was higher than the yield strength of the 
steel used in this model.
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Figure 13: The maximum von Mises stress distribution 
on the reinforced concrete beam

With the addition of web opening on the stress distribu-
tion on the beam also has been observed for the case 
with CFRP. With the addition of web opening with differ-
ent ratios of 40%, 60%, and 75%, it can be observed that 
the level of maximum von Mises stress after each cycle 
of loading was enhanced due to the stress concentra-
tion on the corners of the rectangular web openings and 
top of the opening. Fig. 14 and Fig.15 shows the maxi-
mum von Mises stress distribution on the RCB-W40, and 
RCB-W60 after the sixth cycle respectively. 

Figure 14: The maximum von Mises stress distribution 
on the RCB-W40 after the sixth cycle

Figure 15: The maximum von Mises stress distribution 
on the RCB-W60 after the sixth cycle 

Regarding the results of the Fig. 9, it can be observed 
that the level of maximum von Mises stress for RCB-W75 
is lower than the others approximately at all the cycles. 
But this is related to the localization of deformation in this 
case and this case cannot be applicable for the beams. 
Fig. 16 and Fig. 17 show the results of equivalent plastic 
strain and deformation at the 4th cycle for RCB-W75, re-
spectively. Fig. 18, 19 and 20 shows the Yielding criteria 
on the RCB-W40, RCB-W60 and RCB-W75 respectively 
and it can be seen that with increasing the size of the 
web openings the yielding zone is concentrated around 
the web opening at the center of the beam.

Figure 16: The equivalent plastic strain distribution on 
the RCB-W75 after the fourth cycle

Figure 17: Localization of deformation on the top of the 
web opening part and failure of the RCB-W75 sample

Figure 18: Yielding criteria on the RCB-W40
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Figure 19: Yielding criteria on the RCB-W60

Figure 20: Yielding criteria on the RCB-W75

Reinforced with 2 layers of CFRP laminates at both 
side of the beam

The results of the flexural loading simulation of the beam 
reinforced by CFRP laminates at both sides is demon-
strated in Fig. 21. With comparing the results of the 
simulation with 2 Layers of CFRP and without CFRP, it 
can be observed that for all the cases attachment of the 
CFRP has decreased the vin Mises stress levels of each 
cycle. Also, considering the web openings with different 
sizes, it was asserted that the web opening caused to 
the failure faster than that of the case without the open-
ing. Moreover, the yielding criteria for the beams with 
different web opening sizes has been demonstrated in 
Fig. 22-24. With comparing the results of the simulation 
for the RCB without the CFRP laminates and with CFRP 
laminates, it can be understood that the attachment 
of the CFRP layers has prevented the propagation of 
yielding to the most parts of the beam and in the beams 
with web openings it is mostly concentrated around the 
rectangular web opening sides, top, and corners. Fur-
thermore, with increasing the size of the openings, this 
yielding becomes more concentrated on the center of the 
beam (see Fig. 24). Also, the maximum von Mises stress 
distribution on the CFRP laminates is depicted in Fig.25. 
It can be observed that the max von Mises level of 113 
MPa was carried out by the CFRP layers to support the 
concrete beam under flexural loading.

Figure 21: Maximum Von Mises stress of the    
RCB-CFRP-2L with and without web opening at  

different cycles

Figure 22: Yielding criteria on the RCB-CFRP-2L-W40

Figure 23: Yielding criteria on the RCB-CFRP-2L-W60
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Figure 24: Yielding criteria on the RCB-CFRP-2L-W75

Figure 25: The maximum von Mises stress distribution 
on the CFRP laminates of RCB-CFRP-2L-W60

Reinforced with U shape CFRP around the beam

The results of the flexural loading simulation of the beam 
reinforced by U- shape CFRP is demonstrated in Fig. 26. 
Considering the results of the simulations shown in Fig. 
21 and Fig. 26,it can be seen that the level of maximum 
Von Mises stress at each cycle for the U shape CFRP 
reinforced  beams are lower than that of  CFRP lami-
nates reinforced beams. This is directly attributed to the 
significant effect of the bottom layer in U shape CFRP to 
prevent the initiation of the cracks on the bottom regions 
of the beam where the beam is under the tensile stress 
at these parts. Fig. 27 demonstrates the stress distribu-
tion of the RCB-CFRP-U beam without opening. Also, 
it can be seen in Fig. 27 that although, the maximum 
stress is at the top center of the beam, the load is more 
distributed to the other regions due to the attachment of 
the U shape CFRP to the RCB. After the 8th cycle, still 
the level of max von Mises stress is lower than 27 MPa 
after adding U shape CFRP to the beam. Also, yielding 
criteria of the RCB-CFRP-U is shown in Fig. 28. It can be 
observed that the beam started to fail from the bottom 
sides and top of the beam due to the tension loading and 
compressive loading, respectively. Fig. 29-31 demon-
strates the start of the yielding on the beam at the center 
of the beam where the web opening with different sizes 
has been located. Also, it can be seen that with increas-
ing the size of the web opening from 40% to 60% and 

75%, the level of concentration on the top of the beam 
at the center has increased. This can be also related to 
the low strength of the concreate beam at the center due 
to the lack of stirrups at this zone where the load is just 
carried out by steel bars and concrete with the CFRP 
reinforcement.

Figure 26: Maximum Von Mises stress of the         
RCB-CFRP-U with and without web opening at different 

cycles

Figure 27: The maximum von Mises stress distribution 
on the RCB-CFRP-U after the 8th  cycle

Figure 28: Yielding criteria of the RCB-CFRP-U under 
the flexural loading
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Figure 29: Yielding criteria of the RCB-CFRP-U-W40

Figure 30: Yielding criteria on the RCB-CFRP-U-W60

Figure 31: Yielding criteria on the RCB-CFRP-U-W75

CONCLUSIONS

In the current paper, the effect of CFRP on the flexural 
behavior of RC beams were investigated using ABAQUS 
software. Furthermore, the effect of web opening with 
different sizes were analyzed and the some of the results 
are as follow:
1. Two layers CFRP laminates increased the flexural

strength of the RC beams under cyclic loading sig-
nificantly.

2. With changing the shape of the CFRP laminates to a
U shape CFRP layer, the number of cycles to failure
were increased and von Mises stress level at each
cycle were also decreased.

3. 3. With increasing the size of the web opening, 
the flexural strength of both RCB and RCB-CFRP 
was decreased gradually. Moreover, deformation lo-
calization was seen on the samples with 75% web 
opening size which caused to the failure of the beam 
at earlier cycles.

4. 4. it can be seen that the level of maximum Von 
Mises stress at each cycle for the U shape CFRP 
reinforced  beams are lower than that of  CFRP lam-
inates reinforced beams.

5. 5. All beams yield from the bottom parts due to the 
lower strength of the concrete against the tension 
loading. However, with adding web openings to the 
beams, the stress concentration was occurred on 
the edges and top of the web opening.
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