FACTA UNIVERSITATIS
Series: Architecture and Civil Engineering ONLINE FIRST
https://doi.org/10.2298/FUACE230630037R

Original Scientific Paper

STRENGTHENING OF REINFORCED CONCRETE BEAM
ELEMENTS USING ROD-FORM COMPOSITE MATERIALS

UDC 624.012.45
693.557:677.494.7

Slobodan Rankovi¢!, Radomir Foli¢?, Marina Mijalkovi¢?,
Zarko Petrovi¢!

1University of Ni§, Faculty of Civil Engineering and Architecture, Nig, Serbia
2University of Novi Sad, Faculty of Technical Sciences, Novi Sad, Serbia

Abstract. The paper emphasizes the advantages of using FRP (fiber reinforced polymer)
materials for strengthening reinforced concrete structures. The results of experimental
research on the effects of strengthened reinforced concrete beam elements exposed mainly
to bending using FRP rod-shaped elements are presented. The load disposition
(experimental setup) was in accordance with the "four point load" scheme, and the
measurements were made using modern measuring techniques. The results regarding the
increase in the bearing capacity of strengthened beams using the NSM (near surface
mounting) and EB (externally bounding) methods were compared. In particular, the load-
deflection ratio until failure was analyzed, as well as the change in stiffness depending on
the load level. It has been shown that the load capacity of beams strengthened with
carbon fiber rods (NSM CFRP) increases by 89%, and the load capacity of beams
strengthened with glass fiber rods (NSM GFRP) by 73%. The bearing capacity of beams
strengthened with EB CFRP laminates increases by 51%. The ductility of strengthened
beams was analyzed and it was shown that it is higher when using GFRP rod-shaped
elements (DI=6.5) compared to CFRP rods (DI=5.3). The ductility of the beams
strengthened by the EB CFRP method was not satisfactory (DI=2.6).
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1. INTRODUCTION

Fiber reinforced polymers - FRP are a type of composite materials, composed of high-
strength fibers: carbon (CFRP), glass (GFRP) and aramide (AFRP), which are
impregnated with polymer resins (matrix) [1-3]. Along with them, fillers and additives
are present in the mixture, giving the required characteristics to the final product. As a
result of combining the input components with a special technological process (most
often pultrusion), a new material with mechanical characteristics between fibers and resin
is obtained. Figure 1 shows the mechanical characteristics of the materials from which
FRP materials are made, while Figure 2 shows the mechanical characteristics of FRP
composites.
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Fig. 2 o-¢ tension diagrams for the most commonly used materials (Pilakoutas, 2000)

The tendency of increasing the use of composites in relation to conventional
materials, in almost all areas, is evident. The use of fiber composites as reinforcement in
concrete dates back to the 60s of the last century. The reasons for attempts to replace steel
reinforcement with non-metallic ones, in concrete reinforcement, lie in the desire to
prevent the harmful corrosion behavior due to the aggressive effect, above all, of salt. The
first FRP bars were available in the late 70s of the last century, and practical application,
as the main reinforcement, in the form of GFRP bars began in 1983 in the USA. FRP
products available today for construction purposes are made in various forms: rods,
cables, laminates, canvases, nets and three-dimensional elements (Figure 3).
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Fig. 3 The shapes of FRP elements: (a) laminates, (b) canvases, (c) rods -*’bar’’ elements

2. NSM FRP TECHNIQUE FOR STRENGTHENING CONCRETE STRUCTURE

Two basic methods of strengthening concrete structures using FRP elements are
externally bonded laminates (EB) and reinforcement placed inside the protective layer of
concrete (NSM-near surface mounted FRP) (Figure 4) [4-8].
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Fig. 4 Procedures for strengthening beam girders exposed to bending using EB and NSM
method (Han-Choi, 2008)

Given that the adhesion of FRP elements to the concrete structure has a dominant
effect on the strengthening effects and on the possibility of premature failure, numerous
studies have shown the advantage of the NSM strengthening method [4-11] in this sense.
The basic conclusion of those researches is that the connection properties, i.e. adhesion is
influenced by a number of factors: bond length, cross-sectional dimensions of the
element, type of he FRP material, cross-sectional shape of the FRP bar, degree of
roughness of the FRP bar, strength of concrete (tensile and shear), strength of slot fill
(tensile and shear), size, aspect ratio and the height and position of the slits, the degree of
roughness of the slits. Due to the large number of influential parameters, extensive
research, analytical and numerical, but above all experimental [6-9], was necessary.

In the following, some results of independent experimental research on the
application of the NSM FRP strengthening method and a comparison with the EB
strengthening technique are presented.
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3. EXPERIMENTAL RESEARCH

In order to determine the behavior of RC beam girders, strengthened with FRP
elements, under the effect of short-term loading, experimental research was conducted on
samples in laboratory conditions [12-13].

This experimental analysis includes two variants of application of the additional FRP
reinforcement for strengthening RC beam girders exposed to the influence of bending
moments according to the "four point load" scheme (Figure 5): 1) installation of the rod-
shaped FRP reinforcement inside the concrete protective layer (NSM method) and 2)
external gluing of FRP laminate to the concrete surface (EB method). In the research, the
FRP reinforcement was used, the composition of which consists of two types of fibers:
laminates and rods with carbon fibers (CFRP) and rods with glass fibers (GFRP). An
unstrengthened (control) girder was also tested, in order to determine the effects of
strengthening and to compare the obtained results.
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Fig. 5 Arrangement of instruments in the examined beam RC girders

Figure 6 shows the failure mechanism in the externally bonded laminate (EB) method,
while Figure 7 shows the failure mechanism in the near surface mounted (NSM) method
[13].
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Fig. 6 Loss of bond between concrete and  Fig. 7 Failure caused by loss of adhesion of
epoxy adhesive CFRP reinforcement

3.1 Analysis of test results

Global deformations (deflection), dilations in concrete, steel reinforcement and FRP
reinforcement, slippage of the additional FRP reinforcement, occurrence and
development of cracks, all in function of the applied load, were monitored during the
loading of the girders. Due to the limited space in the paper, only the results of the load —
deflection relations, as integral mechanical characteristics, for the tested variants of
strengthening of beam girders are presented.

3.1.1 Deflection analysis

Deflection measurements were performed with linear displacement transducers
(LVDT), eliminating the influence of support displacement. Values from the
displacement transducer were read every second by the MGC plus acquisition system,
using the corresponding "CATMAN" software. This provides a continuous record of the
behavior of the beam element exposed to the influence of the test load. For the tested
samples, the deformations of the girders under the test load are shown in Figures 8 — 11.
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Fig. 8 Deflection of NSM GFRP beam (B-G1)  Fig. 9 Deflection of EB CFRP beam (B-EC1)
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Fig. 10 Deflection of NSM CFRP beam (B- Fig. 11 Deflection of control beam (B-con)
Cl)

For the purpose of comparative analysis, Figure 12 shows the results of deflections in
the middle of the span obtained by testing beam girders strengthened by different
methods, with the application of different materials and methods of strengthening. The
comparison was made in relation to an unstrengthened (control) beam, where the
reinforcement with basic (steel) reinforcement was identical for all beams [13-14].
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Fig. 12 Deflections in the middle of the span of the examined beams

On the diagrams, characteristic zones can be observed when applying the test load: 1)
until the appearance of the first cracks, 2) from the appearance of the first cracks to the
appearance of yielding in the basic (steel) reinforcement and 3) from the appearance of
yielding of the steel reinforcement to failure. An almost identical behavior can be
observed for all tested girders until the appearance of the first cracks, after which the
strengthened girders show higher stiffness and higher ultimate load capacity. Debonding
of the CFRP laminate in the EB method led to a sudden drop in force and subsequent
behavior similar to that of the control beam. By comparing the deflection diagram of RC
girders strengthened externally with glued laminates (EB CFRP) and in the protective
layer of concrete placed (NSM CFRP), an almost identical behavior is observed until the
moment of failure of the laminate by peeling.
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A significant increase in load capacity can be observed with the use of the additional
FRP reinforcement, which is the highest when the NSM CFRP strengthening is used,
where it is as much as 89%. It is noted that the use of the GFRP reinforcement for
strengthening gives very good results in terms of load capacity (by 78% higher load
capacity), but also the increased deformability (bending) of strengthened girders.
Considering the much lower cost of GFRP reinforcement compared to CFRP
reinforcement, for cases where the stiffness of the girder is not a limiting factor,
preference should be given to GFRP strengthening elements [14].

4, CONCLUSIONS

Based on, first of all, the experimentally obtained results of research on the
strengthening of reinforced concrete beam girders exposed to bending to failure, it is
concluded that the use of FRP reinforcement leads to a significant increase in the load
capacity, stiffness and usability of strengthened beam girders, with the satisfactory
ductility.

The experimental results lead to the following conclusions:

The application of composite FRP reinforcement for strengthening RC beam elements
exposed to bending is a very effective method, with numerous advantages compared to
other methods of strengthening.

Using only one CFRP rod with a diameter of @8 mm, when strengthening with the
NSM technique, an increase in load capacity by 89% was found.

The beam strengthened with CFRP laminate, with the same axial stiffness as the CFRP
bar, showed a 51% higher load capacity compared to the non-strengthened control beam.

With strengthening using GFRP rod with a diameter of @10 mm, the ultimate load
capacity increases by 73%.

The bearing capacity of beams strengthened with the NSM method is higher than
when using the EB method, and the use of CFRP reinforcement gives a higher load
capacity compared to beams strengthened with GFRP reinforcement.

The ductility of girders strengthened by the NSM method, expressed through the
ductility index (ID), has satisfactory values (ID>4) regardless of the type of FRP
reinforcement and is higher when using the GFRP reinforcement (ID=6.5) compared to
the application of the CFRP reinforcement (ID =5.3) by 23%.

The ductility of RC girders strengthened externally with glued laminates (EB
strengthening method) is insufficient (ID=2.6). In contrast, the NSM method of strengthening
shows a significantly higher ductility (ID=5.3), with the same axial stiffness of the
reinforcement.
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OJACANJE ELEMENATA ARMIRANO BETONSKIH GREDA
PRIMENOM KOMPOZITNIH MATERIJALA U OBLIKU SIPKI

U radu su istaknute prednosti upotrebe FRP (fiber reinforced polymer) materijala za ojacanje
armiranobetonskii konstrukcija. Prikazani su rezultati eksperimentalnih istraZivanja uticaja
ojacanih armiranobetonskih grednih elemenata izloZenih uglavnom savijanju koriséenjem FRP
Sipkastih elemenata. Raspored opterecenja (eksperimentalna postavka) bio je u skladu sa semom
,,opterecenja u Cetiri tacke”, a merenja su vrsena savremenim mernim tehnikama. Uporedeni su
rezultati u pogledu povecanja nosivosti ojacanih greda primenom metoda NSM (near surface
mounting) i EB (external bounding). Konkretno, analiziran je odnos opterecenje-ugib do loma, kao
i promena krutosti u zavisnosti od nivoa opterecenja. Pokazalo se da se nosivost greda ojacanih
Sipkama od ugljenicnih viakana (NSM CFRP) povecava za 89%, a nosivost greda ojacanih
Sipkama od staklenih vlakana (NSM GFRP) za 73%. Nosivost greda ojacanih EB CFRP
laminatima povecava se za 51%. Analizirana je duktilnost ojacanih greda i pokazano je da je vecéa
pri upotrebi GFRP Sipkastih elemenata (DI=6,5) u odnosu na CFRP Sipke (DI=5,3). Duktilnost
greda ojacanih metodom EB CFRP nije bila zadovoljavajuca (D1=2,6).

Kljuéne redi: ojacanje, NSM metoda, FRP armature, ispitivanje.



