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This article presents a study of the use of composite materials in strengthening building
structures. Materials consisting of two or more components or phases are called composite. Now
modern composite materials open up new opportunities for design in all areas of production. The
construction industry is no exception. Laminates, canvases, nets, rebars and ropes made of high-
strength fibers of various origins are among the most widely used in construction at the moment. The
main components of any composite are high-strength fibers that absorb the load, and a stabilizing
matrix that serves to transfer forces to the fibers. The following types of high-strength fibers are used
in composites: glass fibers, carbon fibers, organic fibers, silicon-carbon, aluminum-silicon fibers, and
others. With the help of composite reinforcement, it is possible to effectively strengthen normal and
inclined sections of reinforced concrete structures.
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Introduction

There are many definitions of composite materials in the literature, in particular: materials
consisting of two or more components or phases are called composite (Yao et al., 2019); a composite
material is a combination of two or more materials, the result of which is better properties of the original
material compared to the properties of each ingredient separately (Biswal and Swain, 2020); in
composites, materials are combined in such a way as to maximize their advantages while minimizing
their disadvantages (Huang et al., 2023).

Today, modern composite materials open new opportunities for design in all areas of production
(Aziz et al., 2023; Egbo, 2021; Hsissou et al., 2021). The construction industry is no exception.
Laminates, webs, meshes, reinforcing bars and ropes made of high-strength fibers of various origins are
among the most widely used in construction at the moment (Abavisani et al., 2021; Mukherjee et al.,
2023; Zhang et al., 2020).

The main components of any composite are high-strength fibers that absorb the load, and a
stabilizing matrix that serves to transfer forces to the fibers. The following types of high-strength fibers
are used in composites: glass fibers, carbon fibers, organic fibers (aramid), silicon-carbon, aluminum-
silicon fibers, and others (Godara et al., 2021). The matrix can be: polymers, metals, glass, ceramics,
cement mortar, carbon in different phases (Gupta et al., 2021).

However, composite materials with polymer FRP (Fiber Reinforced Polymer) or cement FRC
(Fiber Reinforced Cement) matrixes, as well as non-metallic reinforcement rods are most often used to
solve the problems of strengthening building structures, so in the future we will focus our attention on
them. Historically, FRP composites were the first to emerge and become widespread, so currently a lot of
research on these materials has been published. However, considering a number of disadvantages of
polymers as a stabilizing matrix, researchers began to develop and research new inorganic matrices based
on cement binders. This is how FRC composites appeared.
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Application of modern composites in construction

Considering the fact that fiberglass or carbon fiber reinforcement has a strength 3—6 times higher than
the strength of reinforcing steel, they were tried to be used in long-span structures. For example, in 1978,
prestressed rods of fiberglass reinforcement were used in the load-bearing structures of a pedestrian bridge
in Dusseldorf (Burgoyne, 1999). For this experiment, special anchors were developed in the form of steel
pipes, in which the stressed rods were fixed with the help of epoxy. At the same time, similar experiments
were conducted in Holland with reinforcement based on aramid fibers. In both cases, it was concluded that
this method of anchoring is not suitable for structures under long-term load, since the stress on the
reinforcement is transmitted through epoxy resin, which is prone to creep and temperature effects.

Over time, ideas about the use of carbon fiber cables in long-span bridges appeared more often.
Taking into account the need for the joint operation of individual rods in the cable, special anchor blocks
were developed (Meier and Farshad, 1996). In order to avoid the concentration of stresses at the exit of the
rods from the anchor, a fixing resin with lower stiffness was used, layer by layer changing it to a stiffer one
in the depth of the anchor block.

The use of cables made of carbon or aramid fibers opens up the possibility of designing long-span
structures with a span of up to 10 km (Meier, 1987; Richmond and Head, 1988) under the condition of static
loading, which is, of course, unrealistic considering the aecrodynamic effects on such structures (Hay, 1992).

Considering the significant advantages of non-metallic reinforcement over metallic reinforcement in
the context of corrosion resistance, in the late 1990s research was actively conducted on the use of non-
metallic reinforcement in reinforced concrete structures (Buyle-Bodin et al., 1995; Hall and Mottram, 1998).
For example, the Fidgett pedestrian bridge in Great Britain, built in 1995, became the first concrete structure
completely reinforced with glass fiber reinforcement belonging to the group of GFRP (Glass Fiber
Reinforced Polymer) composites. Fiber optic sensors and strain gauges were installed on the frame rod
during concreting for long-term monitoring of the stress state of the bridge structures (O'Regan et al., 1996).

A similar experience of using GFRP for reinforcing concrete structures was observed in 1999 in the
USA (Missouri) (Nanni, 2000). Here, precast concrete elements of a box profile, fully reinforced with
GFRP rods, were used to replace steel pipes of a drainage channel under a road in the town of Rolla. Long-
term monitoring of structures was provided with the help of fiber optic sensors on reinforcing frames.

Also noteworthy are studies funded by the US Federal Highway Administration in 2000, including
work (Yan et al.,, 2000). The results of research on prestressed FRP composites for highway bridge
structures are collected in three volumes. The research was conducted due to the fact that the existing
methods of anti-corrosion protection of prestressed reinforced concrete structures do not give a completely
satisfactory result. Therefore, the possibility of using FRP composites instead of reinforcing steel is being
considered. (Yan et al., 2000) also consider the issue of manufacturing concrete structures with non-metallic
prestressed reinforcement, since traditional methods of producing prestressed reinforced concrete structures
are not suitable for FRP.

Paying attention to the results of research (Yan et al., 2000), which relate to tests of concrete beams
with prestressed composite reinforcement and mixed reinforcement for bending under cyclic loading, it can
be noted that the deformation of such samples has an elastic bilinear character. Before the appearance of the
first cracks, the curvature and deflection of the beams varied according to a linear law as a function of the
stiffness of the full section. After the appearance of normal cracks in the zone of pure bending, which led to
a decrease in the stiffness of the cross-section, the beam underwent significant deflections according to the
load, but the character of the deformation remained linear until failure. During unloading, a significant
reduction in deflection was observed, which is an advantage from an operational point of view, but can be a
disadvantage in terms of energy absorption. Both in the case of prestressed beams and in the case of samples
with mixed reinforcement, the failure occurred as a result of the rupture of the prestressed bars and had an
instantaneous explosive nature.
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Prestressing of externally fixed composites

Considering the high strength of FRP laminates, it is almost impossible to fully use their strength.
Prestressing can make it possible to use the strength properties of the material more effectively, as well as
have a positive effect on the deformability and crack resistance of the reinforced structure.

There are three methods of prestressing externally fixed composites (Jokiibaitis and Valivonis,
2022):

fastening to a structure with reverse bending;
tension with jacks directly on the structure;
tension with jacks on the fixing frame.

All these methods can be applied in practice when strengthening bent elements, but the process of
prestressing significantly increases the complexity of strengthening, the number of operations and the
duration of the process.

In the work (Wight et al., 2001), a bending test of conventional reinforced concrete beams and
beams reinforced with stressed and unstressed webs based on carbon fibers was carried out. The authors
came to the conclusion that the prestress has the greatest effect on the crack resistance of the beam.
Thanks to the reduced deflections and curvature of the beams, the deformation of the reinforcement
reaches the limit values at loads that are 3540 % higher compared to unreinforced samples.

The test results given in (Yu et al., 2003) show that with the help of prestressing and reliable
anchoring, it is possible to achieve a reduction in the maximum beam deflection of up to 75 %. It was also
established that the relative deformations of the web before the appearance of the first cracks are close to
zero. The nature of the destruction of samples reinforced with stressed and unstressed fabric also differed.
The destruction of unstressed specimens occurred due to the rupture of the reinforcement, and in the case
of stressed specimens — due to the detachment of the anchor. Therefore, anchoring of prestressed
composites is mandatory.

In the works (Wight et al., 2001; Yu et al., 2003), the reinforcement was carried out along the
lower face of the beams outside the test stand, which allowed almost full use of the surface area of the
lower face between the supports. Taking into account the space required for prestressing equipment, it
becomes obvious that in real conditions it is impossible to fully use this area. The ends of the composite
will be separated from the supports (columns, walls) by an amount that depends on the dimensions of the
equipment for stressing the reinforcement elements. This, in turn, leads to the fact that the probable nature
of the destruction will be the delamination of the composite from the core to the center.

Taking into account these features, the tests of branded beams in the work were carried out (Wang,
2001). The beams were reinforced with stressed CFRP laminates. Tension was performed by tensioning
the structure with the help of jacks. The reinforcement was installed symmetrically on the side edges of
the beam edge, which allowed a partial gain in the length of the laminate. The metal plates used to install
the jacks were later used as mechanical anchors. The destruction of the beam occurred after the laminate
slipped under one of the anchors. At the same time, the relative deformations of the laminate were 70 %
of the limit ones. An important observation was that after the fluidity of the working armature, the
reduction in shear stiffness was smooth. This is evidence of plastic deformation of the structure, which is
not characteristic of reinforced concrete elements reinforced by externally attached composites.

The above discussed system of anchoring the webs with fiberglass anchors (Piyong et al., 2003)
made it possible to achieve reliable anchoring of the prestressed CFRP webs without slipping or peeling
until their rupture. As a result, a significant reduction in the deformability of the reinforced plate was
achieved. When the forces in the armature of the non-reinforced plate were 0.7fy, its deflection was
2.8 cm. Under the same load, the deflection of the reinforced plate was practically zero. Such a result was
achieved only because the prestressing was carried out due to the reverse bending of the structure, which
is practically impossible in the conditions of real operation of the structure.
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Increasing seismic resistance using externally fixed composites

The progressive development of regulatory documents in the field of design and construction
places higher and higher requirements on structures. This applies both to the calculation of structures and
to the structural requirements for them. The area of earthquake-resistant design is no exception. With the
introduction of new normative documents on earthquake resistance, almost all previously designed
structures did not meet the increased requirements of these rules. That is why practically every project of
strengthening or reconstruction of buildings and structures should include increasing the seismic
resistance of structures and structures as a whole.

Given the wide interest of researchers in modern composites, the question of using these materials
to increase seismic resistance arose. Field tests of the reinforced concrete frame of the freeway were
carried out by the authors of the work (Pantelides and Gergely, 2008). Tests of the reinforced and
unreinforced two-span frame for horizontal cyclic loads were performed. Reinforcement was carried out
in the form of a CFRP clip in the places where the columns are embedded in the foundation, in the joints
of the columns with a continuous crossbar and in the zone of maximum transverse force in the crossbar.
Recording of hysteresis curves showed that the ability of the reinforced frame to absorb energy increased
due to additional plastic deformations. The authors come to the conclusion that this type of reinforcement
can solve the following problems: insufficient transverse reinforcement of columns and joints of columns
with a transom; insufficient anchoring of the working armature of the column in the crossbar; presence of
welded clamps instead of knitted ones; the length of the seam is too short when welding the reinforcement
in the opening. At the same time, the authors note that the strengthening should be carried out as a
complex for the entire structure, since the strengthening of individual parts can cause the weakening of
others.

Similar results were obtained by the authors of the work (Triantafillou, 2001) after laboratory tests
of the joints of reinforced concrete columns with crossbars. The researchers came to the conclusion that
CFRP clips significantly increase the deformability of structures, that is, they allow the occurrence of
significant movements or turns of the section. This, in turn, allows the formation of plasticity hinges and
prevents brittle destruction of structures. It was also found that the clamps are more effective in the case
of round columns compared to rectangular ones, since there is no stress concentration at the corners.
Similar to (Pantelides and Gergely, 2008), it was established that the lack of transverse reinforcement of
the joints of columns with crossbars can be compensated for with a CFRP clip.

Conclusions

Concrete structures reinforced with non-metallic composite reinforcement are not yet used in
the construction of responsible structures due to insufficient performance of such structures;

the nature of deformation and destruction of structures reinforced with composite
reinforcement differs from the nature of deformation and destruction of reinforced concrete structures due
to the different physical and mechanical characteristics of metallic and non-metallic reinforcement;

concrete structures reinforced with non-metallic composite reinforcement have low plasticity,
which is a negative factor in seismic impacts;

with the help of composite reinforcement, it is possible to effectively strengthen normal and
inclined sections of reinforced concrete structures;

reliable anchoring of composites has a positive effect on the deformability of the reinforced
structure;

canvases or laminates are included in joint work with the structure after the appearance of
cracks in it;

pre-tensioning of composite materials complicates the strengthening process, but increases
crack resistance and reduces deformability of structures;

carbon fiber clips can effectively increase the seismic resistance of reinforced concrete
structures.
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I. 1O. JInTBuHenko, 5. 3. Baixapcbkuii
Hamionansauii yHiBepcuteT “JIbBiBChKA MONTITEXHIKA”,
Ka(eapa aBTOMOOUTHHIX JIOPIT Ta MOCTIB

KOMITIO3UTHI MATEPIAJIA JJIA NIACUJIEHHSA
3AJI30OBETOHHUX KOHCTPYKIIIN - OTJISAJ

O Jlumesunenxo 1. IO., Bnixapcoxuu A. 3., 2024

VY cTarTi AOCHIIPKEHO 3aCTOCYBaHHS KOMIIO3HTHHX MAaTepialiB Ui MiACWICHHS Ta BiTHOBJICHHS
OymiBembHUX KOHCTPYKLiA. KOMIO3WTHHMH Ha3WBAIOTh MaTepiaid, KOTPi CKIAJar0ThCsS 3 JBOX WM OLbIIe
KOMIOHEHTIB un ¢a3. Cepea HaWBXMBaHINUX y OyIIBHUITBI HAa HHUHI € JaMmiHAaTH, IOJIOTHA, CITKH,
apMaTypHi CTepXHi Ta KaHaTH, BUTOTOBJIEHI 3 BUCOKOMIITHMX BOJIOKOH Pi3HOTO TOXO/keHHs. OCHOBHUMH
KOMIIOHEHTaMH Oy/b-sIKOTO KOMIIO3UTY € BHCOKOMIIIHI BOJIOKHA, KOTpi CHpUIIMalOTh HaBaHTAaXXEHHS, 1 cTa-
OimizyBasibHA MaTPUIS TPU3HAYEHA JUIS [IepelaBaHHs 3yCHJIb Ha BOJIOKHA. Y KOMIIO3UTaX 3aCTOCOBYIOTh TaKi
BUJY BUCOKOMIIIHUX BOJIOKOH: CKJIOBOJIOKHA, BYTJICIIEBI BOJIOKHA, OpTaHiuHi BOJIOKHA, CHJIIKOHO-BYTJICIIEBI,
AIOMiHIEBO-CHIIIKOHOBI BOJIOKHA Ta iHINI. MaTpuiero MOXyTh OyTH: MOJliMepH, METalH, CKJO, Kepamika,
NEMCHTHUA PO3YMH, BYIVICNh Y pi3HUX ¢azax. s BupimieHHS OpoOieM MiACWICHHS OyIiBEeIbHUX
KOHCTPYKIIH HaidacTilie KOPHUCTYIOThCS KOMIIO3HUTHHUME MaTepianmamu 3 momiMepHoro Fiber Reinforced
Polymer uu nementroro Fiber Reinforced Cement MaTpuIisiMu, a TakoX CTEp>KHSIMH HEMETaJIeBOI apMaTypH,
TOMY HaJalli 30CepeIIMO CBOIO yBary caMme Ha HHMX. ICTOPHYHO NEpIIMMH BHHUKIN Ta HAOYJH MOUIMPEHHS
FRP kxommo3utH, TOMy yXe OIyOJIiKOBaHO OyXe 0arato NOCTiKeHb X MatepianiB. [IpoTe, 3Baxkaroun Ha
HU3KY HEIONIKIB IOJIIMEPIiB K CTaOLTi3yBalbHOI MATpPHUIl, NOCTITHUKH IMOYAIHA PO3POOIATH Ta IOCIHTIiJ-
JKyBaTH HOBI HEOpPTraHIYHI MaTpHUIli Ha OCHOBI IEMEHTHHX B’shkyumx. Tak 3’sBmaucek FRC kommosurn.
BeroHHI KOHCTPYKIIi apMOBaHI HEMETaJEeBOI0 KOMIIO3UTHOIO apMaTypol0 IOKH IO HE 3aCTOCOBYIOTH Y
OyIiBHHUILITBI BiANOBINAIBHUX CIIOPYJ Y€pe3 HEJOCTaTHIO poOOTY TakMX KOHCTpyKuii.JledhopmyBaHHs Ta
pyHHYBaHHS KOHCTPYKIIiM, apMOBAaHHX KOMIIO3UTHOIO apMaTypolo, Bipi3HAETHCS Bid nehOopMyBaHHS Ta
pyHHYBaHHS 3ali300€TOHHUX KOHCTPYKIM YHACHiZOK BiIMIHHMX (i3UKO-MEXaHIYHUX XapaKTEPUCTHK
METaJIeBOi Ta HEMETaJIEBOi apMaTypH.

KurouoBi c10Ba: 3ruHaJbLHUA MOMEHT, NONEpPeYHa CHJIa, KOMIIO3UTHI MaTepiaau, niacujieHHs,
3aJ1i300€TOHHI KOHCTPYKUIl, moJiMepHu.
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