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Abstract

The numerical investigations on the structural performance of reinforced concrete (RC) beam strengthened with
externally bonded carbon fiber-reinforced polymer (CFRP) sheets are presented. The nonlinear characteristics
of materials (i.e., stress-strain relationships of steel reinforcement, concrete, CFRP, and CFRP/concrete bond
stress-slip behavior) were adopted in three-dimensional finite element (FE) models. The validation of FE mod-
els was conducted by comparing the laboratory works carried out on two RC beam specimens with 2000 mm
length, 300 mm height, and 120 mm width. The numerical results show a good correlation with the experimen-
tal results of the beam specimens, such as load-displacement curves, crack patterns, and failure modes. They
allow confirming the capability of the developed FE model to predict the flexural performance of strengthened
beams considering CFRP/concrete interfacial behavior. Furthermore, parametric investigations were performed
to determine the effect of flexural strengthening schemes, CFRP length with or without U-wraps, and multiple
CFRP layers on the flexural performance of strengthened beams.

Keywords: reinforced concrete beams; flexural strengthening; flexural performance; bond-slip behavior; carbon
fiber-reinforced polymer.
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1. Introduction

Nowadays, the need to strengthen and rehabilitate existing reinforced concrete (RC) structures
has increased over the decades. It is often due to the original design limits, construction errors, pro-
gressive damages under aggressive environmental conditions [1–3]. Therefore, various retrofitting
methods have been investigated and developed, e.g., waterproofing, jacking the deteriorated struc-
tural members to maintain or even improve their load-carrying capacity, strengthening RC structures
using fiber-reinforced polymer (FRP), etc. As a result, the growing popularity of utilizing FRP mate-
rials based on externally bonded techniques strengthens RC structures. Moreover, FRP materials are
applicable to many kinds of structures, i.e., column, beam, wall, slab. It is mainly due to the superior
mechanical properties of FRP materials, such as a high strength-to-weight ratio, lightweight, easy in-
stallation, excellent corrosion resistance [4]. Generally, there are three typical schemes to apply FRP
sheets externally bonded for strengthening RC beams: (i) side-bonded on the opposite lateral faces,
(ii) bottom-bonded on the bottom face, and (iii) completely wrapping [5–7].
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The effectiveness of FRP strengthening on the structural performances of RC beams has been
experimentally studied and discussed in many research works [8–10]. For instance, the experiments
conducted by Dong et al. [9] showed that the overall flexural and shear capacity of CFRP-strengthened
beams increased by at least 30% as to control beams. Furthermore, the advantages of using thin CFRP
sheets are not only the improvement of both beam stiffness and ductility but also to control the de-
velopment of cracks. In addition to focusing on reinforcing the RC beams designed specifically to
fail by shear or flexural failure, the application of flexural-shear strengthening FRP sheets demon-
strated an even more considerable increase in load carrying, initial stiffness, and hardening behavior
of the strengthened beams. However, it is well known that despite the capability of achieving consid-
erable increases in strength capacities, a critical concern of RC structures strengthened with externally
bonded FRP sheets is the premature failure by FRP delamination or debonding [11–13]. Therefore,
in order to achieve the successful design of both shear and flexural strengthening using FRP, it is
important to predict such debonding failure.

The finite element method (FEM) is a numerical approach due to its extreme effectiveness in
analyzing engineering problems, especially complex boundary conditions. Therefore, several numer-
ical studies using FEM have been conducted on the topic of FRP-strengthened RC beams [14–21].
The developed FE models adapted in these studies have been able to give good results in terms of
load-carrying capacity, initial stiffness, as well as failure modes. However, the design-oriented pa-
rameters that significantly affect the performance of strengthened RC beams have not been analyzed
thoroughly. There is a limited number of researches on the influence of FRP length and the use of
U-wraps providing anchorage systems. The study conducted by Hawileh et al. [22] indicated that U-
wrap anchorages increase the total capacity of the beam while also increasing its ductility. However,
the anchorage mechanism has been shown to have no effect on the flexural strength of strengthened
beams. It is also stated in the experimental study by Ali et al. [1].

Furthermore, various bonding schemes can be used and considered as an influencing factor on
the strengthening performance. For example, the study conducted by Salama et al. [23] investigated
the flexural performance of RC beams strengthened with side-bonded CFRP and indicated that the
side-bonded technique boosts flexural strength by 39.7-93.4 percent. Additionally, it is stated that
the side-bonded technique is slightly less effective than externally bonding in the tension surface.
Meanwhile, Sobuz et al. [24] conducted an experimental study to determine the influence of FRP
layers on stiffness and flexural strength. They discovered that multiple layers increase stiffness and
flexural strength. However, the research concerning the number of FRP layers is still limited due to
the complexity of experiments, and further work is necessary to gain insight into this aspect.

In this paper, two beam specimens have been studied to investigate the flexural performance of RC
beams strengthened with carbon fiber-reinforced polymer (CFRP) sheets and the interfacial behavior
between CFRP and concrete. Then, a bond-slip model was used in nonlinear finite element modeling
to investigate this aspect further. The validation of the simulation was based on comparing with the
experimental results, including the load-displacement relationship, crack pattern, and failure mode.
Finally, the numerical results have been extended with parametric investigations considering the con-
tribution of the flexural strengthening schemes, CFRP length and U-wraps, and multiple CFRP layers
on the flexural performance of strengthened beams.
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2. Finite element model of RC beam specimens

2.1. Description of the experimental beam specimens

In order to verify the capability of the FE model in the present study, the validation is performed by
calibrating with experimental results obtained from research work by El-Ghandour [5]. Two simply
supported beams named B1 and B1F with the dimensions of 2000 × 120 × 300 mm were loaded
monolithically in three-point bending tests up to failure.
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Each flexural-critical beam specimen had three steel bars at the bottom layer, two steel bars at the
top layer, and stirrups with a regular spacing of 100 mm having the nominal diameters of 16 mm, 8
mm, and 10 mm, respectively, as illustrated in Fig. 1. Meanwhile, Fig. 2 shows the strengthened beam
specimen externally bonded at the tension fiber with a CFRP sheet having 100 mm wide, 1700 mm
length, and 0.176 mm thickness. The mechanical properties of the materials used are summarized in
Table 1. Moreover, the longitudinal CFRP reinforcement was also anchored using U-wraps having
50 mm width at the plate ends. While the existing design code does not incorporate U-wrap anchor-
age systems when predicting the load capacity of flexural-strengthened beams, they are nonetheless
beneficial in improving the maximum debonding load.

2.2. Finite element modeled beam specimens

A displacement-controlled nonlinear load-deformation analysis of CFRP strengthened RC beams
is carried out using DIANA FEA software [25]. In analyses, the three-dimensional models were cre-
ated consisting of a concrete beam, CFRP sheets, longitudinal and transverse reinforcement, rigid
steel plates added at loading and support points to avoid stress concentration problems. The typical
finite element mesh size was maintained at approximately 30 × 30 × 30 mm, where the mesh dis-
cretization and the boundary conditions are shown in Fig. 3. The material constitutive models are
presented in Fig. 4 for concrete, steel reinforcement, CFRP sheets, and CFRP/concrete interface. The
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parameters assigned in the FE model are shown in Table 1 based on the experiment [5], simplified
bond-slip model proposed by Lu et al. [12], fib Model Code 2010 [26], and formula proposed by
Nakamura and Higai [27] for the compressive fracture energy of concrete.
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Fig. 4. Material constitutive models used in the finite element modeling 

Table 1. Parameters assigned in the FE model 

Parameter Symbol (Unit) 
Values 

Ref. 
Beams B1 Beam B1F 

Concrete compressive strength fck (MPa) 39.5 39.5 [5] 

Concrete tensile strength ft (MPa) 3.45 3.45 [26] 

Modulus of elasticity of 

concrete  
Ec (GPa) 30.7 30.7 [26] 

Tensile fracture energy  Gf (Nmm/mm2) 0.089 0.089 [26] 

Compressive fracture energy Gc (Nmm/mm2) 22.25 22.25 [27] 
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(MPa) 

Φ8 mm 290/ 420 290/ 420 [5] 

Φ10 mm 400/ 600 400/ 600 [5] 

Φ16 mm 400/ 600 400/ 600 [5] 
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Table 1. Parameters assigned in the FE model

Parameter Symbol (Unit)
Values

Ref.
Beam B1 Beam B1F

Concrete compressive strength fck (MPa) 39.5 39.5 [5]
Concrete tensile strength ft (MPa) 3.45 3.45 [26]

Modulus of elasticity of concrete Ec (GPa) 30.7 30.7 [26]
Tensile fracture energy G f (Nmm/mm2) 0.089 0.089 [26]

Compressive fracture energy Gc (Nmm/mm2) 22.25 22.25 [27]

Yield/ ultimate tensile strength
of steel

fy/ fu (MPa)
Φ8 mm
Φ10 mm
Φ16 mm

290/420 290/420 [5]
400/600 400/600 [5]
400/600 400/600 [5]

Modulus of elasticity of steel Es (GPa) 200 200 [5]
Tensile strength of CFRP fy (MPa) - 3800 [5]

Modulus of elasticity of CFRP E f u (GPa) - 240 [5]
Ultimate tensile strain of CFRP ε - 0.0155 [5]
CFRP/concrete bond strength τmax (MPa) - 4.3 [12]

Corresponding slip S 0 (mm) - 0.055 [12]

2.3. Finite element modeling

a. Concrete modeling
In order to model the concrete beam, a twenty-node isoparametric solid brick element (a three-

dimensional CHX60 element) was employed. Then, the rotating crack model based on total strain
was implemented with the smeared crack concept of concrete. The concrete behavior in tension was
modeled using a nonlinear tension softening stress-strain relationship of Hordijk et al. [28], which
was defined by the peak tensile strength, mode-I tensile fracture energy, and crack bandwidth of the
element. For compression, the parabolic stress-strain curve, as illustrated in Fig. 4(a), is utilized, with
the capability to consider the reduction model due to lateral cracking and the stress confinement model
[25]. The strain εc at which the compressive strength reaches its highest value can be calculated by
Eq. (1).

εc = −
5
3

fck

E
(1)

The corresponding strain where one-third of the maximum compressive strength fck is reached,
which is calculated by Eq. (2) as follows:

εc/3 = −
1
3

fck

E
(2)

Finally, the ultimate strain εu is determined as Eq. (3), which is the point at which the material
totally softened in compression.

εu = εc −
3
2

Gc

h fck
(3)

The area under the stress-strain response of the concrete curves in compression and tension em-
ploying mode-I fracture energy and crack bandwidth can be calculated [26, 27]. Additionally, it is
noted that εc is determined independently of the element size or compressive fracture energy [25].
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b. Steel reinforcement modeling

The longitudinal and transverse reinforcements were modeled individually as embedded bar ele-
ments in the CHX60 concrete elements. The strains were estimated using the surrounding continuum
elements’ displacement field. The perfect bond assumption between steel reinforcement and concrete
can be used in FE analysis of testing beams if the bond stress-slip behavior does not control the failure
mode.

The reinforcing rebars had an elastoplastic behavior, defined by the yield strength and ultimate
tensile strength indicated in Table 1. A yield plateau is followed by a strain-hardening behavior up to
failure. The tangent modulus required for the strain-hardening behavior of steel reinforcement is set
to one-hundredth of the modulus of elasticity, as shown in Fig. 4(b).

c. Rigid loading and support steel plates modeling

Fig. 3 illustrates the FE model, where the CHX60 element was also used for rigid steel plates.
Steel class with linear elastic isotropic material properties were used in which Young’s modulus and
Poisson’s ratio were required.

d. CFRP modeling

The CQ40S element is an eight-node quadrilateral isoparametric curved shell element that was
used to model the CFRP sheets. The CFRP sheets have a very high unidirectional tensile strength
but with a smaller stiffness than steel. The behavior of an orthotropic linear elastic material was
employed, as illustrated in Fig. 4(c). The strain level in CFRP sheets was logged at each load step up
to a maximum strain of 0.0155 [5]. Once the maximum strain in the element is reached, the RC beam
is assumed to fail in a brittle mode of CFRP rupture suddenly.

e. CFRP/concrete interface modeling

The bond-slip models developed by Lu et al. [12] between the local shear stress (denoted τ) and the
associated slip (denoted s) are used to simulate the CFRP/concrete interfacial behavior, as illustrated
in Fig. 4(d). In a three-dimensional design, the CQ48I element has been used to model an interface
element between two planes with a zero thickness. Where the nonlinear shear stress-slip behavior is
defined in the ascending and descending branches as follows:

τ = τmax

√
S
S 0

if S ≤ S 0 (4)

τ = τmaxe
−α

(
S

S 0
−1

)
if S ≥ S 0 (5)

where the maximum shear stress τmax is governed by the concrete tensile strength ( ft) and the CFRP
width ratio factor (βw), and they were taken as follows:

τmax = 1.5βw ft (6)

βw =

√√√√2.25 − b f
bc

1.25 +
b f
bc

(7)

in which b f and bc are equal to the width of the CFRP sheet and concrete beam, respectively.

187



Tan, N. N., et al. / Journal of Science and Technology in Civil Engineering

The corresponding slip S 0 of τmax is also dependent on the concrete tensile strength and the CFRP
width ratio factor. The debonding process is described by a linear softening function that connects the
ultimate slip S max to the interfacial fracture energy G f . The factor α can be derived as follows:

S 0 = 0.0195βw ft (8)

G f , int = 0.308β2
w

√
ft (9)

α = 1/
(

G f ,int

τmaxS 0
−

2
3

)
(10)

S max =
2G f ,int

τmax
(11)

In order to anticipate the debonding of CFRP sheet from the adjacent concrete surface, if the
CFRP/concrete interface total traction (denoted τint) reaches the maximum local bond stress (τint =

τmax), then the structural performance of RC strengthened beam corresponds to the initial stage of
CFRP debonding failure mode. Complete debonding occurs when the slip value exceeds S max.

3. Validation of finite element models

Two beam specimens were subjected to three-point bending tests and later analyzed using the nu-
merical approach employing the finite element method as described above. In order to validate the ca-
pability of finite element-based models in simulating the behavior of the experimentally tested beams,
three criteria from the experimental and numerical results were compared, i.e., load-displacement re-
sponse, crack pattern, strain development in CFRP sheets.

Table 2. Comparison of the experimental and numerical results

Specimen
Ultimate load Pu (kN)

Ratio Pu,EXP/Pu,FEM Failure mode
EXP FEM

Beam B1 155 157.1 0.99 Flexure
Beam B1F 170 174.7 0.98 CFRP rupture
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As a result, the load-displacement curves ob-
served in the bending test and FEM are drawn in
Fig. 5 to compare the experimental and numeri-
cal results. In addition, Table 2 synthesizes and
compares the predicted and experimentally mea-
sured ultimate load (denoted Pu) along with the
failure mode. In terms of maximum load-carrying
capacities in beams B1 and B1F, the ratio of
the numerical-to-experimental load capacity indi-
cated a good agreement between the testing and
FEM. However, the modeled beam specimens us-
ing smeared crack model exhibited a higher ini-
tial stiffness, which can be explained by the stress
locking behavior in the cracked element [29].
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In addition, the failure modes of tested beams can also be captured employing the developed
finite element model. As shown in Fig. 6, the Cauchy stress obtained in longitudinal reinforcement
and the Cauchy total stresses distributed over the concrete beam has exceeded the yield strength
of 400 MPa and concrete compressive strength of 39.5 MPa, respectively, at the failure step of the
analysis. Therefore, it is capable of representing the ductile manner of flexural failure in the control
beam B1.
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developed finite element model. As shown in Fig. 6, the Cauchy stress obtained in 

longitudinal reinforcement and the Cauchy total stresses distributed over the concrete 

beam has exceeded the yield strength of 400 MPa and concrete compressive strength of 

39.5 MPa, respectively, at the failure step of the analysis. Therefore, it is capable of 

representing the ductile manner of flexural failure in the control beam B1. 
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Figure 6. FE analysis for simulated beam B1-FEM (non-strengthened beam)

For the case of simulated strengthened beam B1F-FEM, the interfacial shear stress distribution
(noted ISSD) at the CFRP/concrete interface and CFRP strain distribution (noted CSD) at beams’
displacement of 16 mm in Fig. 7 showed that the total traction on the interface element had not
reached the CFRP/concrete bond stress. Meanwhile, the element strain in the longitudinal direction
of the CFRP sheet exceeded the maximum strain of 0.0155. Hence, the obtained results confirmed
that the failure mode of the CFRP sheet in the middle span is similar to the experiment.
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CFRP strengthened RC beams. 

 

(a) B1-EXP 

 

(b) B1F-EXP 

 

(c) B1-FEM 

  

(d) B1F-FEM 

Fig. 8. Comparison of crack patterns between experiment and FEM 

(a) ISSD

Journal of Science and Technology in Civil Engineering NUCE 2021 

10 

(a) Cauchy stress in steel reinforcement (b) Cauchy stress in concrete 

Fig. 6. FE analysis for simulated beam B1-FEM (non-strengthened beam) 

 For the case of simulated strengthened beam B1F-FEM, the interfacial shear stress 

distribution (noted ISSD) at the CFRP/concrete interface and CFRP strain distribution 

(noted CSD) at beams’ displacement of 16 mm in Fig. 7 showed that the total traction on 

the interface element had not reached the CFRP/concrete bond stress. Meanwhile, the 

element strain in the longitudinal direction of the CFRP sheet exceeded the maximum 

strain of 0.0155. Hence, the obtained results confirmed that the failure mode of the CFRP 

sheet in the middle span is similar to the experiment. 

 

(a) ISSD 

 

(b) CSD 

Fig. 7. Interfacial shear stress and strain distribution in the longitudinal axis of CFRP 

sheet 

 In Fig. 8, the crack strain distribution obtained at the failure stage of two simulated 

beams employing FEM also shares the same patterns as it provided in the experiment. 

Thus, the similarity of the crack patterns also further confirms the capability of the 

developed FE model in predicting the structural performance of unstrengthened and 

CFRP strengthened RC beams. 

 

(a) B1-EXP 

 

(b) B1F-EXP 

 

(c) B1-FEM 

  

(d) B1F-FEM 

Fig. 8. Comparison of crack patterns between experiment and FEM 

(b) CSD

Figure 7. Interfacial shear stress and strain distribution in the longitudinal axis of CFRP sheet

In Fig. 8, the crack strain distribution obtained at the failure stage of two simulated beams em-
ploying FEM also shares the same patterns as it provided in the experiment. Thus, the similarity of
the crack patterns also further confirms the capability of the developed FE model in predicting the
structural performance of unstrengthened and CFRP strengthened RC beams.
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4. Parametric study

The literature review indicates that although substantial research has been conducted on CFRP
strengthening of RC beams, the behavior of CFRP/concrete interfacial behavior under different schemes
of strengthening on the structural performance of strengthened beams was not well elaborated. Hence,
the parametric study is herein performed by developing and analyzing five additional FE models to
study the effect of strengthening schemes, length, and layer number of CFRP sheets on the structural
performance of strengthened RC beams as well as on the CFRP/concrete interfacial behavior.

4.1. Effect of flexural strengthening schemes

Three FE models were developed to further investigate the flexural behavior of strengthened
beams when the strengthening schemes are changed. In the case of beam B1F-FEM, the CFRP lon-
gitudinal sheet was externally bonded to the tension surface, and the CFRP U-wraps were addition-
ally attached at the ends (cf. Fig. 2). The second scheme refers to the beam named B1F-WU, which
has been modeled without the U-wrap anchorages, as shown in Fig. 9(a). Finally, the sided bonding
scheme, as shown in Fig. 9(b), has been applied for modeled beam named B1F-SB, where the two
CFRP sheets of 1700 mm length, 50 mm width, and 0.176 mm thickness were bonded to the two
opposite lateral sides of the beams’ web, as they act like tensile steel reinforcement.
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 Fig. 10 indicated the load-displacement response of three investigated beams 

consisting of B1F-FEM, B1F-WU, and B1F-SB. The overall behavior of two beams with 

or without the U-wrap end anchorages exhibited around 6% difference in maximum load-

carrying capacity with much higher ductility than beam B1F-SB due to the different 

failure mechanisms. U-wrap anchorage in beam B1F-FEM led to an approximately 5.4% 

increase to beam B1F-WU. 

(a) B1F-WU
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Fig. 10. Load-displacement response of modeled beams with various flexural 

strengthening schemes 

 In order to investigate further the interfacial behavior of beam specimens, the shear 

stress distributions of beam B1F-WU and beam B1F-SB along with the interface are 

illustrated in Fig. 11. As in beam B1F-FEM, the beam failed due to the CFRP rupture in 

the tension area. Furthermore, the failure mode of beam specimen B1F-WU obtained 

from FE analysis was debonding. At the failure stage, the delamination of the CFRP sheet 

appeared near the intermediate span, as shown in Fig. 12(a), since the shear stress on the 

interface was largely spread and exceeded the value of prescribed CFRP/concrete bond 

stress (max = 4.3 MPa). Meanwhile, the CFRP sheet has not reached its maximum strain. 

Similarly, for the beam strengthened by sided bonding scheme B1F-SB, the beam also 

collapses due to the CFRP delamination, as shown in Fig. 12(b), and the CFRP sheets 

debonded where the maximum shear stress occurs. 
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Fig. 11. Interfacial shear stress distribution in modeled beams 
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Figure 10. Load-displacement response of
modeled beams with various flexural

strengthening schemes

Fig. 10 indicated the load-displacement re-
sponse of three investigated beams consisting of
B1F-FEM, B1F-WU, and B1F-SB. The overall be-
havior of two beams with or without the U-wrap
end anchorages exhibited around 6% difference
in maximum load-carrying capacity with much
higher ductility than beam B1F-SB due to the dif-
ferent failure mechanisms. U-wrap anchorage in
beam B1F-FEM led to an approximately 5.4% in-
crease to beam B1F-WU.

In order to investigate further the interfacial
behavior of beam specimens, the shear stress dis-
tributions of beam B1F-WU and beam B1F-SB
along with the interface are illustrated in Fig. 11.
As in beam B1F-FEM, the beam failed due to the CFRP rupture in the tension area. Furthermore,
the failure mode of beam specimen B1F-WU obtained from FE analysis was debonding. At the fail-
ure stage, the delamination of the CFRP sheet appeared near the intermediate span, as shown in
Fig. 12(a), since the shear stress on the interface was largely spread and exceeded the value of pre-
scribed CFRP/concrete bond stress (τmax = 4.3 MPa). Meanwhile, the CFRP sheet has not reached its
maximum strain. Similarly, for the beam strengthened by sided bonding scheme B1F-SB, the beam
also collapses due to the CFRP delamination, as shown in Fig. 12(b), and the CFRP sheets debonded
where the maximum shear stress occurs.
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(a) B1F-WU (b) B1F-SB 

Fig. 12. CFRP strain distribution in modeled beams 

4.2. Effect of CFRP length and U-wraps 

 In this section, the CFRP length is explored to investigate its effect on the ultimate 

flexural strength of strengthened beams. This investigation utilized a CFRP sheet with a 

length (denoted l) of 1700 mm in the beam B1F-FEM compared to a reduction to 1350 

mm and 900 mm corresponding to 0.75 and 0.5 time of the clear span in the beams named 

B1F-0.75L and B1F-0.5L, as illustrated in Figs. 13(a) and 13(b). The maximum capacities 

exhibited higher values than the control beams, which increased by approximately 14.6, 

8.9, and 6.4 percent, respectively. Moreover, by taking advantage of U-wraps, the failure 

status of beams B1F-0.75L and B1F-0.5L, as well as ductility, are kept as with beams 

B1F. 

 On the other hand, by eliminating the U-wraps as illustrated in Figs. 9(a), 13(c), and 

13(d), the gain in flexural strength is just 5.7, 4.4, and 1.2 percent for beams B1F-WU, 

B1F-0.75L-WU, and B1F -0.5L-WU. The load-displacement curves obtained in FE 

analyses are shown in Fig. 14 for each CFRP length studied. In addition, the failure 

mechanism shifts from a ductile manner to a considerably more brittle manner by 

transitioning from CFRP rupture to plate end debonding failure. Therefore, the CFRP 

sheet length can decrease when using U-wraps because of its favorable features in 

preventing plate end debonding and retaining the ductility of strengthened beam 

specimens. 

(a) B1F-0.75L 

 

(a) B1F-WU
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4.2. Effect of CFRP length and U-wraps

In this section, the CFRP length is explored to investigate its effect on the ultimate flexural
strength of strengthened beams. This investigation utilized a CFRP sheet with a length (denoted l)
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of 1700 mm in the beam B1F-FEM compared to a reduction to 1350 mm and 900 mm corresponding
to 0.75 and 0.5 time of the clear span in the beams named B1F-0.75L and B1F-0.5L, as illustrated in
Figs. 13(a) and 13(b). The maximum capacities exhibited higher values than the control beams, which
increased by approximately 14.6, 8.9, and 6.4 percent, respectively. Moreover, by taking advantage of
U-wraps, the failure status of beams B1F-0.75L and B1F-0.5L, as well as ductility, are kept as with
beams B1F.
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Fig. 13. Modeled beams strengthened using different CFRP lengths and with or without 

U-wraps at the plate ends 
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of multiple CFRP layers, including the control beam B1-FEM (Fig. 1), the strengthened 

beam B1F-FEM with a single CFRP layer (Fig. 2), and three strengthened beams named 

B1F-L2, B1F-L3, and B1F-L5 using 2, 3, and 5 CFRP layers, respectively, as illustrated 

in Fig. 15. The obtained results from FE analysis show that when increasing the number 

of CFRP layers from 1 to 5 layers, the predicted load-carrying capacity of the 

strengthened beams increased by 14.6, 31.2, 34.2, and 42.5% over the control beam B1-
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On the other hand, by eliminating the U-wraps as illustrated in Figs. 9(a), 13(c), and 13(d), the
gain in flexural strength is just 5.7, 4.4, and 1.2 percent for beams B1F-WU, B1F-0.75L-WU, and B1F
-0.5L-WU. The load-displacement curves obtained in FE analyses are shown in Fig. 14 for each CFRP
length studied. In addition, the failure mechanism shifts from a ductile manner to a considerably more
brittle manner by transitioning from CFRP rupture to plate end debonding failure. Therefore, the
CFRP sheet length can decrease when using U-wraps because of its favorable features in preventing
plate end debonding and retaining the ductility of strengthened beam specimens.

4.3. Effect of multiple CFRP layers

In this section, five FE models were investigated for the contribution to the effect of multiple
CFRP layers, including the control beam B1-FEM (Fig. 1), the strengthened beam B1F-FEM with a
single CFRP layer (Fig. 2), and three strengthened beams named B1F-L2, B1F-L3, and B1F-L5 using
2, 3, and 5 CFRP layers, respectively, as illustrated in Fig. 15. The obtained results from FE analysis
show that when increasing the number of CFRP layers from 1 to 5 layers, the predicted load-carrying
capacity of the strengthened beams increased by 14.6, 31.2, 34.2, and 42.5% over the control beam
B1-FEM, as shown in Fig. 16. In addition, while the increase of CFRP layers enhanced the initial
stiffness, the studied beams behave more brittle as the layer number is equal to or larger than three.
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As a result of the addition of two CFRP
sheets of beam B1F-L2, the strengthened beam
increased the ductility significantly over the con-
trol beam, which failed with the same mechanism
of CFRP sheet rupture as beam B1F-FEM. The
failure mechanism was proven in Fig. 17(b) by
demonstrating that the strain value of the CFRP
sheet produced at the failure step of beam B1F-L2
exceeded its maximum value of 0.0155. For beam
specimens with the number of CFRP layers higher
than two, the failure mode of strengthened beams
shifted from ductile failure with CFRP rupture to
CFRP debonding. It is characterized by the con-
centration of interfacial shear stress in the inter-
mediate span and plate ends of the beam, where the values exceeded the prescribed bond strength
(τmax = 4.3 MPa), as shown in Figs. 17(c) and 17(e). In addition, as the number of CFRP sheets in-
creases from 3 to 5, the displacement value of the beam corresponding to the beginning time of CFRP
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sheet debonding is both at 17 mm. Therefore, in the case of control beam B1, the number of CFRP
strengthening layers should be kept under three to take the most advantage of the performance of the
strengthening material, along with maintaining the ductile manner up to a relatively large displace-
ment of strengthened beams.
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Figure 17. Interfacial shear stress and strain distribution in the longitudinal axis of CFRP sheets

5. Conclusions

The paper shows the results of finite element models to numerically investigate the flexural be-
havior of RC beams strengthened with externally bonded CFRP sheets. The models were calibrated
based on the experimental results of two beam specimens from the research work of El-Ghandour
[5]. The results demonstrated a good correlation between the two approaches, especially for obtaining
a better prediction of ultimate load. The validated models were then utilized in numerical investiga-
tions whose key parameters affecting the flexural performance of strengthened beams are focused,
i.e., strengthening schemes, CFRP length, and CFRP layer number. Based on FE analysis results, the
following conclusions can be drawn:

- The developed FE model employing bond stress-slip behavior is capable of predicting the flex-
ural capacity of CFRP-strengthened RC beams considering the debonding mechanism.
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- In the case of a single CFRP sheet bonded on the bottom surface of the beam, locking the plate
ends with U-wraps not only increases the maximum load-carrying capacity by 5.4% but also exploits
the full superior tensile strength of the CFRP sheet until rupture. Whereas beam without U-wrap end
anchorages, the failure mode obtained was debonding.

- In circumstances where the use of CFRP sheets to strengthen beams is prohibitively costly, the
use of U-wraps over the length of CFRP longitudinal reinforcement may be considered. This is due
to its favorable properties, which include the ability to prevent plate end debonding and maintain the
ductility of strengthened beam specimens.

- By attaching the CFRP sheets to two opposite sides of the beam’s web, this strengthening scheme
not only simplifies construction but also increases the maximum load capacity with considerable
value. However, the increase of strength and overall ductility using this technique showed a limitation
compared to the externally bonded scheme with CFRP U-wraps. This is because the failure mode due
to CFRP debonding is a waste of material capability.

- When using multiple CFRP layers, even though the failure mode obtained is still unfavorable,
i.e., CFRP debonding, the load-carrying capacity of the strengthened beam is significantly improved
compared to the control beam. Meanwhile, the strengthened beam remained the ductile behavior with
a relatively large displacement. Therefore, it recommends using a limited number of CFRP layers
(i.e., three layers in maximum) to strengthen the flexural-critical RC beams to optimize the strength
improvement while maintaining the ductility as in the initial design.
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