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Abstract
Rehabilitation of weak and damaged structures has been considered widely during recent years. A relatively modern way of 
strengthening concrete components is to confine parts under tension and shear by means of carbon fiber reinforce polymer 
(CFRP). This way of strengthening due to the conditions of composite materials such as light weight, linear elastic behavior 
until failure point, high tensile strength, high elastic modulus, resistance against corrosion, and high fatigue resistance has 
become so common. During structural strengthening by means of not pre-stressed FRP materials, usually, it is not possible 
to benefit from the maximum capacity of FRP materials. In addition, sometimes, the expensive cost of such materials will 
not make a suitable balance between rates of strengthening and consuming spending. Thus, pre-stressing CFRP materials 
has an undeniable role in the effective use of materials. In the current research, general procedure of simulation using finite-
element method (FEM) by means of the numerical package ABAQUS has been presented. In this article, 12 reinforced 
concrete (RC) models in two states (strengthened with simple and pre-stressed CFRP) under cycling loading have been 
considered. A parametric study has been carried out in this research on the effects of parameters such as CFRP surface area, 
percentage of tensile steel rebar and pre-stressing stress on ultimate load carrying capacity (ULCC), stiffness, and the ability 
of depreciation energy for the samples. In the current article also, for design parameters, percentages of tensile steel rebars, 
surface area of CFPR sheets, and the effective pre-stressing stress in RC beams retrofitted with pre-stressed CFPR sheets 
have investigated. In this paper, it was investigated that using different amount of parameters such as steel rebar percentage, 
CFRP surface area percentage, and CFRP pre-stressing, the resulted ULCC and energy depreciation of the specimens was 
observed to be increasing and decreasing. Results from examined specimens with optimum steel rebar percentage, CFRP 
surface area percentage, and CFRP pre-stressing which had the most enhancement on ULCC and energy depreciation are 
reported in the current article.

Keywords Reinforced concrete beams · Pre-stressed CFRP · Ultimate load carrying capacity · Percentage of tensile steel 
rebar · Ability of energy depreciation · Cyclic loading

Introduction

FRP materials to the form of outer coverage have been used 
for enhancing the resistance and improvement of the exist-
ing concrete structures from 1980s so far. The related FPR 
strengthening projects have been dramatically increased all 

over the world. This growth rate has started from a couple of 
projects to thousands during last decade. The EMPA Swit-
zerland Institute can be mentioned as the primary research-
ers in the field of FPR strengthening. The researches were 
performed on CFRP strengthened RC beams in 1984. The 
most important advantages of using FRP sheets are the high 
ratio of resistance to weight and also high ratio of resistance 
to corrosion (Jankowiak 2012). The first quality would cause 
the ease of application in place and reduction of the wage 
cost. The second characteristic would cause the durability 
of execution. Different parts of strengthened structures with 
FRP systems with the forms of outer coverage are: beams, 
columns, walls, joints, chimneys, circular arches, tunnels, 
bins, pipes, and trusses. FRP coverage as an alternative for 

 * Ata Hojatkashani 
 ata_hojat@aut.ac.ir
 http://ahojat.faculty.azad.ac.ir/en

1 Department of Civil Engineering, Islamic Azad University 
(South Tehran Branch), Tehran, Iran

2 Civil Engineering, Structural Engineering, Islamic Azad 
University (South Tehran Branch), Tehran, Iran

http://orcid.org/0000-0003-4244-1552
http://crossmark.crossref.org/dialog/?doi=10.1007/s40091-018-0182-4&domain=pdf


18 International Journal of Advanced Structural Engineering (2018) 10:17–28

1 3

other strengthening strategies such as using steel sheets and 
ducts around concrete columns has been invented. The FRP 
coverage has been developed for the first time in 1980s in 
Japan and Europe for improvement of concrete structures. 
Nowadays, FRP systems have been used as steel sheet alter-
natives. FRP sheets are 2–10 times stronger than steel sheets, 
while they weigh 20% of steel sheets (Ahmad and van Ger-
nert 1999). The limitations to use this sort of materials in 
civil engineering applications are just because of high cost. 
FRP composites are so resistant against the corrosion, salty, 
and alkali environment. Nowadays, FRP composites have 
been topic of wide spread studies as alternatives of steel 
bars and pre-stressed cables. The connection of steel sheets 
to tensile part of concrete pieces by epoxy resins to enhance 
bending strength of such pieces is a normal and durable 
method. This method has been used for strengthening of 
many bridges and buildings around the world. Since steel 
sheets would corrode and cause destruction of steel sheet 
connections with concrete, and also they are hard to estab-
lish and should be installed using extremely heavy machines, 
researchers have tried to replace FRP materials instead of 
steel (Darby 1999; Holloway 1999).

FRP composite materials are consisted of fibers and 
adhesive. In most of applied FRP composites, the behavior 
of fibers is unidirectional. Fibers perform capacity of FRP 
and adhesive distribute stress between fibers while keeping 
fibers unified. Among performed studies, many research-
ers have on the FRP strengthening of flexural members and 
also modes of failure specially the debonding failure mode 
(Zhang and Toshiyuki 2016; Pesic 2005). In addition, some 
researches have focused on manuals and design guide lines 
considering FRP applications in concrete structures (Pilak-
outas et al. 2011).

In the current research, behavior of RC beams retrofitted 
with pre-stressed CFRP has been studied. It can be men-
tioned that the main difference between RC beams with 
pre-stressed steel cables and RC beams retrofitted with pre-
stressed CFRP sheets is at the range of yielding. This is 
because FRP has linear behavior till to fracture unlike RC 
beams with pre-stressed steel cables in the failure behavior 
is due to yielding. Failure of RC beams with pre-stressed 
CFRP occurs with concrete crushing or FRP failure with 
no alert. Carbon fibers have the best behavior in pre-stress-
ing application rather than other types of fibers; however, 
the expense is considerable (El-Hacha et al. 2001; Jonsson 
2011).

Strengthening beams

Depending on the level of beams destructions, several 
solutions can be chosen for rehabilitation and strength-
ening of such structures. For instance, injecting resin, 

attaching steel sheets or FRP, concrete replacing, and 
using concrete jackets, could be mentioned of such reha-
bilitation and strengthening methods (Ahmad and van 
Gernert 1999).

FEM analyses

ABAQUS software, which is a perfect mean for simulat-
ing and analyzing based on FEM, has been applied for the 
numerical examination of models in the current research. 
Materials specifications and the numerical analyses approach 
are discussed as the following.

Plastic failure of concrete

This method of plastic failure is a capable mean to simulate 
the behavior of nonlinear concrete and semi brittle materi-
als constructing elements. This model is suitable for plain 
concrete and reinforced concrete. The general idea of this 
method is applicable for monotonic, cyclic, and dynamical 
loading, and is also capable to carry out stiffness recovery 
under cyclic loading.

With this method of simulation, it is assumed that the 
concrete failure with two forms of cracking in tension and 
crushing under pressure would be assessed. The growth 
of yielding would be controlled by two factors of harden-
ing. Plastic equivalent strain in tension and pressure �̃�plt  and 
�̃�
pl
c  would control the concrete failure under tension and 

pressure.

Details of numerical simulations (Teng 2002; Meier 
et al. 1992)

Material characteristics were allocated to all the model com-
ponents. For models which contact between components 
existed, mechanical specifications specified and connections 
and interactions specified as the following:

• Connections and interactions between bars and concrete 
by the technique of embedded elements.

• For the contact surfaces, properties of perpendicular to 
plane (hard contact) and tangential by method of penalty 
have been applied.

Suitable meshing for the model and assigning suitable 
structural elements for the components were applied as the 
following: For beams sections by the form of C3D8R ele-
ments (3D continual element with 8 nodes for integration) 
and for placing bars, axial elements of B31 and also for poly-
mer sheets S8R (surface element with 8 nodes of integra-
tion) have been used. All examined model data informations 
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regarding materials specifications, geometry and dimen-
sions, steel rebar percentages, CFRP surface area percent-
ages, and CFRP pre-stressing, are depicted in Tables 1, 2, 3, 
4, 5, 6, 7, 8, 9, and 10.         

Validation

Monotonic examination

For validation of FE simulation, experiments done by 
Xue et al. (2010) have been referenced. With this series 
of examinations, researchers assessed the effects of CFRP 
sheets on the resistance of reinforced concrete beams with 
different proportions of steel rebars. From the tested sam-
ples, PC-1 model has been chosen for FE simulation in 
ABAQUS. Figures 1 and 2 illustrate tested sample (Xue 
et al. 2010). 

Geometric and mechanical characteristics of CFRP, 
steel rebars and concrete assigned to ABAQUS, are pre-
sented in the following tables.

Pre-stressing rate of CFRP sheets was 1052 MPa which 
was about 42.1% of ULCC. At the first step of loading, 
stress in the CFRP achieved the pre-stressing stress rate 
as shown in Fig. 3.

Figure  4 presents experimental load–displacement 
curve of the sample beam BC-1 in comparison with FE.

Cyclic examination

To control validation of FE analysis of cyclic behavior of 
RC member, the study bellow is presented. In this study, 
a reinforced concrete beam-column specimen under the 
influence of axial and shear force was modeled in the 
ABAQUS software. Experimental test setup of the tested 
beam-column is shown below. To validate the modeling, 
laboratory model of the concrete beam-column was inves-
tigated. This beam-column was located first against axial 
load and then lateral load as illustrated (Bae 2005). In 
Fig. 5 schematic illustration and dimensions of the tested 
RC beam-column is presented.

The laboratory test setup and the FE modeled sample 
in the software are shown in Figs. 6 and 7. RC specimen 
has been modeled in ABAQUS software.  

As mentioned previously, after the application of the 
axial load, the specimen was subjected to progressively 
increasing lateral displacement cycles following the 

Table 1  Type and number of elements

Model components Type of elements Number of 
elements

Concrete C3D8R 2128
Steel
 Main bar B31 53
 Stirrup 12

FRP S8R 112

Table 2  Geometric and mechanical characteristics of CFRP

Material Elastic modulus Ultimate strength Thickness

CFRP 150 (Gpa) 2500 (MPa) 1.4 (mm)

Table 3  Specifications of experimental steel rebars

Diam-
eter 
(mm)

Elastic modulus Yield stress Ultimate stress Elonga-
tion (%)Es (GPa) fy (MPa) fu (MPa)

6 245 500 641 23
8 201 298 466 22
12 145 340 518 20
14 140 270 450 22
16 143 300 443 23

Table 4  Mechanical characteristics of tested sample PC-1 concrete

Specimen Elastic modulus Cubic compressive Tensile strength
E s (GPa) Strength (MPa) (MPa)

Concrete 32.5 52.3 3.6

Table 5  Specifications of beam 
with pre-stressing PC-1 (Xue 
et al. 2010)

Specimen Steel reinforcement 
in compression

Steel reinforcement in tension CFRP plate 
width  bf (mm)

Effective prestress

PC-1 2�6 1�12+2� 14 (1.25%) 50 1052.0 (42.1%)
PC-2 2�6 1�12 + 2�14(1.25%) 20 1101.9 (44.1%)
PC-3 2�6 3�12(1.25%)) 20 1265.4 (50.6%)
PC-4 2�6 1�16 + 2�14(1.25%) 20 786.5 (31.5%)
PC-5 2�6 1�16 + 2�14(1.25%) 20 1087.2 (43.5%)
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displacement protocol, shown in the figure below. As such, 
three fully reversed cycles were applied for each displace-
ment step as required by FEMA 356 (2000).

Figure  8 shows that the lateral force–displacement 
response diagram of the cyclic loading of the tested speci-
men resulted from the FE analysis (drawn with dots), which 

Table 6  Characteristics of steel rebars and CFRP

Each model is subjected to cyclic loading in both forms of pre-stressed and not pre-stressed

No. Variable Tensile rebar CFRP Effective pre-stressing

Steel rebars Percentage (%) Dimensions (mm) Percentage (%) Stress (MPa)

1 Effect of the percentage 
of tensile steel

1�12 + 2�6 50 × 1.4 1.90 1052
2 1�12 + 2�14 1.25 50 × 1.4 1.90 1052
3 1�16 + 2�14 1.36 50 × 1.4 1.90 1052
4 3�16 1.61 50 × 1.4 1.90 1052
5 Effect of CFRP area 1�12 + 2�14 1.25 25 × 1.4 0.95 1052
6 1�12 + 2�14 1.25 75 × 1.4 2.85 1052
7 1�12 + 2�14 1.25 100 × 1.4 3.80 1052
8 1�12 + 2�14 1.25 25 × 2.8 1.90 1052
9 Effect of pre-stressing 1�12 + 2�14 1.25 50 × 1.4 1.90 250
10 1�12 + 2�14 1.25 50 × 1.4 1.90 750
11 1�12 + 2�14 1.25 50 × 1.4 1.90 1250
12 1�12 + 2�14 1.25 50 × 1.4 1.90 1750

Table 7  Characteristics of strengthening steel rebars and pre-stressed CFRP

No. Variable Tensile steel rebar CFRP Effective pre-stressing

Steel rebars Percentage (%) Dimensions (mm) Percentage (%) Stress (MPa)

1 Effect of the percentage of tensile steel 1�12 + 2�6 0.45 50 × 1.4 1.9 1052
2 1�12 + 2�14 1.25 50 × 1.4 1.9 1052
3 1�16 + 2�14 1.36 50 × 1.4 1.9 1052
4 3�16 1.61 50 × 1.4 1.9 1052

Table 8  Effects of geometric characteristic of CFRP sheets

Sample Tensile steel rebar CFRP Effective pre-stressing

No. Variable Steel rebars Percentage (%) Dimensions (mm) Percentage (%) Stress (MPa)

5 Effect of CFRP surface area 1�12 + 2�14 1.25 25 × 1.4 0.95 1052
6 1�12 + 2�14 1.25 75 × 1.4 2.85 1052
7 1�12 + 2�14 1.25 100 × 1.4 3.80 1052
8 1�12 + 2�14 1.25 50 × 2.8 1.90 1052

Table 9  Specifications of tensile steel rebars, strengthening CFRP sheets, and pre-stressing levels of beam samples 9–12

Sample Tensile steel rebar CFRP Effective pre-stressing

No. Variable Steel rebars Percentage (%) Dimensions (mm) Percentage (%) Stress (MPa)

9 Effect of pre-stressing 1�12 + 2�14 1.25 50 × 1.4 1.9 250
10 1�12 + 2�14 1.25 50 × 1.4 1.9 750
11 1�12 + 2�14 1.25 50 × 1.4 1.9 1250
12 1�12 + 2�14 1.25 50 × 1.4 1.9 1750
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is very close to the experimental result obtained from (Bae 
2005). Therefore, the study validation has been achieved.

FEM simulation process for parametric 
studies

In this section, procedure of FE simulation and total 
results originated from loading are presented. Totally, 
12 RC models were strengthened with simple and pre-
stressed CFRP and subjected to cyclic loading based on 
code Applied Technology Council (1992). ULCC, stiff-
ness, and the ability of energy depreciation of these sam-
ples effected by parameters such as percentage of tensile 

steel, CFRP surface area, and the effect of pre-stressing 
stress. In Table 6, models specifications are represented.

In Table 6, samples 1–4 with the beam surface area of 
250 × 150 mm and CFRP surface area of 50 × 1.4 mm and 
constant pre-stressing stress of 1052 MPa are presented.

For these samples with stable surface area of CFRP and 
pre-stressing stress, effects of variation in tensile steel rebar 
have been assessed. For samples 5–8 with stable percentage 
of tensile steel rebar and the rate of pre-stressing, the effect 
of CFRP surface area on ULCC and ability of depreciation 
were studied. Finally, for samples 9–12 effects of pre-stress-
ing level was studied.

Effects of tensile steel percentage (As)

In this section, four beams with tensile steel percentages of 
0.45, 1.25, 1.36 and 1.61% in two states of strengthening 
with not pre-stressed and pre-stressed CFRP sheets were 
modeled and subjected to cyclic loading with displacement 
control of 5Δy. The rate of increasing of the resistance and 
the capability of energy depreciation were assessed in 4 per-
centages of tensile bars. In Table 7, characteristics of steel 
bars and strengthening CFRP are illustrated.

Following notes should be considered about Fig. 9:

• Maximum load of beam number 1 with tensile steel 
rebar percentage of 0.45% strengthened with CFRP in 
two states without pre-stressing �eff = 0MPa and with 
pre-stressing stress of �eff = 1052MPa , are 77.78 and 
86.36 kN, respectively. It can be observed that the CFRP 
pre-stressing state resulted in 11% increase in ULCC.

• Surface areas inside both diagrams which are equal to 
depreciated energy during cyclic loading for the both 
strengthening states with CFRP, were 1.59E+07 and 
1.57E+07 N mm, respectively which caused increasing 
of 1.3% of this factor.

Considering Fig. 10, the following notes are obtained: 

• The ULCC of the beam strengthened with not pre-
stressed CFRP was 92.19 kN at the ultimate displacement 
of 20.86 mm.

• The ULCC of the beam strengthened with pre-stressed 
CFRP was 101.99 kN at the ultimate displacement of 
21.89 mm. In this sample, the pre-stressing of CFRP 
sheets enhanced capacity of about 10.46%.

Table 10  Effects of CFRP pre-stressing percentage of retrofitted rein-
forced concrete beams on two factors of ULCC and energy depreca-
tion ability

Percentage of pre-stress-
ing (%)

Ultimate load carrying 
capacity (kN)

Depreci-
ated energy 
(N mm)

0 81.13 1.84E+07
250 83.99 1.86E+07
750 87.91 1.92E+07
1052 101.99 2.03E+07
1250 91.45 1.91E+07
1750 95.61 2.96E+07

Fig. 1  Experimental sample of PC-1 reinforced concrete beam retro-
fitted with CFRP (Xue et al. 2010)

Fig. 2  Selected beam BC-1 for 
finite-element analysis (dimen-
sions are in mm) (Xue et al. 
2010)
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• Surface areas inside both diagrams, which are equal 
to depreciated energy during cyclic loading for 
the two strengthening states, were 1.84E+07 and 
1.93E+07 N mm, respectively, which enhanced this fac-
tor of about 4.89%.

The following notes can be considered about Fig. 11:

• Beam capacity rate in two states of strengthening with 
pre-stressed and not pre-stressed CFRP was equal to: 

104.88 and 97.13 kN, respectively. Pre-stressing with 
effective tensile stress of 1052 MPa for CFRP sheets 
caused 7.8% enhancement for ULCC.

• On the other hand, energy depreciation ability resulted 
from pre-stressed CFRP sheets has increased from 
2.06E+07 to 2.12E+07 N mm which enhanced this 
factor about 2.92%.

Considering results depicted in Fig. 12, the following 
descriptions are derived:

Fig. 3  a Stress contours for the 
beam with pre-stressing at the 
stage of start of loading. b, c 
Stress contours for the beam 
with pre-stressing at the stage of 
end of loading

Fig. 4  Comparison of experimental and finite-element results

Fig. 5  Image of the investigated reinforced  concrete beam-column 
(Bae 2005)
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• Maximum load capacity for this beam for the state of 
strengthened with not pre-stressed CFRP was calculated 
as 103.23 kN at the displacement of about 20.29 mm.

• For the state of strengthening with pre-stressed CFRP, 
the rate of maximum load capacity of the beam reached 
to 110.93 kN when the displacement changed 21.79 mm. 
In this situation, increasing of 7.46% for ULCC has hap-
pened.

• The surface area inside load–displacement diagram 
has changed from 2.17E+07 to 2.23E+07 N mm which 
showed the growth of 2.76%.

Effects of CFRP surface area

In this section, effect of geometric specifications of CFRP 
sheets on ULCC and ability of energy depreciation for RC 
beams strengthened with pre-stressed CFRP sheets would 
be presented. Samples for studying in this section are con-
sidered in Table 8. Parameters such as CFRP pre-stressing 
effect and percentage of tensile steel rebar are taken as 
constant parameters, and dimensions of CFRP sheets are 
variables.

In Figs. 13, 14, 15, 16, and 17, cyclic load–displacement 
curves of beam number 2–8 have been represented for the 
two states of strengthening with not pre-stressed and pre-
stressed CFRP (with the effective pre-stressing stress of 
1052 MPa). The results prepared from these samples would 
be criteria for the effects of geometric characteristics of 
CFRP sheets in ULCC and the energy depreciation ability 
of beams. The following notes are considered in this section:

• The final load rate for the beam number 2 with ten-
sile steel percentage of 1.25% and CFRP surface area 
percentage of 1.9% CFRP for two states of strengthen-
ing with not pre-stressed and with pre-stressed CFRP, 
were 92.33 and 101.99 kN, respectively. For this beam, 
the CFRP pre-stressing stress of 1052 MPa caused the 
enhancement of 10.46% in ULCC.

• The surface area of both load–displacement curves which 
is equivalent to depreciated energy during cyclic loading 
was 1.84E+07 and 1.93E+07 N mm, respectively, which 
shows the enhancement of 4.89% for this factor.

Figure 13 represents cyclic load–displacement of beam 
number 5 with tensile steel percentage of 1.25% and CFRP 
percentage of 0.95% for two states of strengthening with 
not pre-stressed and with pre-stressed CFRP. Considering 
Fig. 10, the following notes can be driven:

• With the pre-stressing of CFRP sheets with mentioned 
tension rate, ULCC changed from 84.94 to 93.83 kN in 
which this means almost 10.46% enhancement.

Fig. 6  Test setup of the RC sample in laboratory devices (Bae 2005)

Fig. 7  RC specimen modeled in ABAQUS software

Fig. 8  Lateral load–drift behav-
ior of specimen (FE analysis 
versus experimental examina-
tion)
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• Surface area also has increased from 1.62E+07 to 
1.67E+07 N mm which means about 3.08% enhance-
ment.

Figure 15 illustrates diagram of load–displacement for 
beam number 6 with tensile steel percentage of 1.25% 
and CFRP surface area percentage of 2.85% (surface area 
75 × 1.4 mm). The beam in this case which was strength-
ened with not pre-stressed CFRP sheets could bear maxi-
mum load of 100.12 kN. In the next step, the beam was 
strengthened with the same CFRP surface area with the 
pre-stressing stress of 1052 MPa, and the ULCC raised 
to 117.28 kN which has increased 17.14% in comparison 
with the previous step. In addition, enhancement of energy 
depreciation ability was about 5.19%.

Figure 16 depicts that using pre-stressed CFRP sheets 
with surface area percentage of about 3.80% of beam sur-
face area, the ULCC increased from 114.67 to 126.67 kN 
which was about 10.46% increase. Moreover, energy 
depreciation in the beam increased from 1.96E+07 to 
2.06E+07 N mm, which shows the enhancement of about 
5.1%.

In Fig. 17, beam number 8 like number 2 had tensile steel 
percentage equal to 1.25% and CFRP surface area percentage 
of 1.90%. In the mentioned two samples, CFRP sheets were 
used with same surface area percentage; however, dimen-
sions of the assembled sheets were different (1.4 × 50 mm 
for number 2 and 2.8 × 25 mm for number 8).

The following notes can be concluded:

• The rate of final load caused by CFRP pre-stressing has 
increased from 95.1 to 105.15 kN which represented 
10.5% enhancement. This growth of the ULCC was 
inconsiderable in comparison with the beam number 2.

• Energy depreciation growth, with the value of 4.88%, 
also was negligible in comparison with the beam number 
2.

Effects of pre‑stressing stress

In the final stage, effects of value of pre-stressing stress 
on ULCC and depreciation ability have been studied. To 
realize that such parameter how and to what extend would 
affect the RC ULCC, it is necessary to compare the beams 
strengthened with not pre-stresses and pre-stressed. In this 
section, beams number 2 and 9–12 were explained with an 
initial CFRP pre-stressing stress of 1052, 250, 750, 1250, 
and 1750 MPa, respectively.

Fig. 9  Load–displacement curves of beam number 1 with tensile 
steel percentage of 0.45% for both states of not pre-stressed CFRP 
�eff = 0MPa , and pre-stressed CFRP with the effective pre-stressing 
of �eff = 1052MPa

Fig. 10  Load–displacement curves of beam number 2 with tensile 
steel rebar percentage of 1.25% for both states of not pre-stressed 
CFRP and pre-stressed CFRP

Fig. 11  Load–displacement curves of beam number 3 with tensile 
steel percentage of 1.36% for both states of not pre-stressed CFRP 
and pre-stressed CFRP
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Fig. 12  Load–displacement curves of beam number 4 with tensile steel percentage of 1.61% for both states of not pre-stressed CFRP and pre-
stressed CFRP

Fig. 13  Load–displacement curves of beam number 2 for both states 
of strengthening with not pre-stressed and pre-stressed CFRP

Fig. 14  Load–displacement curves of beam number 5 for both states 
of not pre-stressed CFRP, and pre-stressed CFRP
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Table 9 represents characteristics of tensile steel rebars 
and strengthening CFRP sheets and pre-stressing levels for 
the samples 9–12.

In the next stage, beams were subjected to cyclic loading 
and the load–displacement curves were obtained. Consider-
ing diagrams illustrated in Fig. 18, the following notes are 
presented:

• Considering pre-stressing stresses with the rates of 0, 
250, 750, 1052, 1250, and 1750 MPa in concrete beam 
with tensile steel percentage of 1.25% and CFRP sur-
face area percentage of 1.90%, ULCC reached to 81.13, 
83.99, 87.91, 101.99, 91.45, and 95.61 kN.

• Surface area which is equivalent to depreciated energy 
of selected 6 sample beams subjected to cyclic load-
ing calculated as 1.84E+07, 1.86E+07, 1.92E+07, 
2.03E0+7, 1.91E+07, and 2.96E+07 N mm.

Conclusion

• In the section of FEM analysis, effects of tensile steel 
rebar percent for strengthened RC beams with pre-
stressed CFRP on two parameters of ULCC and energy 
depreciation ability have been studied. Four sample 
beams with steel rebar percentage of 0.45, 1.25, 1.36, 
and 1.61% have been simulated which are available in 
Fig. 16; among these beams, the one with steel rebar 
percentage of 1.25% had the most enhancement. These 
final results are presented in Figs. 19, 20.  

• In Sect. 5.2, effects of CFRP surface area percentage 
with the values of 0.95, 1.90, 2.85, 3.80, and 1.90% have 
been studied, which is between all of these five samples, 
the one with CFRP percentage of 2.85% experienced the 
highest percentage of ULCC and depreciated energy.

Finally, In Sect. 5.3, effects of CFRP pre-stressing of 
strengthened reinforced concrete beams on two parameters 
of ULCC and energy depreciation ability studied. In the cur-
rent Sect. 5, beams with the initial pre-stressing stress values 
of 1052, 250, 750, 1250, and 1750 MPa have been simulated 
for which comparison with the results of mentioned param-
eters is presented in Table 10. Among all sample beams, 
the one with pre-stressing percentage of 42.1% and failure 
stress of 1052 MPa had the highest amount of enhancement 

Fig. 15  Load–displacement curves of beam number 6 for both states 
of strengthening with not pre-stressed CFRP and with pre-stressed 
CFRP

Fig. 16  Load–displacement curves of beam number 7 for both states 
of not pre-stressed CFRP and pre-stressed CFRP

Fig. 17  Load–displacement curves of beam number 8 for both states 
of not pre-stressed CFRP and pre-stressed CFRP
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Fig. 18  Load–displacement curves of reinforced concrete beams 
with tensile steel percentage of 1.61% and retrofitted with a with-
out pre-stressing, b pre-stressed CFRP with the stress of 250 MPa, c 

pre-stressed CFRP with the stress of 750 MPa, d pre-stressed CFRP 
with the stress of 1052 MPa, e pre-stressed CFRP with the stress of 
1250 MPa, and d pre-stressed CFRP with the stress of 1750 MPa

Fig. 19  Effects of tensile 
steel percentage of reinforced 
concrete beams retrofitted with 
pre-stressed CFRP, on two fac-
tors of a ultimate load carrying 
capacity(kN), and b energy 
depreciation ability (N mm)
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percentage in ULCC and energy depreciation ability. Conse-
quently, in this article, the pre-stressing percentage of 42.1% 
suggested and breaking stress is 1052 MPa.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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