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Abstract: Strengthening of concrete structures is applied as a solution for various deterioration
problems in civil engineering practice. This also refers to the structures made of self-compacting
concrete (SCC), which is increasingly in use, but there is a lack of research in this field. This paper
presents an experimental analysis of flexural behavior of reinforced concrete (RC) continuous beams
made of SCC, strengthened with fiber reinforced polymer (FRP) materials (glass (GFRP) and carbon
(CFRP) bars, CFRP laminates), by the use of near surface mounted (NSM) and externally bonded
(EB) methods. Six two-span continuous beams of a total length of 3200 mm, with the span between
supports of 1500 mm and 120/200 mm cross section, were subjected to short-term load and tested.
The displacements of beams and the strains in concrete, steel reinforcement, FRP bars and tapes
were recorded until failure under a monotonically increasing load. The ultimate load capacities of
the strengthened beams were enhanced by 22% to 82% compared to the unstrengthened control
beam. The ductility of beams strengthened with GFRP bars was satisfactory, while the ductility of
beams strengthened with CFRP bars and tapes was very small, so the failure modes of these beams
were brittle.

Keywords: strengthening; self-compacting concrete; FRP materials; continuous beams; EB method;
NSM method

1. Introduction

Strengthening of civil engineering infrastructure has gained significant attention due
to deterioration problems of structures and need for meeting up-to-date design require-
ments [1]. One of the basic factors that causes the unsatisfactory condition of the existing
infrastructure is corrosion of reinforced steel in concrete, which causes damage of concrete,
loss of reinforcing steel and in some cases failure of construction [2]. Taking into considera-
tion the existing concrete infrastructures both in Europe and worldwide, there is a large
interest for the research in the field of strengthening of concrete structures.

In addition, the most common reasons for strengthening the existing structures are
damage to structures due to earthquakes, changes in the purpose of structures and the
implementation of additional loads.

Strengthening of RC structures can be achieved in several ways: by reducing static
influences (by changing the static system or by subsequent external prestressing), increasing
the load-bearing capacity of the cross section, changing the state of stress, etc. Increasing the
load-bearing capacity of the cross-section is the most common type of strengthening of RC
structures and can be achieved by increasing the dimensions of the concrete cross-section,

Appl. Sci. 2021, 11, 4032. https://doi.org/10.3390/app11094032 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3107-9204
https://doi.org/10.3390/app11094032
https://doi.org/10.3390/app11094032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11094032
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11094032?type=check_update&version=2


Appl. Sci. 2021, 11, 4032 2 of 21

adding steel reinforcement or adding reinforcement made of composite materials, such as
FRP materials.

As their name suggests, FRP materials are made up of high-strength fibers embedded
in a polymer matrix. Depending on whether aramid, carbon or glass fibers are used for
reinforcing the composite material, there are AFRP (Aramid Fiber Reinforced Polymer),
CFRP (Carbon Fiber Reinforced Polymer) and GFRP (Glass Fiber Reinforced Polymer)
materials [3]. Even though there are several researches about strengthening of reinforced
concrete beam, the majority of papers discusses behavior of simple beams strengthened by
the FRP laminates.

In the experimental research presented in literature, behavior of RC continuous beams
made of conventional concrete strengthened with the FRP reinforcement was compared
to an unstrengthened control beam. Conclusions of such researches, some of which are
listed below, indicate both increases in bearing capacity and reduction of deformations
of strengthened beams. Existing studies on the strengthening of continuous RC beams
indicate that the strengthening of the negative moment zone alone has a significant effect
on increasing the bearing capacity of such beams [4]. According to Akbarzadeh et al. [5],
although many in situ RC beams are of continuous constructions, there has been very
limited research on the behavior of such beams with externally applied FRP laminates.
For example, research related to the behavior of continuous RC beams strengthened by
CFRP (strips, sheets or laminates) is presented in [6–9], while [10] deals with strengthening
using the glass FRP strips by the EB method. In [8] and [9], continuous RC T-beams
are investigated.

In addition to the papers that generally deal with experimental research of strength-
ened beam girders, there is a significant number of papers in which methods for modeling
reinforced RC beams using FEM analysis are proposed. Numerical analysis using Abaqus
software of RC beams strengthened with hybrid FRP sheets are presented in [11,12]. Hybrid
FRP sheets were prestressed and externally bonded to the concrete surface. While [11]
deals with flexural behavior of the beams under the action of live and dead load, Ref. [12]
deals with fatigue properties of examined beams. Good agreement of numerically obtained
results with experimental data was observed in both papers. Zhang et al. [13] developed a
viscoelastic solution for the interface stress distribution in a strengthened RC beam. The
validation of this solution is verified by FEM analysis.

The two basic methods most commonly used in strengthening RC beams with FRP
material are: strengthening by gluing laminates of FRP material on the surface of concrete
beams—EB method; and strengthening by mounting bars or narrow strips of FRP material
in grooves made in the cover of concrete—NSM method.

While most available research suggests that the NSM method, in particular the NSM
method with strips, is able to take advantage of the higher strength of a FRP material
compared to the EB method, several comparative studies have indicated that NSM is a
non-economic solution [14–16]. The main disadvantage of the NSM method compared
to the EB method is the price. The increase in price is due to the larger volume of labor
when cutting the grooves in which the reinforcement will be mounted, as well as the larger
amount of epoxy adhesive necessary for filling the grooves compared to the EB method.

Since the use of self-compacted concrete started (Japan, 1980), it has been evident
that its implementation has been increasing, whereby development and research has been
intensified in the last several years. The term self-compacting concrete (SCC) refers to a
high-performance concrete, which does not require additional vibrating in the placement
process. It is capable of fully filling the formwork exclusively under the action of gravity,
even in the presence of a considerable amount of reinforcement, simultaneously retaining
its consistency without any emergence of segregation [17–23].

When it comes to application of SCC for the structural elements, almost all research
conducted so far relates to a simply supported beam, except for a few studies on a two-
span continuous beam. In [24], the beams were examined both for bending and shear.
Their behavior under the effect of short-term static loading corresponds to the behavior
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of the beams made of conventional vibrated concrete (VC). The conditions defined by the
regulations for constructions of VC are met as well. An experimental study of flexural
behavior of two-span continuous beams made of SCC is presented in [25], where the
parameter that varied is the percentage of tensile reinforcement. Abaqus/Standard software
is used in that study for developing an adequate nonlinear numerical model.

The main objective of this paper was to analyze the flexural performance of RC
continuous beams made of SCC strengthened with FRP materials, as there is a lack of such
research. The experimental tests of six two-span continuous beams of a total length of
3200 mm, with the span between supports of 1500 mm, with 120/200 mm cross section
made of SCC, was done. The influence of the type of the FRP material, position of the
reinforcement and the method of the strengthening on the ultimate load capacity, as well
as on the failure mode of continuous beams made of SCC was analyzed.

Since most researches are focused on the behavior of beams made of conventional RC
strengthened with the FRP reinforcement, this research gives an insight into the flexural
performance of continuous SCC beams strengthened with the FRP reinforcement, which is
very important bearing in mind the increasing use of SCC in civil engineering.

2. Experimental Program
2.1. Test Specimens

Six continuous beams were made of SCC concrete with natural aggregate in accordance
with the program of experimental testing in which the geometrical characteristics of the
test specimens, the method of their production, arrangement and type of measuring
instruments, as well as the test procedure had been defined. The dimensioning of the
continuous beams was carried out in accordance with the Eurocode (EC) 2 regulation [26].
The beams have the same percentage of the longitudinal and the transverse reinforcement
shown in Figure 1. The tested beams have a rectangular cross-section, having dimensions
b/h = 120/200 mm, of a total length of 3200 mm, beam span 1500 mm, and reinforced with
B500B reinforcement of a C30/37 designed class of SCC concrete [26].
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Figure 1. Reinforcing of the tested beams.

2.2. Mechanical Properties of Materials
2.2.1. Mechanical Properties of SCC Concrete

Concrete mixtures tested within the experimental research were made using CEM I
42.5 R cement, whose characteristics are presented in Table 1.

The rock flour which was used in the experiment as fine aggregate was obtained by
grounding of the limestone having specific mass 2.692 g/cm3 and standard deviation of
cavity share according to Rigden of 25.4% (suppliers data). For making of concrete mixtures,
the particle size distribution was performed based on SRPS U. M1.057:1984, which defines
the standard particle size distribution curves, A–D. The particle size distribution of the
aggregate used for making SCC is presented in Figure 2.
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Table 1. Physical–mechanical characteristics of cement.

Characteristics of Cement Value

Setting Time, Min Start 176, End 226
Density 3.13 g/cm3

Bulk density in loose state 930 kg/m3

Bulk density in compacted state 1515 kg/m3

Tensile strength at 2 days 6.98 N/mm2

Tensile strength at 28 days 9.30 N/mm2

Compressive strength at 2 days 31.33 N/mm2

Compressive strength at 28 days 55.15 N/mm2
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Figure 2. Particle size distribution of aggregates.

The composition of designed concrete mixture is presented in Table 2. The additive
MC Power Flow 1102 was used in the experiment. This is a super-plasticizer, a modified
polycarboxylate with density of 1.06 kg/dm3. Additive dosage was 0.5% in relation to the
mass of powdery components (cement and rock flour).

Table 2. Concrete composition.

Mass for 1 m3 (kg)

limestone filler 100.00
cement 320.00 water absorption (%)

fraction 0–4 mm 807.50 0.80
fraction 4–8 mm 380.00 0.50
fraction 8–16 mm 553.00 0.40

water 210.00
MC Power Flow 1102 additive 2.10

The experimental examination of the characteristics of SCC was carried out in two
phases: (1) examination of the characteristics of the fresh concrete mass, (2) examination of
the mechanical characteristics of hardened SCC.

One of the primary methods used for testing self-compacting concrete in the fresh
state is the Slump-flow test (Figure 3a), which tests the consistency of fresh concrete and
checks one of the key properties of SCC: workability, i.e., fluidity. The results obtained by
testing fresh concrete are shown in Table 3. Based on the recommendations defined in the
European Federation of National Associations Representing for Concrete (EFNARC) [27]
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and EN 206-9:2010 [28], the designed mixture is classified as SF1. On the basis of the
measured slump time of the designed mix, it is concluded that it belongs to class VS2.
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Figure 3. (a) Slump-flow test; (b) Concrete cubes and cylinders.

Table 3. The test results obtained on fresh concrete.

Density (kg/m3) Slump-Flow Test D (mm) t500 (s) ωc (Water Cement Ratio)

2305 605 4.8 0.49

To determine the characteristic of the hardened concrete twelve 150 mm cubes and
nine 150 mm diameter cylinders of 300 mm length were cast simultaneously with the
beams (Figure 3b). The following tests were performed on hardened concrete: compressive
strength (Figure 4a), tensile splitting strength (Figure 4b) and the determination of the
tangent and secant modulus of elasticity (Figure 4c).
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Figure 4. Determination of the characteristics of hardened concrete: (a) Compressive strength; (b) Tensile strength;
(c) Modulus of elasticity.

Determination of compressive strength of concrete was carried out on cubes having
sides of 150 mm, after 2, 7, 14 and 28 days in accordance with EN 206-1. The tensile
splitting strength of concrete was tested on cylinders measuring Ø150/300 mm, and it was
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determined after 28 days, in accordance with EN 12390-6. The determination of the tangent
and secant modulus of elasticity was performed in accordance with the standard EC 2 [26].
The obtained results are provided in Table 4.

Table 4. The test results obtained on hardened concrete.

Compressive Strength
(MPa)

Tensile Strength
(MPa)

Modulus of Elasticity
(GPa)

Secant Tangent

fc,2 fc,7 fc,14 fc,28 fct,28 Ec Ecm
12.06 18.15 24.93 28.82 3.44 25.35 24.35

Standard deviation (σ) 0.63 0.92 1.15 1.24 0.15 1.25 1.15

2.2.2. Mechanical Properties of Steel, FRP Reinforcement and Epoxy Adhesive

Steel reinforcement was not tested, instead the characteristics provided by the manu-
facturer were adopted, while for FRP reinforcement, the characteristics obtained by testing
in the Laboratory of the Faculty of Mechanical Engineering at University of Nis (Figure 5)
were adopted [29]. The testing was performed according to the recommendations of the
American Concrete Institute (ACI) [30]. Mechanical properties of steel and FRP reinforce-
ment are shown in Table 5.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 21 
 

determined after 28 days, in accordance with EN 12390-6. The determination of the 
tangent and secant modulus of elasticity was performed in accordance with the standard 
EC 2 [26]. The obtained results are provided in Table 4. 

Table 4. The test results obtained on hardened concrete. 

 
Compressive Strength 

(MPa) 

Tensile 
Strength 

(MPa) 

Modulus of Elasticity 
(GPa) 

Secant Tangent 
 fc,2 fc,7 fc,14 fc,28 fct,28 Ec Ecm 

 12.06 18.15 24.93 28.82 3.44 25.35 24.35 
Standard 
deviation 

(σ) 
0.63 0.92 1.15 1.24 0.15 1.25 1.15 

2.2.2. Mechanical Properties of Steel, FRP Reinforcement and Epoxy Adhesive 
Steel reinforcement was not tested, instead the characteristics provided by the 

manufacturer were adopted, while for FRP reinforcement, the characteristics obtained by 
testing in the Laboratory of the Faculty of Mechanical Engineering at University of Nis 
(Figure 5) were adopted [29]. The testing was performed according to the 
recommendations of the American Concrete Institute (ACI) [30]. Mechanical properties of 
steel and FRP reinforcement are shown in Table 5. 

 
Figure 5. Determination of the characteristics of FRP materials: (a) Test specimens; (b) Test setup; (c) Specimens after 
testing [29]. 

Table 5. Mechanical properties of steel and FRP reinforcement. 

Reinforcement Dimension 
(mm) 

Modulus of 
Elasticity 

(GPa) 

Ultimate 
Strain 

(ε × 10−6) 

Yield 
Strength 

(MPa) 

Tensile 
Strength  

(MPa) 
steel Ø8 200.0 - 500 560 

CFRP bar Ø8 148.1 13,434 - 1940 
GFRP bar Ø10 47.0 15,635 - 735 
CFRP tape 50/1.2 165.0 17,000 - 3100 

Figure 5. Determination of the characteristics of FRP materials: (a) Test specimens; (b) Test setup; (c) Specimens after testing [29].

Table 5. Mechanical properties of steel and FRP reinforcement.

Reinforcement Dimension
(mm)

Modulus of
Elasticity

(GPa)

Ultimate
Strain

(ε × 10−6)

Yield
Strength

(MPa)

Tensile
Strength

(MPa)

steel Ø8 200.0 - 500 560
CFRP bar Ø8 148.1 13,434 - 1940
GFRP bar Ø10 47.0 15,635 - 735
CFRP tape 50/1.2 165.0 17,000 - 3100

Fiber volume fraction in CFRP bar is 71%, while fiber volume fraction in CFRP tape is
63.3% (suppliers’ data).

Mechanical properties of used epoxy adhesive are shown in Table 6.
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Table 6. Mechanical properties of epoxy adhesive.

density 1.70 kg/dm3

Linear shrinkage 0% (at +23◦)
Compressive modulus of elasticity 6000 MPa

Bond strength >3 MPa
Shear strength in strengthening >35 MPa
Bond strength in strengthening >18 MPa

2.3. Methods of Strengthening of RC Beams
2.3.1. NSM Strengthening Method

Strengthening of RC beams using NSM method was performed in the following way:

• A groove is formed with the help of a saw with a diamond blade according to the
dimensions depending on the diameter of the bar. Based on recommendations in
the literature [31], the groove dimensions were two and a half times larger than the
diameter of the mounted bars. Thus, in the case of GFRP bars (Ø10) the groove
measured 25 × 25 mm, while in the case of CFRP bars (Ø8) it was 20 × 20.

• Two-component epoxy adhesive is applied to half the depth of the groove, after which
a glass or carbon FRP bar is mounted.

• Finally, the epoxy adhesive fills the rest of the groove, whereby the surface of the
concrete beam remains visually identical to the surface of the unstrengthened beam.

2.3.2. EB Strengthening Method

Strengthening of RC beam by EB method was performed in line with the manufac-
turer’s recommendations as follows:

• Firstly, the tapes, having the factory size of 50×1.2 mm, were tailored to the required
width of 38 mm for the purpose of achieving the identical axial stiffness as the CFRP
bar, having diameter of Ø8 mm.

• The surfaces of the beam were sound and without irregularities so there was no need
for additional processing before installing the FRP tapes.

• The surfaces of the beam were cleaned to remove dust, after which the surfaces were
impregnated with primer.

• FRP tape was also cleaned with appropriate cleaner. The solvent was evaporated and
the surface of the tapes was completely dry before the application of the adhesive.

• Two-component epoxy adhesive is applied in a thickness of approximately 1 mm on
both the FRP tape and the surface of the RC beam.

• The roller expels air bubbles and removes excess epoxy adhesive on both sides of the
FRP tapes.

2.3.3. Variants of Strengthening of Tested Beams

Strengthening of RC beams was performed on a total of five beams, whereby position,
type and method of FRP reinforcement mounting was varied (Figure 6).

The labels of the tested RC continuous beams are:

1. B-Con—Beam Control: Control (unstrengthened) beam;
2. B-G1—Beam Glass 1: Beam strengthened with GFRP bar in the negative moment

zone over the middle support (hogging zone);
3. B-G2—Beam Glass 2: Beam strengthened with GFRP bar in the positive moment

zones (sagging zones);
4. B-G3—Beam Glass 3: Beam strengthened with GFRP bar in the negative moment

zone above the middle support and with two GFRP reinforcement bars in the positive
moment zones;

5. B-C—Beam Carbon: Beam strengthened with one CFRP reinforcement bar in the negative
moment zone and with two CFRP reinforcement bars in the positive moment zones;
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6. B-EC—Beam External Carbon: Beam strengthened with one CFRP tape in the negative
moment zone and with two CFRP tapes in the positive moment zones.Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 21 
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2.4. Experiment Setup and the Procedure of Load Application

Testing of continuous RC beams was performed in the Mechatronics laboratory of
the Faculty of Mechanical Engineering of the University of Nis. The used measuring
equipment and assisting personnel are from the Laboratory for Structural testing of the
Faculty of Civil Engineering and Architecture of the University of Nis.

The load was applied to the beam in the form of two concentrated forces, which act
in the middle of both spans at an axial distance of 1500 mm (Figure 1). The load transfer
was realized via steel plates 100 mm wide and steel rollers Ø30 mm placed between them.
The support of the beam girder is also realized via steel contact plates 100 mm wide with
simulation of one fixed and two movable bearings.

The load was applied with a deflection increase rate of 0.02 mm/s (1.2 mm/min).
During the test, the following data were recorded:

• Vertical displacements—deflections,
• Normal strain in concrete, steel and FRP reinforcement,

To monitor the displacement, the following were used: LVDT (Linear Variable Dis-
placement Transducers) W50, which measured deflections, and LVDT W20, as a measuring
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element of a dilatometer designed for measuring strains in a tensioned zone of concrete
(Figure 7).
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Measurement of strains in steel and FRP reinforcement, as well as on the top com-
pressed surface of concrete, was performed with strain gauges—SG. Strain gauges with
an electrical resistance of 120 Ω were used, with a base length of 6 mm on steel and FRP
reinforcement, and 50 mm on concrete (Figure 8). The gluing of the measuring tapes
was done with a special glue, whereby the strain gauges mounted on the steel and FRP
reinforcement were additionally protected, since they were installed in concrete or epoxy
glue. The position of strain gauges tapes and LVDT dilatometer in Sections I, II and II is
presented in Table 7.

An electronic dynamometer (HBM U2A) was used for measuring force (load), of a
measuring range up to 100 kN, accuracy 0.5%.

For recording signals and converting mechanical parameters into electrical ones,
multi-channel measuring-acquisition systems MGC-plus and SPIDER 8 were used.
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Table 7. Position of strain gauge tapes (SG) and linear variable displacement transducers (LVDT)
dilatometers in Sections I, II and III of the tested beams.

Beam Label Tensioned Steel
Reinforcement

Compressed
Concrete FRP Deflection

Section I

B–con SG1 SG4 - LVDT1
B–G1 SG1 SG4 - LVDT1
B–G2 SG1 SG4 SG6 LVDT1
B–G3 SG1 SG4 SG6 LVDT1
B–C SG1 SG4 SG6 LVDT1

B–EC SG1 SG4 SG6 LVDT1

Section III

B–con SG2 D1 - -
B–G1 SG2 D1 SG6 -
B–G2 SG2 D1 - -
B–G3 SG2 D1 SG7 -
B–C SG2 D1 SG7 -

B–EC SG2 D1 SG7 -

Section II

B–con SG3 SG5 - LVDT2
B–G1 SG3 SG5 - LVDT2
B–G2 SG3 SG5 SG7 LVDT2
B–G3 SG3 SG5 SG8 LVDT2
B–C SG3 SG5 SG8 LVDT2

B–EC SG3 SG5 SG8 LVDT2

The converters used are connected via computer acquisition systems to calibrate
instruments, read and record data. Electronic instruments were read automatically each
second (quasi-dynamic), while recording and processing of data was performed via the
CATMAN software package.

3. Results and Discussion

The values of the measured quantities (displacements and local deformations), due to
the effect of static load, were read quasi-dynamically (every second), and then the obtained
values were processed in Excel and Catman. The output results are presented in the form
of diagrams, from which it is possible to most clearly observe the measured parameters
(deflections and strains) as a function of the applied load.

3.1. Analysis of Recorded Deflections

Special attention in this research is paid to the analysis of deflections of continuous
beams. The disposition of the control beam, before and after deformation, is shown in
Figure 9.

A comparative analysis of the deflection of reinforced beams was performed in relation
to the control, unreinforced beam and the dependence curves between the load, and the
deflection of the section in the middle of the span are shown in Figure 10.

On the curves, in general, characteristic zones can be observed when applying the
load, and these are:

• Zone before emergence of the cracks, where the relation between the load and dis-
placement is linear,

• Zone after emergence of the cracks, and before the yield of steel, crushing of concrete
or debonding of the strengthening system, where the relationship between the load
and displacement is non-linear; and

• Zone after the yield of steel, crushing of concrete or debonding of the strengthening
system until the cross-section failure.

The behavior of the tested beams until the emergence of the first cracks is almost
identical, after which the strengthened beams exhibit higher rigidity and higher load-
bearing capacity. With the B-EC beam, the dependence curve is generally linear even after
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the appearance of cracks, which indicates a small deformability but also the higher ductility
of this beam.
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Figure 11a shows the comparison of the maximum load capacity of the tested beams.
The load-bearing capacity of all beams was increased:

• For beams strengthened with GFRP bars, by the NSM method, the increase in load-
bearing capacity was 22–67% depending on the position of the reinforcement, with
the largest increase in load-bearing capacity of beam B-G3 when the strengthening is
both above the middle support and in both spans of the beam.

• In the case when beams are strengthened with CFRP bars by the NSM method both
above the middle support and in both spans of the continuous beam (B-C beam), the
increase in load-bearing capacity is 82%.

• For beams strengthened with CFRP tapes of the same axial stiffness as CFRP bars, by
the EB method (B-EC beam) the increase of the load-bearing capacity compared to the
B-C beam is lower, and it amounts to 50%.
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at half of the span of the tested beams.

Figure 11b shows maximum deflections at midspans at the moment of failure of
the tested beams. It can be noticed that the maximum deflections of beams B-G1 and
B-G2 increase with the increasing failure force, while in other strengthened beams the
deformability is lower, which is shown by one of the most important parameters—the
ductility index. The ductility index in beams strengthened with GFRP reinforcement (B-G1,
B-G2 and B-G3) has satisfactory values (ID = 4 ÷ 5), while in beams strengthened with
CFRP reinforcement the ductility is very small (ID = 1.5). The beam strengthened with
CFRP tapes (B-EC) did not show any ductility, and the maximum deflection of this beam is
the lowest compared to other beams.

3.2. Analysis of Normal Strain in the Steel Reinforcement

Load-strain dependence diagrams in the tensioned steel reinforcement of the tested
beams are presented in Figure 12a (mid-span cross-section) and Figure 12b (cross-section
above the support).

It can be seen from the diagram that the strains in the tensioned steel reinforcement
are negligibly small until the emergence of cracks in the concrete, after which they increase
nonlinearly until the yield point in the steel reinforcement. The last phase from the yield
of steel reinforcement to failure has an even more pronounced nonlinearity. There is a
noticeable increase of the load at which the yield of steel reinforcement occurs in reinforced
beams in relation to the control beam at which the load is Fy ≈ 80 kN.

In the case of beams reinforced with GFRP reinforcement, the increase in load at
which the reinforcement steel yields is 14% for beam B-G1, 70% for beam B-G2 and 86% for
beam B-G3.

In the case of the beam reinforced with CFRP bars by the NSM method, an increase in
the load of 100% at which the steel reinforcement yields was achieved in relation to the
control unreinforced beam.

In the case of beams reinforced with CFRP tapes by the EB method, the yield of
tensioned steel reinforcement was not observed.

Figure 13 shows the comparison of the yielding load of the tested beams.

3.3. Analysis of Normal Strains in the FRP Reinforcement

Load-strain dependence diagrams in the FRP reinforcement for the tested beams
are presented in Figure 14a (mid-span cross-section) and Figure 14b (cross-section above
the support).
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When comparing the maximum measured strains in the FRP reinforcement with the
ultimate strains of GFRP and CFRP reinforcement during tensioning, it was observed that
the GFRP reinforcement is maximally utilized in beams B-G1 and B-G2. For other beams,
the utilization of additional FRP reinforcement is not full and it is the lowest in the case of
CFRP tape reinforcement when the utilization is approximately 40%.

3.4. Analysis of Normal Strains in the Concrete

Load-strain dependence diagrams in concrete for the tested beams are presented in
Figure 15a (mid-span cross-section) and Figure 15b (cross-section above the support).

From the presented diagrams, it can be observed that the strains in concrete are com-
patible to those in tensioned steel reinforcement, until the onset of first cracks in concrete.
After that, the strains are nonlinear, whereby that nonlinearity is more pronounced after
the yield of steel reinforcement.
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3.5. Beam Failure Modes

Figure 16 shows the failure mode of the control beam. The failure of the beam is caused
by the formation of a plastic hinge, i.e., by reaching the ultimate strain of steel reinforcement
during tensioning, first in the cross-section above the middle support. By reaching the
ultimate strain of the steel reinforcement during tension in the cross section in the span a
plastic hinge is formed and thus the failure mechanism of the beam. The maximum realized
force was 100 kN, after which the deformations increase without increasing the force.

In the case of the beam girder B-G1, which is reinforced with a GFRP bar above the
middle support, the cross section in the span fails first, reaching the ultimate strain of the
steel reinforcement, which is followed by concrete crushing (Figure 17)—by forming a
plastic joint in that cross section. The formation of the failure mechanism occurs due to
crushing of concrete in the cross-section over the middle support, without debonding of
the FRP reinforcement system, which indicates the complete utilization of this system. The
load-bearing capacity of this beam is 122 kN, and exceptional deformability and failure
without major damage to the beam were observed.
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Figure 17. Beam B-G1: (a) Disposition of cracks and failure of the cross-section at mid-span; (b) Disposition of cracks and
failure of the cross section above the support.

In Figure 18 the shape of the failure of the beam strengthened with GFRP reinforcement
in the zone of positive moments (bottom side of the beam)—beam B-G2—is shown. A
failure of the section above the middle support was first observed due to reaching the limit
strain of the steel reinforcement during tensioning (Figure 18a). The formation of the failure
mechanism occurs due to the failure of the cross section in the span, caused by separation
of the concrete at the level of the longitudinal steel reinforcement (Figure 18b). Crushing of
concrete was observed in the zone of force application (Figure 18b). Transverse cracks in
the concrete on the bottom side of the beam intersect the slot with the epoxy filling. The
load bearing capacity of this beam is 148 kN, the deformability is good and the failure
occurs with damage to the beam (Figure 18b).

Beam fracture B-G3 is caused by debonding of epoxy and concrete, as a result of
which concrete separates at the level of the protective layer (Figure 19a). The load-bearing
capacity of this beam is high (Fu = 167 kN), but the failure is sudden with a loud crack
and with a considerable damage to the beam. Crushing of concrete was observed in the
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zone of force application as well as transverse cracks in concrete both on the bottom and
on the top side of the beams intersecting the groove with the epoxy infill (Figure 19b).
Deformability is lower compared to other beams in which strengthening was accomplished
using GFRP reinforcement.
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Figure 20 show the failure shape of a beam strengthened with CFRP reinforcement in
the zone of negative moments above the middle support (top side of the beam) and in the
zone of positive moments (bottom side of the beam) caused by incremental application of
test load until failure. It is observed that the failure occurs by debonding of epoxy and con-
crete, as a result of which concrete separates at the level of the protective layer (Figure 20a).
The load-bearing capacity of this beam is the highest (Fu = 182 kN) in comparison with
other tested beams, but the deformability is extremely low, so that failure occurs suddenly
with considerable damage to the beam.
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Failure of beams reinforced by the EB method with CFRP tapes (B-EC beams) occurs
much earlier than in beams strengthened with CFRP bars by the NSM method (B-C beams).
In general, the behavior of these beams is similar until the onset of tape separation in B-EC
beams. Failure (fracture) occurs due to the sudden separation of the tape due to the loss of
bond at the joint of concrete and epoxy adhesive (Figure 21a), after which the protective
layer of concrete separates (Figure 21b). Failure due to the debonding of the reinforcement
system is the most common failure of beams strengthened by the EB method, and it is
also the most prominent deficiency of this method. Debonding failure prevention can be
achieved by various anchoring systems such as: anchor spikes, U-Anchors, transverse
wrapping, plate anchors, bolted angles and other miscellaneous systems [32]. The fracture
load was 150 kN (at B-C beam 180 kN) where the deformability of this beam is very low
with a very linear relationship between the load and the deflection of the beam.
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4. Conclusions

Composite materials are certainly materials of the future but also of the present.
Application of the fiber polymer materials provides great opportunities in repair and
strengthening of the RC structures, thus extending their service life [33].

Experimental testing of six two-span continuous beams made of self-compacting
concrete strengthened with fiber reinforced polymer (FRP) materials was done in this
research. The influence of the method of strengthening, type of the FRP material and
position of the strengthening on the flexural behavior of the examined beams were analyzed.
Based on all of the above, general conclusions can be summarized:

1. The use of FRP materials in strengthening of RC continuous beams, even with a small
amount of additional reinforcement, can considerably increase their load-bearing
capacity. An increase of 22–82% in the load-bearing capacity of the strengthened
beams compared to the control beam was achieved.

2. The highest increase of the load-bearing capacity was in the beams strengthened both
in the negative moment zone above the middle support and in the positive moment
zones in the spans, and it ranges within 50–82% depending on the type of FRP
reinforcement (glass and carbon) and the method of strengthening (EB and NSM).

3. Strengthening with CFRP materials results in a higher failure load, but the price
of these materials is considerably higher compared to GFRP materials so in each
individual case, it should be assessed which material is more adequate.

4. The use of FRP materials also influenced the increase of the yielding load which was
in the range from 14% to 100% compared to the yielding load of the control beam.

5. With the increase in the amount of FRP reinforcement, it is noticeable that there is
a decrease in the deformability or ductility of reinforced beams, which is one of the
main disadvantages of using FRP reinforcement.

6. The failure modes of the strengthened beam with higher percentage of FRP reinforce-
ment were brittle with separation of the concrete protective layer and before fully
utilizing the tensile strength of the FRP material. The lowest efficiency was observed
in the beam strengthened by the EB method due to the separation of the tapes.

7. Debonding of the FRP system in the beams strengthened in the same manner occurred
earlier with the EB method, so the efficiency and utilization of the tensile strength of
the FRP reinforcement is higher with the NSM method.

8. The basic disadvantages of the NSM method compared to the EB method are the
groove size for installing the FRP bars and the higher price, which lead to the conclu-
sion that the assessment of which method is more adequate should be made on a case
by case basis.

In further experimental research, the use of narrow strips instead of bars in the NSM
method, given the smaller size of the required gap in the concrete, can be analyzed. Further,
the numerical model of the examined continuous beams using the finite element method
should be made, validated and verified with experimentally obtained results.
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