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The need for strengthening of existing structures has recently become topical. Composite materi-
als due to their remarkable properties, possibility to adaptation to the design requirements and facilita-
tion of restoration measures are widely used for strengthening. This article is focused on review of res-
toration approaches with the use of composite materials and specific features of their behavior under
various impacts. Study includes analysis of recent studies in the area, identifying gaps of knowledge and
perspectives for further research. The most relevant areas of research were distinguished including nu-
merical finite element modelling for parametric analysis, deepening of understanding of composites
linearly elastic behavior, approaches to prevent delamination failure. Further thorough research in this
area is strongly recommended to deepen the knowledge and maximize the efficiency of use of composite
strengthening systems.
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Introduction

Nowadays strengthening and restoration of existing building structures is an important direction of
optimization of project solutions and the most effective use of existing construction funds. Among the
most urgent problems is the reliable analysis of the stress-strain state and the choice of the reinforcement
system for a specific case (Adamczak-Bugno et al, 2022; Kos et al, 2022; Kotes et al, 2022). There is a
number of factors that cause the need for strengthening and retrofitting, including changes in design pa-
rameters and requirements, environmental impacts, natural and anthropological disasters, ageing, physical
wear, corrosion of concrete and reinforcement, etc (Kos et al, 2020; Kramarchuk et al, 2023; Zeng et al,
2022; Blikharskyy et al, 2021 (a,b), Kopiika et al, 2021).

The widespread use of reinforced concrete (RC) structures, subjected to various external factors, in-
fluences and loads causes significant interest in the engineering community in methods of prolongation of
their service life, strengthening and restoration. Among the most common strengthening methods could be
highlighted the following: the use of external strengthening systems, the use of pre-stressed external rein-
forcement, composite materials, metal and reinforced concrete cages, etc (Tian et al, 2022).

One of the most common methods of reinforcement, which has proven its effectiveness in many
practical projects, is the use of composite non-metallic materials. Due to high strength, resistance to
chemical and physical corrosion, special dielectric and diamagnetic properties, low weight and thermal
conductivity, composite materials are becoming more and more widespread. This article is summarizing
recent research findings in the area of composite strengthening systems for restoration, strengthening and
retrofitting of damaged RC structures.

This article is focused on complex review of strengthening approaches with the use of composite
materials, their specific features, which should be considered in practical applications. This study includes
systematic analysis of recent studies in the area, identifying gaps of knowledge and perspectives for further
research.
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Materials and Methods

The main method used in the study is systematic collection and synthesizing of previous research
regarding the use of composite materials in strengthening systems. Systematic integrated literature review
was conducted, aiming to compare research findings and to uncover areas in which more detailed analysis
is required. Findings of theoretical and experimental studies were weighed and compared. General pat-
terns, disagreements and relationships were identified, which could further be used for creation of novel
theoretical conceptual framework in the issue of composite strengthening systems.

Results and discussion

In general case the definition for composite materials is the combination of two or more components
which, when united into a system, form a material with improved properties that exceed the sum of proper-
ties of individual components (Naser et al, 2018). These materials are widely used in engineering practice
in different forms, regarding on the purpose: as thin tapes of 1-2 mm thickness or flexible sheets and fab-
rics with either uni- or multi-directional orientation of fabrics (Task Group 9.3 FRP, 2001). Composites
demonstrate such advantages as high resistance to corrosion, strength-to-weight (efficiency) ratio, durabil-
ity, tensile strength, rigidity (Mhanna et al, 2021), which has become the reason of their prevalent usage
and supplementing of more traditional strengthening techniques (Haya et al, 2021). As was indicated in
technical report, states basic concepts of composite strengthening design (Task Group 9.3 FRP, 2001),
composites facilitate restoration works in conditions of limited space and can be easily adapted to the de-
sign requirements due to wide range of sizes and geometric shapes.

Efficient decision making in design of restoration measures requires complex approach and consid-
eration also disadvantages of composite materials, in particular: generally linearly elastic behavior to fail-
ure (unlike other steel reinforcement). Therefore, composite strengthening materials are not characterized
by fluidity and plastic behavior. Other peculiarities of their physical and mechanical characteristics include
coefficients of thermal expansion, different from concrete, which could be the reason of premature destruc-
tion when subjected to impact of high temperatures. Considering comparatively high cost of these materi-
als it is highly important to maximize their efficiency and exploitation (Task Group 9.3 FRP, 2001; Kar-
piuk et al, 2020). Therefore, composite materials for strengthening goals should be evaluated comprehen-
sively, considering all advantages and potential disadvantages, including mechanical and physical charac-
teristics, manufacturability and durability. All the stated above confirms the necessity of further improve-
ment and development of the practice of exploitation composite materials for strengthening of concrete
structures requires a deeper study of the peculiarities of their functioning, clarification of regulatory guide-
lines based on the practical experience.

The most widely used type of composite materials, used for restoration are fiber-reinforced polymers
(FRP). Constituents of FRP materials are high-strength fibers and polymer matrix (see Fig.1). Fibers are
specific reinforcing components, providing strength and stiffness characteristics, while the matrix, as a
binding component, ensures protection of fibers and load transfer between them (Naser et al, 2018).

There are different types of fibers, which can be used for manufacturing of such composites, varying
in physical, mechanical behavior: carbon (CFRP) glass (GFRP), basalt (BFRP), aramid (AFRP), polyeth-
ylene terephthalate (PET), etc. As the matrix mainly serve epoxy, polyester, vinyl ester, etc. Therefore,
structures, strengthened with different fiber-reinforced polymers have different destruction and cracking
mechanism, ability to absorb energy, durability, which also depends on the percentage of fiber content
(Manibalan et al, 2023).

Recent research and improvements in science of composite materials and deepening of understand-
ing of their behavior have greatly increased their resistance to external environmental impacts, which
caused their wide spread in the field of strengthening of existing buildings and structures. Nowadays, there
is already significant practical experience in increasing the load-bearing capacity, stiffness and prolonga-
tion of service life by gluing composite systems using epoxy adhesives to the surfaces of damaged struc-
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tures (Naser et al, 2021). Number of research works (Borysiuk et al, 2019; Kramarchuk et al, 2021) de-
scribe the application of such systems in the form of tapes and sheets to reduce the risk of various failure
mechanisms for more than 50 years. In particular, Haya et al demonstrated an increase in the load-bearing
capacity for bending in RC beams externally strengthened with hybrid CFRP and PETFRP tapes, glued to
the stretched face (Haya et al, 2022).
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Experimental and theoretical studies have confirmed, that strengthening with CFRP materials has
considerable positive impact on the range of mechanical parameters of RC bending structures, such as
stiffness and shear strength, crack resilience, deformability and ability to absorb energy (Zhang et al, 2022;
Kantarci et al, 2023; Dzidi¢ and Mahmutovi¢, 2019). Design of strengthening system and decision making
on effective restoration measures is determined by the particular goal of retrofitting. Thus, gluing the tape
to the lower face of the RC beam contributes to absorbing blast energy, while the use of diagonal tapes on
the side face of beams and U-shaped systems allows to increase shear strength (Jahami et al, 2021). De-
tailed experimental study, dedicated to assessment of combined shear and bending reinforcement systems
using fiber-reinforced polymer (FRP) and textile reinforced mortar (TRM) composite materials confirmed
the increase in shear load-bearing capacity and other parameters of behavior under loading (Pohoryles et
al, 2021). This was also confirmed by study of Abdalla et al, who indicated a significant increase in the
load-bearing capacity for bending and shear when using composite tapes for wrapping RC beams in com-
bination with rod anchors (Abdalla et al, 2022). According to detailed review of existing studies, presented
in the work Maazoun et al, FRP materials have remarkable perspectives for increasing the load-bearing
capacity under impact loading, in particular, for more plastic behavior and reducing the level of damage
(Maazoun et al, 2017). Another studies (Saljoughian and Mostofinejad, 2020; Xu and Huang, 2020) also
confirmed the positive impact of FRP composites in terms of the load-bearing capacity of structures sub-
jected to cyclic loading.

Separate research field is dedicated to perspectives of replacing steel reinforcement with composite
materials in the future, due to their resilience, durability, light weight and ease of use. As is stated by Nabi
et al, although the cost of a structure with composite reinforcement will be higher at the initial stages of
construction, the general in general entire life cycle of the structure will be more economical (Nabi et al,
2020). Thus, numerical modeling when compared with experimental data, presented in recent study shows
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that the use of composite materials for replacing reinforcement in the stretched zone allows to increase the
crack resistance of reinforced concrete beams (Pang et al, 2021).

Notwithstanding the long-term practice of use of composite materials, researchers still note a num-
ber of specific aspects of their behavior, identifying gaps of knowledge in this area. For instance, FRP ma-
terials do not have characteristic yield point and prone to linear elastic behavior, which leads to a brittle
failure mechanism of reinforced concrete structures (Mhanna et al, 2022). Also, since the modulus of elas-
ticity of these materials is quite low, structures strengthened with them, tend to increased deflections and
opening of cracks. Therefore, specific attention should be paid to operational suitability requirements
(Abed et al, 2021).

Zmindék et al have made an interesting observation, that strengthening of beams with composite
tapes causes redistribution of stresses in concrete and reinforcement, which was confirmed by FE modeling
and experimental tests (Zmindak et al, 2017). Authors (Dzidi¢ and Mahmutovi¢, 2019) also claim that for
beams, retrofitted with carbon tapes there is a danger of an oblique crack formation, which will cause al-
most instantaneous peeling of tapes from the concrete and brittle failure. This could be eliminated by
wrapping beams with carbon fabrics in the zone of maximum shear forces (Dzidi¢ and Mahmutovi¢, 2019).
Comprehensive study Blikharskyy et al has indicated that the level of preloading has significant impact on
ultimate load, which could be perceived by strengthened RC component, as well as on ultimate displace-
ment (Blikharskyy et al, 2023).

As was mentioned above, the cost of composite materials is rather high, therefore it is highly impor-
tant to maximize efficiency of their application, which is covered in numerous studies. Thus, it was found
that the bending capacity of strengthened beams depends significantly on the orientation of the tapes. In
particular, the angle of 45° between the longitudinal axis of the beam and the direction of tapes is the most
effective and helps to avoid the fragile process of destruction (Murad, 2018 (a,b)). This was confirmed by a
theoretical evaluation using numerical modeling and parametric analysis, highlighting the impact of orien-
tation of tapes on the load-bearing capacity and the mechanism of destruction (Al-Bodour et al, 2022). In
shear strengthening it is also important to take into account distance between tapes (Halim et al, 2020).

One of the most common problems that arise when using external strengthening systems is a
debonding or violation of the anchoring of the composite tape, thus, the further joint operation of the struc-
ture and strengthening material becomes impossible. For RC bended structures the most dangerous zones
in this aspect are places of stress concentration at the ends of the tape due to shear forces. Another reason
of such debonding is the appearance of cracks ("intermediate crack (IC)" debonding). Such unfavorable
failure mechanism is considered as the third type of limit state and could cause incomplete use of the po-
tential bearing capacity of CFRP materials (up to 20-30%) (Yang et al, 2021). Gideon and Alagusunda-
ramoorthy have experimentally observed formation of cracks at the contact of the surfaces, confirming
danger of such mechanism of destruction (Gideon and Alagusundaramoorthy, 2018). It is important to
ensure effective stress transfer between the components of the concrete-composite tape system in the con-
tact zone (Zhu et. al., 2020), since, as noted by Gideon and Alagusundaramoorthy, in this zone cracks,
delamination, and disruption of the interoperability of materials are the most common cause of structural
collapse (Gideon and Alagusundaramoorthy, 2018). Among other studies, which mention, that delamina-
tion is the most typical and dangerous mechanism of failure of RC beams, strengthened with CFRP materi-
als are also Adhikary et al, 2015 and Castillo et al, 2016. Islam et al note that the presence of cracks in a
reinforced concrete beam before application of strengthening increases the probability of failure due to
delamination and the effectiveness of the use of composites decreases (Islam et al, 2021).

The danger of failure due to debonding has caused increased attention to search of methods to pre-
vent it, which is anchoring of composite materials. Therefore, the number of studies is devoted to effective
methods of anchoring of composite materials (Castillo et al, 2016; Castillo et al, 2019; Huang et al, 2022;
Yang et al, 2021; Mhanna, 2022; Chen et al, 2018; Yang et al, 2018).

For instance, Yang et al propose to use the technology of "stepwise prestressing”, which ensures
self-anchoring of CFRP strips, which helps to increase the level of use of FRP up to 81% (Yang et al,
2018). Another efficient approach to prevent debonding is the use of U-shaped transverse reinforcement,
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which, as stated by Chen et al are more efficient than vertical anchors (Chen et al, 2018). The results of the
study by Huang et al indicate that H-type anchors and an increased level of prestressing of CFRP strips not
only increase load resistance and plasticity, but also allow to identify critical load levels close to limit
states. According to the comprehensive evaluation and use of the FE model, this approach allows to in-
crease the degree of use of composite materials and open new perspective applications (Huang et al, 2022).

Another interesting work, worth paying attention by Castillo et al suggests the use of straight FRP
anchors, which are quite effective in cases of complex geometry of structure, when other methods of an-
choring are unavailable. Detailed experimental study was dedicated to analysis of various parameters of
such anchoring systems in order to maximize efficiency of their use. Authors also describe various ap-
proaches to anchor design and indicate promising directions for deepening knowledge on performance of
anchoring systems (Castillo et al, 2016; Castillo et al, 2019). Numerical modelling and analysis of input
parameters of FRP anchors also confirmed that such anchoring approach allow to reduce the risk of failure
according to the third group of limit states (Yang et al, 2018). Study of Mhanna et al identified impact of
inclination of the anchors on the efficiency of their use, while the most optimal are small angles. In addi-
tion, such anchors also increase shear strength and ductility (Mhanna et al, 2022).

Significant improvement in design of composite strengthening systems can be achieved via effective
modeling and calculation methods, which was covered by significant number of researches, enabling reli-
able assessment of the stress-strain state, strength parameters and residual source of reinforced concrete
elements strengthened with composite materials (Alyaseen et al, 2022; Borysiuk et al, 2019; Karpiuk et al,
2020; Naser et al, 2021; Colajanni, and Pagnotta, 2021; D’ Antino et al, 2020). Borysiuk et al in their article
emphasize the need for the development of accurate and reliable calculation methods that can be adapted
for practical needs and take into account operating conditions and the stress-strain state of the structure
before application of strengthening system (Borysiuk et al, 2019). In particular, numerical finite element
analysis and modelling have confirmed the effectiveness of CFRP materials for strengthening of damaged
RC beams (Alyaseen et al, 2022). Similarly, recent research notes that it is advisable to pay attention to the
development of special finite element models, allowing to significantly reduce the material and time costs
of experimental research. Researchers describe in detail strategies and algorithms for successful analytical
modeling of structures strengthened with composites, which are target-oriented and allow parametric
analysis (Naser et al, 2021).

Study of Tommaso D'Antino et al presents an analytical model for calculating the shear strength of rein-
forced concrete structures strengthened with fiber-reinforced composites, which is based on the Mohr model
and considers the non-uniform distribution of stresses along the crack (D’Antino et al, 2020). Thus, different
procedures for evaluating the influential parameters of the load-bearing capacity of the structure strengthened
with composites were described by Colajanni, and Pagnotta. This study also proposes simplified formulation of
the analytical model for evaluation of the shear strength based on the comparison of transverse forces perceived
by FRP and steel reinforcement (Colajanni, and Pagnotta, 2021). Sensitivity analysis for various parameters of
load-bearing capacity and holistic quantitative and qualitative assessment deformation, crack formation and
destruction mechanisms were covered by study of Karpyuk et al (Karpiuk et al, 2020). Taking into account the
existing evidence about non-linear behavior of strengthened structures, it is important identified the necessity for
implementation of specific models for strength modelling, which take into consideration individual loading and
failure circumstances (Kopiika and Blikharskyy, 2022).

Conclusions

Detailed literature review was conducted, enabling to evaluate state of the art, identify general
trends, perspectives and gaps of knowledge in the issue of composite strengthening systems. On the basis
of the conducted detailed research, it can be stated that the use of composite materials for strengthening
and restoration of RC structures is a promising direction, reaching arising attention in both scientific re-
search and practical applications. In the context of multiple studies on this topic main trends were identi-
fied, including the use of complex theoretical and experimental studies, which enabled cross-validation and
refinement of results, numerical finite element modelling for parametric analysis and deepening of under-
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standing of composites” linearly elastic behavior. It is important to highlight specific interest in recent stud-
ies to approaches to prevent delamination failure by the use of various anchoring systems. In general, it can
be concluded, that the use of composite materials for strengthening and retrofitting of damaged structures
is a promising direction due to remarkable physical and mechanical properties, possibility to adaptation to
the design requirements and facilitation of restoration measures.

Prospects for further research

Composite materials in restoration tasks provide wide range of promising areas for further research.
In particular, important gaps of knowledge which should be addressed in more detail include development
and improvement of numerical models, which will automatically conduct parametric analysis and consider
sustainability, resilience and robustness requirements. Further thorough theoretical and experimental re-
search in this area is strongly recommended to deepen the knowledge and maximize the efficiency of use
of composite strengthening systems.
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HEPCIIEKTUBHU TA OCOBJIMBOCTI BUKOPUCTAHHA KOMIIO3UTHUX MATEPIAJIIB
JJISI MICUJIEHHS MOIIKOIKEHUX 3AJII30BETOHHUX KOHCTPYKIIIHI

© Koniuxa H.C., brixapcoxuii A4.3., 2023

3amizoberonni koHCcTpyKIii (36K) mmpoko mommpeHi cepen OymiBesb 1 Copy, 1o nepedyBaroTh B €KC-
IUTyaTalii MPOTATOM TPUBAJIOro Yacy, TOMY IpoOiieMa B iX e(eKTHBHOMY ITiICHJICHHI HaOyBae aKTyaJbHOCTI.
Komro3utiilini MaTepiany 3aBAsKd CBOIM BUCOKUM MEXaHIYHUM i1 (pi3MYHUM BIaCTHBOCTSIM, MOKIIMBOCTI ajam-
Tallii 0 MPOEKTHUX BUMOT i MOJIETIIEHHIO CaMOTr'o MPOIIECY IiJICHIICHHS! ITMPOKO BUKOPUCTOBYIOTHCS JUTS 33/1a4
pekoHCTpyKIii. Lls cTaTTst NpHCcBsiueHa KOMIDIEKCHOMY PO3IIISLy METOIIB IMiACUICHHS i3 3acTocyBaHHIM (iOpo-
apMOBAHUX IOJTIMEPHHUX MaTepialliB Ta OCOOIMBOCTEN TX MOBEAIHKM MPH Pi3HHUX BILIMBaX. JOCIiHKEeHHs BKIIO-
Yae aHami3 myOJikamiil y midl ramysi, BU3HaYE€HHs HEOCTaTHBO PO3IVIIHYTHUX HANpsIMKIB Ta MEPCIIEKTUBH I10/a-
JBIIMX JOCIiKeHb. Ha OCHOBI aHamizy psiiy JiTepaTypHUX JoKepen Oyso BUALIEHO HAaHOUThII akTyallbHI Ha-
MIPSIMKH, BKJIFOYAIOYH YHCENTbHE MOJEIOBaHH MeTofamu ckinueHHUX eneMeHTiB (MCE) mist mapamerpuanoro
aHali3y, MOIIHMOJICHHsI PO3YMIHHS JIIHIHHO-TIPY)KHOI NOBEIHKK KOMIIO3HTIB, KOMIUIEKCHI €KCIIepUMEHTaIbHO-
TEOPETUYHI JIOCII/HKEHHS TSl Kpoc-Balifalii i yTOUHEHHs pe3yNbTaTiB. BasKIMBO TakoX BiAMITUTH 3HAYHUI 1H-
Tepec 0 MiAXOAIB JJIsI 3armo0iraHHA TPAHUYHOI'O CTaHy Yepe3 MOPYIICHHS CYMICHOI poOOTH 3a1i300€TOHHOT
KOHCTPYKIIi i KOMITO3UTHUX MaTepialiB 3aBASKU 3aCTOCYBaHHIO Pi3HHX CHOCOOIB aHKepyBaHHs. B crarTi mpo-
aHaJTI30BaHO 3arajbHi TEHJCHIIT B Taly3i MiACHICHHS 3a1i300eTOHHUX KOHCTPYKI[IH KOMIIO3UTHUMH MaTepiajia-
MU, BU3HAUEHO MEPCIIEKTUBHI HANPSIMKHU JUTS TIOJIAJIBIIIOr0 BUBUEHHS [[LOT'O IIMTAHHS, 30KpeMa po3poOKy Ta BJIO-
CKOHAJICHHS YHCIIOBUX MOJIEINeH, sIKi Oy/lyTh aBTOMAaTUYHO MPOBOAWTU NMapaMETPUYHMII aHaji3 i BPaxOByBaTH
BHUMOTH CTIMKOCTI, CTiiKOCTI Ta MinHOCTI. [lopanbiri perensHi eKCIepUMEHTANBHI i TEOPETUYHI JTOCIIKEHHS
CHCTEM TIJICHICHHS 13 3aCTOCYBaHHAM (PiOpO apMOBAaHUX MOJTIMEPIB € HA3BUYANHO BaYKIMBUMHM IS TIOTJIHO-
JICHHSI 3HaHb 1 MAKCUMi3allil epEeKTHBHOCTI BUKOPUCTAHHS KOMITIO3UTHUX CHCTEM 3MiI[HEHHSI.

KurouoBi ciioBa: 3b koHCTPYKUil, KOMIO3UTHI MaTepiaau, NiACUIEeHHSs, NOMIKOIKEeHHS, edeKTH-
BHICTB, HeCy4a 3JaTHIiCTb.



