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Analysis of the effectiveness of reinforcing bent reinforced concrete elements by
extending the compressed zone: review of experience and prospects for
application to beams with basalt-plastic reinforcement

Abstract. The global problem of reinforced concrete structure degradation caused by steel reinforcement corrosion has
accelerated the transition of the construction industry toward non-metallic composite reinforcement, particularly basalt fiber-
reinforced polymer (BFRP) bars. BFRP reinforcement offers significant advantages, including high tensile strength, complete
corrosion resistance, and environmental sustainability. However, the absence of a yielding plateau and the relatively low modulus
of elasticity of BFRP reinforcement require specific design approaches. To prevent sudden rupture and brittle structural failure,
international standards recommend designing such beams as over-reinforced members, which ensures a safer failure mode
through concrete crushing in the compression zone but results in increased serviceability deflections and limited utilization of the
tensile strength potential of composite reinforcement. This study aims to summarize international experience in strengthening
flexural reinforced concrete elements by increasing cross-sectional dimensions and to theoretically substantiate the feasibility of
applying concrete overlays to BFRP-reinforced structures. A systematic analysis of previous studies demonstrated that increasing
the compressed zone height improves structural stiffness, shifts the neutral axis upward, and increases load-bearing capacity by
approximately 60-88%, while showing considerable potential for improving the performance of BFRP-reinforced beams.
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Introduction.

The issue of the durability and reliability of existing
buildings and structures is one of the main challenges
facing modern construction. A significant proportion of
reinforced concrete structures operating in aggressive
environments suffer from premature degradation, the
main cause of which is corrosion of the steel
reinforcement [1, 2]. In this context, the use of fibre-
reinforced polymer (FRP) materials for both
reinforcing new structures and strengthening existing
ones has become a recognised global trend [3].

Researchers are particularly interested in basalt
fibre-reinforced polymer (BFRP) reinforcement, which
is regarded as a promising alternative to traditional steel
and glass fibre-reinforced polymer (GFRP) [2]. At the
same time, the introduction of composite reinforcement
into the design of flexural members faces a number of
structural challenges. The physical and mechanical
properties of FRP materials differ fundamentally from
those of steel: they behave in a linear-elastic manner
right up to the point of failure (they do not have a yield
point) and possess a relatively low modulus of elasticity
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(for BFRP — approximately 45-55 GPa) [1, 3]. In
accordance with the provisions of leading international
standards (ACI 440.1R [4], CSA S806 [5]), to avoid
sudden brittle failure of the beam due to reinforcement
rupture, FRP flexural members must be designed as
«over-reinforced». In this case, the loss of load-bearing
capacity occurs due to the fragmentation of the concrete
in the compressed zone, which provides the structure
with a certain degree of pseudo ductility. At the same
time, the need to ensure stiffness due to the low
modulus of elasticity of BFRP necessitates an increase
in the reinforcement area, which exacerbates the over-
reinforcement effect. Consequently, the high tensile
strength potential of composite reinforcement remains
underutilised [1].

Traditional methods for strengthening flexural
reinforced concrete elements involve bonding
composite strips in the tension zone [2, 3]. Despite its
proven effectiveness, this method is often difficult to
implement in practice due to the lack of access to the
bottom face of the structure [6]. An alternative solution
is to reinforce the elements from above — by increasing
the cross-section in the compression zone (concrete
overlay) [7, 8]. The question of applying this method to
structures reinforced with composite (in particular
BFRP) reinforcement remains open, which is why this
research is relevant.

Literature Review.

Unlike steel reinforcement, fibre-reinforced
polymer (FRP) reinforcement exhibits linear-elastic
behaviour right up to the point of failure. As noted in
the studies by Alhoubi et al. [2], the tensile strength of
BFRP reinforcement can exceed 1000 MPa, but its
modulus of elasticity is four times lower than that of
steel. Such a low modulus of elasticity leads to
significantly greater deflections. In accordance with the
requirements of ACI 440.1R and CSA S806 [4, 5], FRP
flexural members must be designed as «over-
reinforced» (1) i.e. the failure of the load-bearing
capacity occurs due to the fragmentation of the concrete
in the compressed zone. As reviews [1, 3] show, this
provides a certain degree of pseudo-ductility to the
structure, but leaves a significant safety margin of the
FRP reinforcement itself unrealised.

Pr = Prp (1)

To increase the stiffness and load-bearing capacity
of flexural members, an effective method is to extend
the compressed zone. The mechanism involves
increasing the effective depth of the cross-section (d)
and the moment of inertia. To summarise global
experience, data from experimental studies (Table 1)
have been compiled, demonstrating the influence of
different materials and reinforcement methods on the
increase in load-bearing capacity.

Aim and Objectives.

The aim of this article is to analyse existing
international experience with flexural reinforced
concrete elements through cross-section enlargement
and to provide a theoretical justification for the

potential application of top-up reinforcement for
structures reinforced with basalt fibre-reinforced
polymer (BFRP) reinforcement.

To achieve this aim, the following objectives have
been set:

1. To analyse the characteristics of the stress-strain
state of beams with FRP reinforcement in the tension
zone.

2. To summarise the mechanics of behaviour and
evaluate the effectiveness of existing methods for
strengthening beams by increasing the cross-section
based on statistical data.

3. To justify the feasibility of increasing the
compression zone and to identify under-researched
aspects regarding the behaviour under load of beams
reinforced with BFRP and strengthened by concrete
overlay.

Materials and Methods.

The methodological basis of this article is an
analysis of data from recent scientific publications on
the behaviour of flexural members reinforced with
composite reinforcement under load, as well as
statistical data on effective methods for strengthening
such structures by increasing the cross-sectional area.
The analysis of design assumptions is based on the
international standards of ACI and CSA.

Results and Discussion.

Analysis of the data presented in the histogram (Fig.
1) and Table 1 reveals a number of important patterns
that confirm the specific behaviour of different
reinforcement configurations.

Firstly, the highest increases in load-bearing
capacity (over 140% in Al-Osta, 2017 [9] and 215% in
Chen, 2021 [10]) are characteristic of U-shaped jackets.
This is explained by the fact that the reinforcement
wraps around the beam on three sides, creating a spatial
embrace effect and simultaneously increasing both
bending and shear strength. However, under real-world
service conditions, access to the side faces of beams is
often blocked by other adjacent structures, making this
highly effective method practically impossible to
implement. It is also worth noting that the record
increase of 215% (Chen et al., 2021 [10]) was recorded
for a beam in the control series that had pre-existing
deep corrosion damage, making an absolute
comparison of this percentage with other beams
incorrect.

Secondly, the increase in load-bearing capacity
when a concrete overlay is applied depends
significantly on the strength of the bond. The
abnormally low result (only 9.2%) in Genedy’s (2014)
study [6] is due to premature delamination of the
reinforcement layer and a change in the failure mode.
In contrast, according to , provided that the ‘old’ and
‘new’ concretes act as a monolith (as in the studies by
Song et al., 2022 [7] and Yin et al., 2017 [11]), the top-
up concrete is capable of increasing the load-bearing
capacity by 60-88%, which is a good result for a
strengthening method carried out from only one (upper)
side.
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Table 1 — Summary of experimental data on the reinforcement of reinforced
concrete members with high-strength cementitious materials [6...20]

Increase
. Overlay in load-
Authors Base structure Remf_orcement Overlgy thickness, Failure mode bearing
(year) configuration | material .
mm capacity,
%
RC beam with Concrete UHPC 30-70 Concrete 88,1
Song et al. rectangular overlay on top spalling in the
(2022) cross-section compression
(re-reinforced) zone (without
Prem et al. RC beam with Concrete UHPC 25-50 delamination) | 15-35
(2016) rectangular overlay on top
cross-section and extension
(normally from below
Al-Osta et al. reinforced) Bottom UHPC 30 Crushing of 64,0
(2017) extension concrete in the
compressed
zone with
delamination
of the
reinforcement
layer
Al-Osta et al. U-shaped UHPC 30 Concrete 140,0
(2017) jacket spalling in the
compression
zone (without
delamination)
Genedy RC T-section Concrete UHPC+ 51 Failure along 9,2
(2014) beam overlay +CFRP the inclined
(normally section with
reinforced) delamination
of the
reinforcement
layer
Chen et al. RC beam with UHPC + UHPC + 30 Combined 215,0*
(2021) rectangular +CFRP mesh +FRP failure (along
cross-section mesh the inclined
(with section and
corrosion- fragmentation
damaged of the
reinforcement) compressed
zone)
Garg et al. Rectangular U-shaped UHPC 30-50 Failure along 24,4—
(2019) section ZB jacket an oblique 28,4
beam (with section with
cracks in the delamination
tension zone) of the
reinforcement
layer
Yinetal. RC slab with Concrete UHPC 25-50 Concrete 30,0-60,0
(2017) solid cross overlay spalling in the
section compression
(normally zone (without

reinforced)

delamination)

Notes: * —the increase is given relative to the control series beam, which had previous deep corrosion damage; UHPC — ultra-
high-performance concrete; ECC — fine-grained cement composites; UHPFRC — ultra-high-performance fibre-reinforced
concrete; CFRP — carbon fibre-reinforced polymer
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Continuation of Table 1 — Summary of experimental data on the reinforcement of reinforced

concrete members with high-strength cementitious materials [6...20]

Increase
. Overlay in load-
Authors Base structure Relnf_orcement Overlfay thickness, Failure mode bearing
(year) configuration | material .
mm capacity,
%
Lampropoulos RC T-section U-shaped UHPFRC 40 Concrete 50.0
et al. (2016) beam jacket spalling in the
(normally compression
reinforced) zone (without
delamination)
Zheng et al. Bottom-up ECC + 20-40 Failure of 35-85
(2016) reinforcement | +BFRP tensile
mesh composite
reinforcement
with
delamination
of the
reinforcement
layer
Nadir et al. Lateral UHPC + 10-40 Failure along 40-70
(2023) reinforcement + FRP the inclined
section
(without
delamination)
Safaa et al. RC beams Concrete cap UHPC 10-70 Concrete 5-188
(2025) with on top; spalling,
[Review] rectangular reinforcement failure along
cross-sections from below the inclined
(statistical and above; section
sample) U-shaped
formwork

Notes: * — the increase is given relative to the control series beam, which had previous deep corrosion damage; UHPC — ultra-
high-performance concrete; ECC — fine-grained cement composites; UHPFRC — ultra-high-performance fibre-reinforced
concrete; CFRP — carbon fibre-reinforced polymer

Comparative analysis of the increase in load-bearing capacity of reinforced concrete
beams depending on the strengthening configuration

[ Top (Compressed zone)
[ Bottom / Combined
[l U-shaped jacket / On sides

250%

215.0%*

* Increase relative
to damaged reference

200%

150%

100% 9.2% B b
(repair)

50%(,7 < " NN N [

Al-Osta
(2017)

Song etal. Prem et.
(2022)  (2016)

Genedy Yinetal.
(2014)  (2017)

Chen et al.
(2021)

Zheng et al. Lampropoulos Nadir et.
(2016) (2016) al. (2023)

Garg et al.
(2019)

* Increase relative to damaged reference

Figure 1 — Increase in the load-bearing capacity of beams depending on the type of overlay
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This is precisely why the focus on top-up
reinforcement (concrete overlay) remains the most
technically sound approach for real-world structures,
particularly for beams with composite reinforcement,
which primarily require an increase in the area of the
compressed zone.

Analysis of statistical data (see Table 1) shows that
the method of increasing the compressed zone
effectively enhances the load-bearing capacity of
traditional reinforced concrete beams. Applying this
approach to members reinforced with basalt fibre-
reinforced polymer (BFRP) reinforcement is a logical
step towards addressing their main structural
shortcoming — premature concrete spalling in the
compression zone due to the member’s low flexural
stiffness following crack formation.

By considering the combined action of BFRP
reinforcement in the tension zone and an additional
layer of concrete (overlay) in the compression zone, a
significant optimisation of the stress-strain state of the
entire cross-section can be observed. According to
computational models (e.g., the non-linear deformation
model ACI 440.1R), the installation of the concrete
cover fundamentally alters the distribution of
deformations along the height of the cross-section (Fig.
2).

As shown in the diagram (Fig. 2), increasing the
cross-section from above allows:

1. Increase the effective working height of the
cross-section (d) and the area of the compressed zone,
which significantly increases the concrete’s resistance

(a) Before strengthening (reinforced

G-
\ Neutral axis;
Z
A 4
XY &f I < |]
BFRP
Cross-section Deformations Stress

to compressive stresses and delays the moment of its
failure.

2. Shift the neutral axis upwards, which increases
the arm of the internal force pair (z) and, as a result,
increases the bending moment that the cross-section
can withstand.

3. Significantly increase the moment of inertia of
the cross-section, which is critical for compensating for
the low modulus of elasticity of BFRP reinforcement
and limiting service deflections.

4. To ensure conditions under which the basalt-
fibre-reinforced plastic reinforcement in the tension
zone can achieve significantly higher values of relative
strains and stresses prior to the failure of the
compressed concrete. This ensures a more rational
utilisation of the composite material’s strength
characteristics.

Despite the obvious theoretical advantages of such
a comprehensive approach, the analysis conducted has
shown that, to date, there is virtually no experimental
data on the behaviour under load of beams, reinforced
with BFRP and strengthened by a concrete overlay in
the compression zone. Most modern studies focus
either on conventional reinforced concrete beams with
a concrete cover, or on FRP beams reinforced with
composite strips exclusively in the tension zone. The
lack of empirical data prevents a reliable assessment of
the actual nature of force redistribution, changes in
crack width, and the real increase in load-bearing
capacity. This indicates that this issue has not been
sufficiently studied and presents a pressing scientific
challenge for further research.

(b) After applying concrete layer

Ec
q
94744 | B
A 1 | ]
| SN
o _._._._Neutral axis/ _ _
V4
X & — T
BFRP
Cross-section Deformations Stress

Figure 2 — Change in the stress-strain state in the normal section of a beam with BFRP reinforcement: (a) before
reinforcement; (b) after installation of a top-up slab in the compression zone

Conclusions.

1. The use of basalt fibre-reinforced polymer
(BFRP) is an effective solution to the problem of
corrosion. However, the absence of a yield point and
the low modulus of elasticity of BFRP necessitate the

design of elements as ‘over-reinforced’ (to ensure
failure occurs in the concrete rather than through
reinforcement rupture). This leads to significant service
deflections and prevents the full realisation of the
tensile strength potential of composite reinforcement.
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2. The method of increasing the compressed zone of
the cross-section (by adding a concrete overlay) has
proven highly effective (providing an increase in load
bearing capacity of between 60% and 88%) for
traditional reinforced concrete beams. It allows the
effective depth of the cross-section to be increased, its
stiffness to be improved, and the neutral axis to be
shifted.

3. An analysis of the current literature has revealed
a virtual absence of experimental data on the
strengthening of beams reinforced with BFRP using
concrete caps. At the same time, it has been
theoretically demonstrated that increasing the height of
the compression zone allows the neutral axis to be
shifted upwards and prevents premature concrete
spalling. This creates conditions under which the
composite reinforcement in the tension zone is capable
of withstanding greater deformations and stresses,
which significantly improves the performance of the
entire cross-section.

4. The need for further experimental studies has
been demonstrated to address the insufficient

understanding of the characteristics of the combined
behaviour of BFRP reinforcement in the tension zone
of a beam and the concrete-reinforced compression
zone under load.

Areas for further research.

Given the insufficient level of research into this
issue and the lack of experimental data on the behaviour
of beams reinforced with BFRP and concrete cover, a
logical step is to conduct comprehensive experimental
tests.

The aim of the forthcoming experiments will be to
fabricate and test beams reinforced with BFRP, with the
compressed zone reinforced by a concrete overlay.
Such experimental tests on reinforced specimens will
allow an assessment of the increase in load-bearing
capacity, changes in bending stiffness, and the effect of
the concrete cover on the ultimate failure mechanism,
compared with unreinforced beams from the control
series.
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AHani3 eheKTMBHOCTI MiJCUITEHHS 3rMHAHMX 3ai300eTOHHUX eNneMeHTIB
HAPOLLYBAHHSM CTUCHYTOI 30HM: Ornsg, AOCBiAY Ta NePCNeKTUBU 3aCTOCYBaHHS 41
6anok 3 6a3anbToMNAaCTUKOBOK apMaTypoLo

AnHoTaujs. no6anbHa npobeMa pyitHyBaHHS 3ani306e TOHHUX KOHCTPYKLLM, CMpUYMHEHa KOPO3i€to CTaneBoi apMaTypy, Npyuckopuna
nepexin, GypiBenbHOI ranysi Ha HeMeTaneBy KOMMO3UTHY apMaTypy, 30KpeMa apMaTypHi CTpPWkHI 3 roniMepy, apMOBaHOro
6asanbToBuM BorlokHoM (BFRP). ApMatypa BFRP Mae 3HauHi nmepeBary, 30KpeMa BWUCOKY MILHICTb Ha pO3TSr, MOBHY KOPO3ilHy
CTIWKIiCTb Ta eKomoriuHy CTiMKicTb. OfHaK BiACYTHICTb MeXi MAMHHOCTI Ta BiJHOCHO HU3bKMIN MOLYSb MPY)XXHOCTI apMaTypu BFRP
BMMaralTb 3aCTOCYBaHHS crieLMdiuHMX nNipxodjB [0 NpoekTyBaHHA. [ns 3anobiraHHs pamnToBOMy PO3pUBY Ta KPUXKOMY
Py HyBaHHIO KOHCTPYKLLT MiXKHapOOHi CTaHOAPTU PeKoMeHOyHOTb MPOEKTYBaTU Taki 6anky K HaAMiLHI eneMeHTH, Lo 3abesnevye
6inbLL 6e3MeYHMIN PeXUM pyiHYBaHHS! 3a PaxyHOK PYWHYBaHHsI GETOHY B 30Hi CTUCHEHHS, arne MPU3BOAMTL A0 36iMbLLeHHS NPOryHIB
npv eKcriTyaTaLii Ta 06MeXXeHoro BUKOPUCTaHHS MOTEHLiany MiLIHOCTI Ha Po3TAr KOMMo3WUTHOI apMaTypu. MeTa AaHoro AocnigkeHHs
0 ysaranbHWTW MiXXHapOOHMIA [OCBIA, 3MILHEHHS 3a7i306€TOHHUX eNIEMEHTIB, Lo MiAAATLCS 3rUHY, LLIIXOM 36iMbLLeHHS pOo3MipiB
rnornepeyHoro mepepisy, a TakoX TEOPeTUYHO O6rpyHTYBaTW AOLIMbHICTb 3aCTOCYBaHHA GETOHHMX HaKMIAAOK Ha KOHCTPYKLYI,
apmoBaHi BFRP. CucTeMaTUuHUWiA aHaris nonepepHiX JOCNimHKeHb MOKa3aB, WO 36iMblueHHs BUCOTU 30HW CTUCHEHHsI MOKpaLLye
YKOPCTKICTb KOHCTPYKLYi, 3MilLye HelTpanbHy Bicb Bropy Ta 36isbLLUye Hecyuy 30aTHICTb NpubnmaHo Ha 60-88%, oeMoHCTpYouM Npu
LibOMy 3HaUHWUI MOTeHLjan /st NOKPaLLeHHS XapaKTepucTuK 6anok, apMoBaHux BFRP.

KntouoBi croBa: 6asanbTonnacTukoBa apMmatypa, BFRP, nigcunenHs 3anizoBeTOHHWUX KOHCTPYKLjiA, HapoOLLyBaHHS Mepepisy,
HabeToHKa, CTUCHYTa 30Ha, HanpyXXeHo-A,ethopMOBaHMIA CTaH
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