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Abstract: The beneficial effect of a composite material anchorage system (CMAS) upon the ductility and load capacity of 

reinforced concrete (RC) beams strengthened either with glass (GFRP) or carbon (CFRP) fabrics was investigated. The 

anchorage system consisted of U-shaped GFRP or CFRP strip (U-strip) at end of FRP. The U-strips were bonded around 

the beam section and further anchored by two tufts of glass fibres, each of them embedded at the opposite beam face and 

specifically in the region of compression zone of the beam web. Experimental evaluations in simply supported lightly re-

inforced concrete (RC) beams strengthened with one GFRP or a CFRP sheet anchored at its ends by the composite an-

chorage have shown that their bending capacity has increased by 8% and 17%, respectively, in relation to the capacity at-

tained in similar RC strengthened beams without anchorage. On the other hand, their ductility was improved by an 

amount of 94% and 37%, respectively. 

ANSYS finite element program was also used to numerically verify the response of strengthened RC beams obtained ex-

perimentally. The numerical results obtained are in good agreement with the experimental, thus, the calibrated model 

could now be used to extend the experimental results at lower cost. 
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1. INTRODUCTION 

The need to strengthen RC structures is encountered in 
cases of load increase or damage induced to the structural 
members by a seismic or other action and in cases of design 
and construction faults. Various techniques can be applied to 
overcome such a structural deficiency resulting in a partial 
repair or complete replacement of the structure damaged. 
The use of FRP materials for structural repairing presents 
several advantages [1-6], such as the high strength to weight 
ratio of FRP, the ease of FRPs application on site due to little 
equipment needed and finally the improved durability and 
corrosion resistance in strengthened structures. Externally 
bonded FRP laminates and fabrics can be used to increase 
shear and flexural strength of reinforced beams and columns. 
In order to increase flexural strength of beams, a continuous 
sheet of FRP can be bonded at its bottom face. 

The structural behavior of flexural members with bonded 
FRPs as external reinforcement has been extensively investi-
gated [7-12]. In all these studies, the lack of an effective an-
chorage of the composite plate reinforcing the RC member 
results in loss of the flexural design capacity of the member. 
Thus, new efforts have been devoted to an easy application 
of FRP anchorage, which will result in as much as possible 
increase of the load carrying capacity and ductility of 
strengthened RC beams. By decreasing the thickness and 
increasing bonded length of FRP sheets, a shear–type crack  
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pattern developed along the beam can be modified to a flex-
ural one. However, the effectiveness of the FRP strengthen-
ing is reduced due to the likelihood of debonding at strains 
considerably lower than the strain capacity of the FRP. Fur-
ther studies [13] have shown that properly designed external 
anchorages of FRP sheets applied to RC beams can lead to 
increase of the load capacity accompanied with substantial 
regain of the beam’s lost structural ductility. Specifically, it 
has been shown that the CFRP post-strengthening can lead to 
a catastrophic brittle failure in the form of plate or sheet 
peeling in the absence of end sheet anchorages [7], [14] and 
[15]. The ratio of the length of bonded plate within the shear 
span of the beam to the length of shear span has been con-
sidered as a parameter affecting the plate anchorage of 
strengthened RC beams with CFRP plates [16]. Some re-
searchers have recommended that, to prevent a catastrophic 
brittle failure mode of strengthened beams by strip detach-
ment, mechanical anchorage should be provided at the strip 
ends [13]. It seems that plate or sheet end anchorages have a 
greater effect in beams that are shorter, with a high ratio of 
shear force to bending moment, than in longer beams. To the 
best of our knowledge in the literature, anchorage is usually 
provided by anchor steel bolts, cover plates or FRP U-shaped 
external stirrups. Many researchers have proposed various 
FRP anchorage systems and tested them experimentally 
showing improvement in the behavior against the behavior 
of members strengthened with composites without anchorage 
[17-22]. Kalfat et al. [23] present the three main general 
categories of anchorage type which have been investigated to 
date to prevent debonding in RC members strengthened in 
flexure with FRP, namely (i) U-jacket anchors, (ii) Mechani-
cally fastened metallic anchors and (iii) FRP anchors. The 



Investigation of Structural Response of Reinforced Concrete Beams The Open Construction and Building Technology Journal, 2013, Volume 7    147 

use of multiple small fasteners without any bonding, in op-
posite to large diameter bolts, distributes the load more 
evenly over the strip and reduces stress concentrations at the 
holes in the strip, which can lead to premature failure [24]. 

The aim of present paper is to investigate the use of U-
strips from FRPs combined with glass fibre tufts, as a com-
posite anchorage system (CMAS), which can be applied eas-
ily at FRP ends to strengthen RC beams. The beneficial ef-
fects of this system are presented on the loading capacity as 
well as on the ductility of strengthened beams. Experimental 
results are obtained for five groups of RC beams strength-
ened with GFRP and CFRP bonded fabric, which are submit-
ted to four- point bending. A single ply of a FRP fabric was 
bonded to the bottom of the beam with its strong direction 
being parallel to the longitudinal axis of the beam. In some 
groups of beams, FRP fabrics were anchored at their ends by 
single U-strips of GFRP or CFRP fabric. Specifically, U-
strips were bonded, in the form of external open stirrups at 
FRP ends. In some cases, two tufts of glass fibres were addi-
tionally used, as bolts of U-strips for the better anchorage of 
U-strips. Each of the tuft was then embedded, through the U-
strips at opposite face of the compression zone of beam web.  

In the past years, several finite element analysis programs 
have been developed which include various constitutive 
models to predict the nonlinear response of concrete struc-
tures. The formulation of the concrete material models relies 
most of the times on a number of empirical parameters. Over 
the last years, researchers use these programs to predict the 
nonlinear response of concrete structures with adequate ac-
curacy [25-30]. In the current study, experimental results 
were verified by theoretical and numerical analysis using 
ANSYS code [31]. The use of ANSYS for modelling of RC 
beams has been reported to be satisfactory by many re-
searchers in the past [28, 32-37]. 

2. EXPERIMENT 

2.1. Specimens 

Five groups of specimens, each one of them including 
three 1100 mm long RC beams, with an effective span of 
900 mm, were designed, constructed in the Laboratory and 
tested under monotonic four-point bending loading [38]. The 
group of control beams (BV1) was designed to fail in flex-
ure. 

The cross section of the beams was 100 mm width and 
150 mm depth, and the length of the beam tested was 1100 

mm. The dimensions of beams selected to be b/h/l = 
100/150/1100 mm form the proportion 1:1.5:11 and the 
beams in this way could be approximately considered as 
models of full-scale beams neglecting scaling effect phe-
nomena. The longitudinal reinforcement was two rebars of 8 
mm diameter nearby the bottom and two at the top of the 
beams. Since the beams are not so long and the shear span to 
effective depth ratio of beams was evaluated to be 2.22, it is 
expected that control beams will fail in shear mode. How-
ever, this was avoided by reinforcing the beams with dense 
stirrups, Ø8 mm steel bars at 50 mm centres, at shear spans 
of length 300 mm. At midspan of control beams closed stir-
rups of 8 mm diameter were sparsely used at 150 mm cen-
tres. The beams geometry and reinforcement details are 
shown in Fig. (1). 

The groups of beams consisted of one with control 
beams, and four with beams strengthened with glass or car-
bon FRP bonded fabrics at their bottom face (Table 1). In 
two groups of the strengthened beams the FRP composites 
were anchored at their end. The position of the FRPs in the 
strengthened beams is shown in Fig. (2).  

The group of control beams (BV1) was designed to fail 
in flexure. Beam groups B1/GFRP and B1/CFRP were 
strengthened with a glass and a carbon fabric bonded at the 
bottom face of the beam, respectively. A thin (2 mm) layer 
of two-component epoxy mixture was spread, by a paint-
brush, over the entire bond area of beam bottom face prior 
bonding the fabric. In beam groups B1/GFRP/CMAS and 
B1/CFRP/CMAS one U-shaped strip of the same FRP as the 
strengthening fabric was bonded transversely at each end of 
the FRP. Through these strips, a tuft of glass fibres, the 
(CMAS) anchorage, saturated in the epoxy resin mixture was 
inserted in drilled holes at every face of the beam and the 
(CMAS)’ protruding tips were then splayed circularly over 
the U-strip. Finally, the anchored U-strip was covered by a 
100x100 mm patch of the same FRP. The fibres of the patch 
were placed perpendicular to the fibres direction of U-strip to 
improve the effectiveness of anchorage system (Fig. 2). 
More details about the experiments and the specimens are 
presented by Demakos [38]. In Table 1 all beams evaluated 
in this study are shown. 

2.2. Material Properties 

The concrete beams were casted to attain a 28-day con-
crete cube strength of about 20 MPa, whereas uniaxial ten-
sile tests made on the rebars showed a Young’s modulus of 

 

Fig. (1). Loading and geometry details of RC control beams (BV1). 
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Table 1.  Summary of Beams Tested in the Present Study 

Beam # of rebars 
Stirrups  

(at shear spans) 

External  

reinforcement 

FRP thickness 

[mm] 
FRP end-anchorage 

BV1 4 8mm at 50mm centres – – – 

B1/GFRP 4 8mm at 50mm centres One GFRP sheet 1.30 – 

B1/CFRP 4 8mm at 50mm centres One CFRP sheet 0.45 – 

B1/GFRP/CMAS 4 8mm at 50mm centres One GFRP sheet 1.30 
GFRP U-strips (400mm long, extended 

to compression region) 

B1/CFRP/CMAS 4 8mm at 50mm centres One CFRP sheet 0.45 
CFRP U-strips (400mm long, extended 

to compression region) 

 

 

Fig. (2). Details of the composite material anchorage system (CMAS) used with FRPs in strengthened RC beams. 

 
204 GPa and a high yield stress of 550 MPa. The woven 
fabric consisted of continuous fibres with the strongest direc-
tion of material oriented along the beam longitudinal axis, 
whereas the U-strip fibres were aligned along the beam lat-
eral direction. The manufacturer specified the mechanical 
properties of all FRPs (GFRP and CFRP Composite) as 
listed in Table 2. The adhesive epoxy mixture used for bond-
ing the fabrics had the elastic properties listed in  
Table 3. 
 

Table 2.  Mechanical Properties of Fabrics 

Property 
GFRP  

Composite 

CFRP  

Composite 

Ultimate tensile strength in primary 

fibre direction (MPa) 
550 1100 

Elongation at break (%) 2 1.5 

Tensile modulus (GPa) 27.5 75 

Laminate thickness (mm) 1.3 0.45 

 
2.3. Experimental Setup 

The beams were simply supported over an effective span 
of 900 mm and subjected to a monotonic four-point bending 
loading (Fig. 1). The loading was applied stepwise through a 
200 KN capacity servo-hydraulic machine in a force-
controlled mode at the centre of a stiffened spreader trape-
zoidal beam, which in turn distributed the load equally on a 
couple of identical bearing pads placed on the top of the 
beams.  

Table 3.  Properties of Adhesives 

Property Epoxy Mixture 

Flexural strength (MPa) 123.4 

Flexural modulus (GPa) 3.12 

Tensile strength (MPa) 72.4 

Tensile modulus (GPa) 3.18 

Elongation (%) 5.0 

 
3. NUMERICAL MODELLING WITH ANSYS 

ANSYS [31] finite element program was chosen for the 
numerical evaluation of RC beams strengthened with FRP 
composites. Concrete is a material presenting nonlinear be-
havior during loading and it was modelled with ANSYS to 
show similar behavior. 

3.1. Concrete  

Solid65 element was used to model the concrete. This 
element is used for the 3-D modelling of solids with or with-
out reinforcing bars (rebar). The solid is capable of cracking 
in tension and crushing in compression. The William and 
Warnke [39] failure criterion is used for both cracking and 
crushing failure modes through a smeared model. 

The element is defined by eight nodes and the isotropic 
material properties. Each node has three degrees of freedom, 
translations in the nodal x, y, and z directions. Up to three 
different rebar specifications may be defined. In our study 
reinforcement was modelled as another element. 
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Shear transfer coefficient represents conditions of the 
crack face. This coefficient represents a shear strength reduc-
tion factor for those subsequent loads, which induce sliding 
(shear) across the crack face. A value t for an open crack 
and c for a closed crack are given. The value of shear trans-
fer coefficient ranges from 0.0 to 1.0. A value of 0.0 repre-
sents a smooth crack with complete loss of shear transfer, 
while 1.0 represents a rough crack with no loss of shear 
transfer. The values used in many studies varied. Santha-
kumar et al. [35] for beams under pure bending used a value 
of 0.2 for open crack and 0.22 for closed crack, as proposed 
by Kachlakev et al. [33], while for beams under combined 
bending and torsion used values of 0.1 and 0.12. Cotsovos et 
al. [28] studied the effect of this parameter and concluded 
that adopting relatively high values, the FEA model yield 
realistic predictions of the response of the ductile beam in-
vestigated in their study, while adopting the same parameters 
to a brittle beam the FEA model overestimated the load car-
rying capacity and the maximum deflection. In this study a 
range of values for these coefficients were tested and finally 
an open shear transfer coefficient of 0.25 and a closed shear 
transfer coefficient of 0.65 were chosen. Another parameter 
is the tensile crack factor, which is a multiplier for amount of 
tensile stress relaxation, and a value of 0.6 was adopted. The 
crushing capability was suppressed in this study and material 
cracked whenever a principal stress component exceeded the 
tensile stress, which was taken 1.9 MPa. 

3.2. Reinforcing Steel 

Barbosa and Riberio [32] modelled the same beam using 
Solid65 element for concrete, once adopting truss bars as 
discrete reinforcement connecting solid elements nodes and 
once composed uniquely of solid elements, some of which 
containing a smeared reinforcement. The results of load-
deflection curves were similar. In the present paper a 
Link180 element was used to model steel reinforcement. 
This 3-D spar element is a uniaxial tension-compression 
element with three degrees of freedom at each node, transla-
tions in the nodal x, y, and z directions. Reinforcement bars 
were modelled connecting the nodes of concrete solid ele-
ments. As concrete and reinforcement bars used the same 
nodes, a perfect bond was considered between these two 
materials. This assumption was followed by other research-
ers too [33-35]. 

3.3. Steel Plates 

Steel plates were present at the supports and loading lo-
cations to avoid stress concentration problems. These plates 
were assumed to be of linear elastic material. An eight-node 
solid element, Solid45, was used to model the steel plates. 
The element is defined with eight nodes having three degrees 
of freedom at each node, translations in the nodal x, y, and z 
directions.  

3.4. FRP Laminates  

FRP materials consist of a large number of small, con-
tinuous, directionalized, organic (composite) fibres with ad-
vanced characteristics, embedded in a resin matrix. Depend-
ing on the type of fibre they are referred to as AFRP (aramid 
fibre based), CFRP (carbon fibre based) or GFRP (glass fibre 

based). In this paper the beams were strengthened with 
GFRPs and CFRPs at their bottom face.  

A Shell43 element was used to model the FRP compos-
ites. The element has six degrees of freedom at each node. 
The bond between the FRP composites and concrete was 
considered also to be perfect. 

4. NUMERICAL ANALYSIS 

The stress-strain relation shown in Fig. (3a) is used for 

concrete. Young’s modulus of elasticity is taken 27.6 GPa 
and Poisson’s ratio 0.2. Maximum stress value is assumed to 

be 24 MPa, near the mean value of the test results. In the 

ascending part of the curve, values are calculated from the 
formula presented by EC2 [40]. The strain corresponding to 

the maximum stress is assumed to be 0.002. After the peak-

stress value there is a descending (strain-softening) branch 
until the ultimate strain of 0.0035. Beyond this value, the 

stress values decrease linearly until a small residual value is 

attained and remains constant thereafter. The maximum ten-
sile stress of concrete is set to a value of 1.9 MPa. 

The stress-strain curve for steel rebars is shown in Fig. 
(3b) and it is identical in tension and compression. Young’s 

modulus is taken 200 GPa and Poisson’s ratio 0.3. Yield 

stress of the rebars is 550 MPa, and ultimate stress 610 MPa, 
as they were obtained from the experimental results. Steel 

plates for supports and loading locations have a Young’s 

modulus of 200 GPa and Poisson’s ratio of 0.3. 

In the present study linear elastic properties of FRP com-

posites are assumed, as shown in Fig. (3). The material prop-

erties for FRP composites used in analysis of the strength-
ened beams are shown in Table 2. Ultimate tensile strength 

in primary fibre direction was taken as 550 MPa and 1100 

MPa for GRFP and CFRP, respectively. Elongation at break 
is 2% and 1.5%, tensile modulus is 27.5 and 75 GPa for 

GRFP and CFRP, respectively. Laminate thickness is 1.3 

mm for GFRP and 0.45 mm for CFRP. The stress-strain 
curves for GFRP and CFRP are shown in Fig. (3c) and (3d), 

respectively. 

The beams were analyzed using ANSYS finite element 

model and compared with the test results of the above 

specimens. As it is presented below, in the experimental re-
sults it was shown that U-strip with (CMAS) anchorage im-

proved the load capacity and ductility of RC specimens. 

In analysis only one quarter of each beam was modelled 
due to transversal and longitudinal symmetry of the concrete 

beam and symmetry of loading applied. With this approach 

the computational time and computer disk space require-
ments were reduced significantly. The finite element mesh, 

loading regions of the beams and the boundary conditions 

are shown in Fig. (4). FRP composites are modelled in the 
bottom face of the beam. Steel reinforcement and stirrups 

modelling of beams is shown in Fig. (5). 

5. RESULTS 

Experimental results are presented below. In order to ver-

ify the experimental results, these are also compared with 

theoretical and numerical ones. 
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Fig. (3). Material modelling behaviour with ANSYS [31]. 

 

 

Fig. (4). Finite element mesh, boundary condition and loading regions for a quarter beam model. 

 

 

Fig. (5). Steel reinforcement and stirrups modelling of beams. 

 
The groups of beams strengthened with FRPs are shown 

above in Table 1. Typical variations of measured load vs. 
deflection at mid-span of control as well as beams strength-
ened with FRPs are shown in Fig. (6) and the comparative 
results are presented in Table 4. 

The group, BV1, of control beams behaved like a typical 
under-reinforced beam characterized by a ductile flexural 
response. The first cracks in these beams were appeared at a 
loading value of about 7.5 KN. Thereafter, the crack pattern 
became dense and their width increased steadily. The shape 
of the load-deflection curve indicates a loss of stiffness at a 
loading level of approximately 45 KN, due to yielding initia-
tion of tensile reinforcement, which appeared at a deflection 
of 4 mm. Afterwards large flexural cracks opened, the ulti-
mate collapse of beams occurred at a loading level of 52 KN 
by concrete crushing. 

5.1. Strengthening RC Beams with FRPs Only (Without 
any Anchorage) 

Generally speaking, the strengthened RC beams were 
stiffer, less ductile and attained higher ultimate load than the 
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Fig. (6). Load-deflection curves for all beams tested. 

 
Table 4.  Cracking, Tension Steel Yielding, Ultimate Load and Corresponding Deflections and Strains of Beams Strengthened with 

FRP. 

Property BV-1 B1/GFRP B1/GFRP/CMAS B1/CFRP B1/CFRP/CMAS 

Load at 1
st 

flexural crack (KN) 7.5 10 13 13 14 

Load at tension steel yielding (KN) 45 45 46 49 54 

Experimental ultimate load (KN), P
u

exp

 51 67.5 73 74.5 87 

Theoretical ultimate load (KN), P
u

theo

 42.3 73.2  72.1  

P
u

exp 

/ P
u

theo

 1.21 0.92 1.00 1.03 1.21 

Numerical ultimate load (KN), P
u

numer

 48.2 73.8  75.9  

P
u

exp 

/ P
u

numer

 1.06 0.91 0.99 0.98 1.15 

Deflection at yielding point (mm) 4 2.83 2.5 3.01 3.7 

Deflection at ultimate load (mm) 14.3 6.0 10.3 6.6 11.1 

Ductility ratio, dr 3.58 2.12 4.12 2.19 3.0 

Concrete strain near ultimate load 

(10
-3

mm/mm) 
2.9 3.6  3.1 2.82 

FRP strain near ultimate load 

(10
-3

mm/mm) 
 3.3 9.4 2.4 9.9 

 
control specimens. The first crack in strengthened beams 
with one GFRP (B1/GFRP) or CFRP (B1/CFRP) fabric ap-
peared at a loading value of 10 and 13 KN, respectively.  

In both groups of these strengthened beams, their stiff-
ness was affected by the normalized axial stiffness of FRPs, 
which was expressed by the product tf · Ef, where tf and Ef 
denotes the thickness and tensile elastic modulus of the fab-
ric used. Indeed, the stiffness of strengthened beams at their 
linear elastic deformation state was almost similar for both 
types of strengthened beams, as is shown by the slope of 
curves illustrated in Fig. (6). This is theoretically verified by 
evaluating the axial stiffness of both fabrics used, which was 
found to be about the same and equal to 35 MN/m: 

Glass FRP: t1 · E1 = 1.30 mm · 27.5 GPa = 35.75 MN/m         (1) 

Carbon FRP: t2 · E2 = 0.45 mm · 75.0 GPa = 33.75 MN/m          (2) 

Although the stiffness of the strengthened beams 
B1/CFRP and B1/GFRP was similar and slightly higher than 
that of the control beams (Fig. 6), the ultimate loading of 
beams strengthened by a sheet of CFRP reached the value of 
74.5 KN, which was considerably higher than the corre-
sponding load of 67.5 KN developed in beams strengthened 
by a sheet of GFRP. 

To verify theoretically the experimentally obtained ulti-
mate strength of beams, a method was applied for predicting 
the flexural response of strengthened RC beams, which was 
based on a linear distribution of strain through the depth of 
the section (Fig. 7). It was assumed that plane sections re-
main plane after bending and a perfect bond developed be-
tween external reinforcement and the concrete phase. 
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Fig. (7). Distribution of strain and stress through the depth of the section. 

 
Material properties were assumed as previously men-

tioned in numerical analysis. It was also assumed that the 
tensile strength of concrete after cracking was zero and then 
the load-carrying capacity of the adhesive was ignored. In 
the calculations done, the behavior of the steel reinforcement 
was assumed to be elastic-perfectly plastic. Using this 
method of analysis, the theoretical ultimate loading for the 
control beam and a strengthened beam with one CFRP or 
one GFRP fabric was evaluated to be 42.3 KN, 72.0 KN or 
73.2 KN, respectively. 

Inspecting values of load in Table 4, it seems that the ex-
perimental peak loadings were close to the theoretical ones 
derived for similarly strengthened beams. However, the sud-
den decrease of ultimate capacity at relatively small deflec-
tion levels demonstrated that FRP strengthening without 
using an anchoring system resulted in sudden degradation of 
the beam structural behavior. Thus, adequate anchorage 
(CMAS) provided at the sheet ends could probably improve 
the beam’s flexural response including its ductility levels. 
Beams strengthened with FRPs without anchorage initially 
presented dense flexural crack pattern at area of mid-span for 
loading level of about 50 KN and then a flexural-shear type 
crack propagation occurred at the ends of FRPs. Finally, the 
failure mode of these beams was followed by peeling of the 
concrete cover along rebars, which shows that sufficient ad-
hesion was developed between the laminate and the concrete 
cover at the beam bottom. Nevertheless, the observed failure 
modes resulted in early degradation of the load carrying 
mechanism. The ductility in these strengthened beams was 
about 55% lower compared to that of control beams, as was 
evaluated by the ductility ratio, dr, which was defined by the 
deflection at ultimate loading to the deflection at yielding of 
beam (Table 4). 

5.2. Effect of CMAS Anchorage 

Groups of beams B1/GFRP/CMAS and B1/CFRP/CMAS 
were designed to further improve their strength by prevent-
ing, as much as possible, the delamination of the laminate 
from the concrete face. For this purpose, the CMAS anchor-
age system was chosen and applied (Fig. 8) in this study. 
The U-anchors used have a maximum length of 0.11 m (Fig. 
2) from the free ends of a GFRP- and CFRP- fabric as well, 
which was evaluated by the formula lmax (mm) = 0.7 (Ef · tf / 
fctm)

0.5
, where Ef (MPa) and tf (mm) are the elastic modulus 

and thickness of FRP, respectively, and fctm (MPa) is the 
concrete surface pull-off strength. In such a way the external 
reinforcement extends over a sufficient length for carrying 

safely the flexural moments designed to sustain the strength-
ened RC beam. By penetrating the U-jackets bonded at the 
FRP ends, a rounding tuft of glass fibres, CMAS, was em-
bedded at each face of the beam core at a depth of about 60 
mm (Fig. 2). The tuft was selected to be of glass fibres (Fig. 
8), instead of carbon fibres, in order to be formed an as much 
as flexible anchorage at the ends of external reinforcement, 
which is necessary for the cooperation of the constituent 
phases during the deformation process of beams. The pro-
truding tips of the anchorage fibres were splayed and bonded 
on the U-strips and then a patch of FRP covered the an-
chored U-strip (Fig. 2). Fig. (6) illustrates that a significant 
increase in the strength levels of beams strengthened with 
anchored FRPs was exhibited. Specifically, the ultimate 
loading of beams B1/GFRP/CMAS and B1/CFRP/CMAS 
was increased by 8.1% and 16.8%, respectively, when com-
pared to the respective loadings of the strengthened beams 
B1/GFRP and B1/CFRP without CMAS. This increase in the 
load capacity was also accompanied by a more ductile failure 
mode, as was shown by the higher deflections developed at 
mid-span of beams (Fig. 6). The cracks emanating from the 
tensile face of such beams propagate deeper at compression 
zone of their section in relation to the beams without CMAS. 
Furthermore, the extensive crack propagation from mid-span 
to the neighbourhood of U-strips at a flexural mode indicated 
the beneficial role of CMAS anchorage on the failure type of 
such strengthened beams. After the anchorage of FRPs 
failed, a cutting-off of fibre bolts from the beam web was 
accompanied by a consequent slip of the fabric from external 
composite U- strips and shear cracks developed mostly 
nearby the destroyed U-strips prior the final stage of beam 
collapse. To further clarify the effectiveness of CMAS an-
chorage, Table 4 provides a comparison of the structural 
response of (a) beams strengthened with FRPs and (b) beams 
strengthened with anchored FRPs. The results clearly show 
that an increase in the load carrying capacity occurred at an 
amount of about 8.1% and 16.8% for RC beams strength-
ened with one anchored GFRP or CFRP, respectively. Re-
garding the flexural rigidity of RC beams strengthened with 
anchored FRPs (Fig. 6), it does not substantially differ from 
the corresponding one of a beam strengthened with unan-
chored FRPs. 

As concerns the ductility of beams, expressed by the ra-
tio, dr, it seems that a significant increase of 94% or 37% 
occurred in beams with one anchored GFRP or CFRP fabric, 
respectively, in relation to corresponding values of ductility 
prevailed in RC beams strengthened without anchors. Fi-
nally, the complete utilization of the strength reserves 
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Fig. (8). Composite Material Anchorage System, CMAS, made from a tuft of glass fibres. 

 
(over strength capability) of the FRP strengthening scheme 
and, thus, the effectiveness of proposed CMAS anchorage 
system seems valid, since the deformations measured at 
midpoint of GFRP and CFRP sheets approached the value of 
1.0% (Table 4). The experimental peak loadings of 67.5 and 
74.5 kN measured for RC beams strengthened with unan-
chored GFRP and CFRP fabrics, respectively, varied slightly 
from the theoretically evaluated loadings of 73.2 and 72.1 
kN. Apart of possible small inaccuracies existing in tests, 
one can recognize that a stronger increase of ultimate loading 
occurred in RC beams strengthened with one anchored 
CFRP than in beams with one GFRP sheet (Table 4). Thus, 
the CMAS effectiveness is more pronounced in RC beams 
strengthened with CFRP fabric. The findings in this paper 
concerning the improvement of strength and increase of duc-
tility in strengthened RC beams, due to applied CMAS an-
chorages on bonded FRPs, are in agreement with results re-
ported in other studies, where RC beams have been strength-
ened with FRPs anchored by another way [13, 17, 41, 42]. 
Thus, the tests executed for this investigation demonstrated 
the beneficial role of anchoring the U-strips by glass fibre 
bolts especially on the noticeable increase of ductility levels 
of RC beams strengthened either with CFRP or GFRP fab-
rics. In addition, the experimentally obtained ultimate load-
ing of RC beams strengthened with one fabric was found to 
approach the corresponding theoretically evaluated by EC2 
[40] regulation. 

5.3. Numerical Verification 

The experimental load-deflection curves are compared 
with the ones obtained from numerical analyses in this study 
to validate the model. After the calibration of the model, it 
can then be used to extend the experimental results and study 
the behavior of other beams at much lower effort, cost and 
much quicker, without having to conduct many experimental 
tests. 

The experimental and numerical load-deflection curves 
obtained for group of control beams, BV1, are shown in  
Fig. (9). The finite element model is slightly stiffer than the 
actual beam. This difference could have several explana-
tions. The bond between steel reinforcement and concrete is 

assumed perfect, although in the actual beam slip of the rein-
forcement may occur. Micro defects are present to the con-
crete to some degree due to shrinkage and handling. Also, 
the real material properties may be slightly different during 
tests than the ones assumed in analyses. The failure load of 
the control beam is smaller than the experimental load by 
5.5%. 

In Fig. (10) the experimental and numerical load-
deflection curves for the beam strengthened with glass FRP 
composites are shown. Both experimental beams, with and 
without the U-strip are compared with the analyzed beam, 
which has only a GFRP fabric at its bottom face, since bond-
ing is assumed perfect in analyses. The numerical results are 
closer to the test results of the beam with the (CMAS) an-
chorage. The load-deflection curve is in good agreement and 
the numerical failure load is larger than the experimental by 
an amount of 1%.  

Fig. (11) illustrates the experimental and numerical load-
deflection curves for the beam strengthened with a carbon 
FRP composite. In this case the curve is in acceptable 
agreement and the failure load is 10% smaller than the beam 
with the CMAS anchorage. 

Finally, in Fig. (12) the numerical load-deflection curves 
obtained for the beams B1/GFRP & B1/CFRP strengthened 
with glass and carbon FRP are compared. The numerical 
curves concerning the ultimate loading and their initial slope 
are very close, unlike the experimental results. This was ex-
plained above since the FRP composites were chosen and 
evaluated to have similar axial stiffness being approximately 
35 MN/m. 

A parametric study of models with different coefficients 
for concrete behavior did not increase significantly the accu-
racy of the results. The observed discrepancy may occur due 
to slight variations in the material properties taken in analy-
sis and those attained in experiments. If more appropriate 
material properties are assigned in the model, the numerical 
study can be used to predict more precisely the behavior of 
strengthened beams with FRP laminates. Bonding between 
rebars and concrete or FRPs and concrete may be modelled 
to get better results. 
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Fig. (9). Load - deflection curve for, BV1, control beams. 

 

 

Fig. (10). Load - deflection curve for B1/GFRP and B1/GFRP/CMAS strengthened beam. 

 

 

Fig. (11). Load - deflection curve for B1/CFRP and B1/CFRP/CMAS strengthened beam. 

 
5.4. Crack Pattern 

The crack pattern at each applied load step is monitored 
by ANSYS. In Fig. (13) the evolution of the crack pattern 
developed for the strengthened beam B1/GFRP is shown. 
Cracking is shown with a circle outline in the plane of the 
crack. Only the first crack at an integration point is shown. 
Finally, in Fig. (14) the crack pattern for B1/GFRP/CMAS 
tested beams are also shown. The crack patterns of the finite 
element models are similar with the experimental. Flexural 

cracks occurred in the mid span and were followed by di-
agonal shear cracks near the support. The failure modes of 
the finite element models show good agreement with the 
experimental. 

6. CONCLUSIONS 

The aim of the present paper is to investigate the influ-
ence of a composite anchorage at FRP sheet ends on opti-
mizing the flexural response of a RC beam strengthened with 
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Fig. (12). Numerical load - deflection curve for beams B1/GFRP & B1/CFRP. 

 

 

Fig. (13). Numerical evolution of crack pattern for, B1/GFRP, strengthened beam. 

 

 

Fig. (14). Crack pattern of experimentally tested strengthened beams with an anchored GFRP (B1/GFRP/CMAS). 
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composite laminates. Two different composite fabrics, 
namely a type of GFRP and CFRP sheet, were used as the 
main glass and carbon fibre external reinforcement. The fab-
rics were bonded with an epoxy mixture to the beam bottom. 
A composite material anchorage system, namely the CMAS 
system consisting of glass fibre bolts, was used to anchor, 
through bonded U-strips, the fabric in order to avoid prema-
ture detachment of it from the concrete. Generally speaking, 
U-anchors resist the delamination stresses developed at fab-
ric and act as external stirrups at their ends. These anchors 
impose on the external reinforcement to be in contact with 
concrete, avoiding thus its premature debonding from the 
beam section. Thus, an eventual sliding of the external rein-
forcement from U-jackets is delayed and the strengthened 
beams can sustain higher loads at increased ductility levels. 
The conclusions derived from this study can be summarized 
as follows: 

1.  Beams strengthened with one GFRP or CFRP fabric 
failed in brittle mode accompanied by concrete peeling 
along tension rebars and nearby the fabric ends, due to 
lack of FRP anchorage. Nevertheless, RC beams 
strengthened with one GFRP or CFRP fabric exhibited an 
increase of their ultimate strength by an amount of 30% 
and 43%, respectively, in comparison to the strength at-
tained from the control beams. 

2. CMAS anchorage system was formed by U- shaped 
GFRP strips and a tuft of glass fibres at the ends of fab-
ric. The application of this anchorage in RC beams 
strengthened with one GFRP or CFRP fabric resulted in 
an increase of the ultimate strength by an amount of 8% 
and 17%, respectively, in relation to the respective 
strength attained from similar strengthened RC beams 
without anchorage. In addition, their stiffness was 
slightly enhanced, in comparison to that presented in con-
trol beams. 

3. Glass U-strips in conjunction with CMAS anchorage 
system seem to provide a sufficient anchoring mecha-
nism to prevent bonding slip between the fabric and the 
concrete substrate and induce a confinement of the exter-
nal reinforcement, delaying thus the subsequent detach-
ment of FRP from beam bottom face. 

4. The experimental study carried out demonstrated that the 
brittle failure mode of beams strengthened with bonded 
composites without anchorage was improved to a ductile 
one when the composite laminates were applied on 
beams with composite anchorage (CMAS). Specifically, 
the ductility of RC beams strengthened with one an-
chored GFRP sheet approached that of the control beam. 

5. Theoretical and numerical results are in good agreement 
with experimental results. The agreement between the 
experimental and numerical load-deflection curves as 
well as the failure modes and crack patterns, suggest that 
satisfactory prediction can be obtained with these mod-
els. 

6. Numerical analyses can be used to simulate the behavior 
of reinforced concrete at lower cost and predict the fail-
ure process as the experimental results reveal. Neverthe-
less, experiments will always be necessary in obtaining 
information about the real behavior of reinforced con-

crete and essential in order to verify the numerical mod-
els. 
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