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Abstract. The article reviews scientific research on methods and ways of strengthening reinforced concrete beam and slab
elements by increasing (building up) cross-sections. The main conclusions and directions for further scientific research into
effective methods and ways for strengthening reinforced concrete beam and slab elements, carried out by increasing (building up)
their cross-sections, which we have the opportunity to apply in the repair and reconstruction of prefabricated and monolithic
reinforced concrete floors of buildings and structures, are substantiated. A classification of methods and methods of strengthening
reinforced concrete beam elements by increasing their cross-sections is proposed.
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Introduction.

At present, Ukraine faces an urgent need for the
major repair, reconstruction, and restoration of
buildings and structures incorporating reinforced
concrete structural elements that have been damaged or
destroyed as a result of emergency situations, military
actions, and terrorist attacks.

One of the methods for strengthening existing
reinforced concrete flexural structural elements, in
accordance with the provisions of Clauses 6.3, 6.4.1,
and 6.4.2 of the Ukrainian building standards DBN B
V.3.1-2:2016 [1], is the enlargement of their cross-
sections by means of additional reinforcing
components.

The enlargement of cross-sections of reinforced
concrete beam and slab elements may be carried out
through: the installation of additional components
fabricated from rolled structural and plate steel
sections; the application of additional reinforced
concrete or mortar layers, or fibre glass fabric sheets;
or by employing a combined method incorporating
components of different materials. Depending on the
structural characteristics, conditions, and
circumstances of the repair works, the strengthening of

reinforced concrete element cross-sections may be
performed using one of the following methods (see
Fig. 1): exclusively along the upper face (compressed
zone of the cross-section); exclusively along the lower
face (tension zone of the cross-section); exclusively
along the side faces of the cross-section;
simultaneously along three faces of the cross-section,
namely the lower face and two side faces; or
simultaneously along the upper and lower faces of the
cross-section (within the compressed and tension
zones).

Therefore, when selecting a technique or method
for strengthening a reinforced concrete flexural
element, in accordance with the requirements of Clause
8.4.2 of DBN B V.3.1-2:2016 [1], it is necessary to take
into account the following factors: the support
conditions of beam or slab elements of floors and roofs;
the possibility of increasing the overall structural depth
of the element and the availability of space for the
placement of strengthening components; the feasibility
of carrying out the works without interrupting
production processes or during scheduled technological
breaks; and the technological capabilities associated
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with the fabrication and installation of strengthening
elements.

a)

Figure 1 — Methods for strengthening the cross-section of
a reinforced concrete beam element by enlarging its
cross-section with an additional layer applied to one,
two, or three faces thereof: (a) exclusively along the
upper face (compressed zone of the cross-section); (b)
exclusively along the lower face (tension zone of the
cross-section); (c) exclusively along the side faces of the
cross-section; (d) simultaneously along three faces of the
cross-section, namely the lower face and two side faces;
(e) simultaneously along the upper and lower faces of the
cross-section (within the compressed and tension zones)

In order to select an effective method for
strengthening reinforced concrete flexural elements
through cross-sectional enlargement, it is necessary to
conduct an analysis of previous scientific studies
undertaken by researchers worldwide.

Problem statement

The aim of this study is to review scientific
research devoted to experimental investigations and
theoretical developments concerning the analysis and
design of reinforced concrete beam and slab elements
whose cross-sections have been strengthened through
enlargement by means of additional reinforced concrete
layers or longitudinal components fabricated from
rolled steel sections, steel plates, reinforcing bars, and
polymer fabric materials.

Review of the research sources and publications

A preliminary analysis of scientific studies has
demonstrated that there exists a wide range of methods
for enhancing the flexural and shear strength of
reinforced concrete flexural elements through the
enlargement of their cross-sections along the member
length. External cross-sectional enlargement for the
strengthening of reinforced concrete elements may be
achieved using: steel components; additional concrete
layers and reinforcing products; or composite
combined enlargement employing various materials.

Therefore, in order to generalise the existing cases
and variants of strengthening reinforced concrete
flexural elements, directions for a comparative analysis
of studies concerning strengthening methods were
selected according to the location of the enlargement
layer relative to the element cross-section, as presented
in the Introduction and illustrated in Fig. 1.

1. Investigation of the Flexural and Shear
Strength of Reinforced Concrete Flexural
Structural Elements Strengthened by Increasing the
Cross-Sectional Area within the Lower Tension
Zone

The strengthening of reinforced concrete flexural
structural elements by increasing the cross-sectional
area within the lower tension zone is carried out in two

principal ways: externally bonded reinforcement
(EBR) applied beyond the lower face of the cross-
section, and near-surface mounted reinforcement
(NSM) installed within the cross-section in the vicinity
of its lower face.

1.1. Strengthening  of  Reinforced  Concrete
Elements by Additional Longitudinal Steel Reinforcing
Bars Positioned within the Cross-Sectional Depth over
Part or the Entire Member Length

In studies [2-7], researchers Yaroslav V. Rymar,
Zenovii Ya. Blikharskyi, Roman Ye. Khmil, Bohdan F.
Kovalchuk, Petro F. Kholod, and Roman Yu.
Tytarenko experimentally investigated reinforced
concrete  beams strengthened with  additional
reinforcing bars by directly welding them to the
existing longitudinal reinforcement or by connecting
them through welding using short reinforcing bar
segments (“stitches”) placed at two to four locations
along the specimen length. Figure 2 illustrates selected
reinforced concrete beams during experimental testing
on the test rig.

In study [2], the strengthening of reinforced
concrete beams was carried out at load levels of =0,
0.3, 0.5, and 0.75 of the ultimate bending moment,
corresponding to stress levels in the existing
longitudinal reinforcement reaching the yield strength.
The increase in load-bearing capacity of the
strengthened reinforced concrete beams, compared
with the reference specimens without strengthening,
ranged from 30% to 45%. The load level applied during
strengthening had a significant influence on the
resulting bearing capacity of the beams: in the absence
of loading, the load-bearing capacity was maximal,
whereas under the maximum loading level during
strengthening, its value was minimal [2].

Figure 2 — View of a reinforced concrete beam from the
series strengthened under load by means of short
reinforcing bar segments (“stitches”), experimentally
tested in study [6] by researchers Bohdan Kovalchuk,
Yaroslav Rymar, Zenovii Blikharskyy, and Petro Kholod

In study [7], the strengthening of reinforced
concrete beams at a loading level equal to one-half of
the cracking moment (n=0,5xMcr) using additional
reinforcement without prestressing increased their
flexural strength by 89%, whereas the application of
prestressed additional reinforcement resulted in an
increase of 93%.

In the study conducted by B. A. Boiarchuk [8], two
strengthening scenarios were considered: strengthening
without npensapurensroro loading, and strengthening
under load corresponding to 0.6-0.7 of the ultimate
load. Compared with unstrengthened specimens, all
strengthening methods increased the load-bearing
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capacity by 30-60%, while the cracking resistance
increased by approximately 30% [7, 8].

In study [9], researchers Akhtar Gul, Bashir Alam,
Fayaz A. Khan, Yasir Irfan, and Khan Shezada
presented the results of experimental investigations into
the flexural strength of three reinforced concrete beam
specimens strengthened within the tension zone by
externally attached steel bars with a minimum
reinforcement ratio. Two beams were strengthened by
welding the external steel bars to the lower stirrup
reinforcement bars (see Fig. 3), whereas one specimen
without additional external strengthening was tested as
a control specimen. All three beams were tested under

positive bending using third-point loading in
accordance with ASTM C78/C78M-10. The
experimental  results demonstrated that this

strengthening technique enabled a significant increase
in flexural strength together with improved crack
distribution within the beam cross-sections.

#3 @ 3" c/c throughout the length of beam

i

Surface finishing

External Steel

2, # 4 internal bars

—

—

1219.56"

TR
Conerete cover External Bars
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Figure 3 — View and cross-sectional dimensions of a
reinforced concrete beam specimen strengthened by
means of short reinforcing bar segments (“stitches”),
experimentally tested in study [9] by A. Gul and el.

2,44 —

1.2. Strengthening  of  Reinforced  Concrete
Elements by Additional Longitudinal Glass-Fibre
Reinforcing Bars Positioned within the Cross-Sectional
Depth over Part or the Entire Member Length

Acrticles [10, 11] present the NSM method involving
NSM composites, namely steel and carbon fibre-
reinforced polymer (CFRP) bars used as reinforcement.
Experimental and analytical investigations were
conducted to examine the strength characteristics of
reinforced concrete (RC) elements strengthened with
NSM composites. The reinforcement arrangement of
the beam specimens incorporating strengthening bars
(NSM Bars), together with the testing scheme, is shown
in Fig. 4.

The reinforcement of the beam cross-sections
consisted of: two 12 mm diameter bars within the
tension zone; two 10 mm diameter bars within the
compression zone; and transverse reinforcement within
the shear regions formed by 6 mm diameter stirrups
spaced at s=50 mm, as illustrated in Fig. 4.

The compressive strength of the concrete after 28
days reached 40 MPa, as determined from tests on three
concrete cubes measuring 100x100x100 mm.

The strengthening of the beam specimens was
carried out using: high-strength steel bars with

diameters of 6, 8, 10, 12, and 16 mm (manufactured by
E Steel Sdn. Bhd., Klang, Malaysia) having a yield
strength of 520 MPa and an ultimate tensile strength of
570 MPa, with an elastic modulus of 200 GPa for all
bars; and ribbed carbon fibre-reinforced polymer
(CFRP) bars with a diameter of 12 mm (manufactured
by Haining Anjie Composite Material Co., Ltd.,
Haining, China), possessing a tensile strength of 1850
MPa and an elastic modulus of 124 GPa.
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Figure 4 — Testing arrangement, dimensions, and
reinforcement details of the cross-sections of beam
specimens strengthened with NSM reinforcing bars
(NSM Bars) [10, 11]

To anchor the reinforcing bars to the concrete
substrate within the grooves formed along the beam
length, Sikadur® 30 epoxy adhesive (produced by Sika
Corporation, Lyndhurst, New Jersey, USA) was
employed. Sikadur® 30 consists of two components,
namely Component A and Component B. Component
A is white in colour, whereas Component B is black.
These two components were mixed in a 3:1 ratio until
a uniform grey colour was achieved. The density of the
mixed adhesive was 1.65 kg/L at 23°C. According to
DIN EN 24624, the bond strength of the epoxy mixture
was 21 MPa with steel and 4 MPa with concrete.

Based on the experimental investigations, the
following parameters were evaluated: failure
characteristics, yielding and ultimate strength,
deflection, strain, and crack propagation behaviour of
the beams. The test results demonstrated an increase in
flexural strength at crack initiation of 69%, while at the
ultimate load the increase reached 92% compared with
the control beam specimen [10, 11].

In study [12], Hadeel S. Al-Ameedee and Hayder
M. Al-Khafaji conducted experimental investigations
on four reinforced concrete beams
(bxhxI=150%300%1500 mm) subjected to bending,
whose cross-sections were strengthened within the
tension zone using different types of near-surface
mounted (NSM) bars (see Fig. 5).

Three beams were strengthened using different
NSM reinforcement elements (bars), namely carbon
fibre-reinforced polymer (CFRP), glass fibre-
reinforced polymer (GFRP), and steel, while one
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unstrengthened beam served as the control specimen.
The specimens were tested under monotonic static
loading in order to determine the effect of fibre-
reinforced polymer (FRP) strengthening reinforcement.
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3012mm £ 010@120mm

2012mm at top
2312mm at top

] 50 —am—s

IIN—@10 @120 mm

*FRP bar(@6 mm)

é,;_‘.g_,

3G12mm
at bottom 3@12mm
at bottom

Figure 5 — Testing arrangement, dimensions, and
reinforcement details of the cross-sections of beam
specimens strengthened with NSM reinforcing bars
(NSM Bars) [12]

The experimental results demonstrated [12] that the
use of NSM-CFRP bars for strengthening reinforced
concrete beams improves both their flexural capacity
and stiffness.

Experimental investigations into the influence of
additional reinforcement using polymer and steel bars
installed within the cross-section near the lower face of
reinforced concrete beams strengthened according to
the NSM technique on flexural and shear strength were
also carried out in studies [13-20], while numerical
simulations of their stress—strain state were presented
in studies [21, 22].

1.3. Strengthening  of  Reinforced  Concrete
Elements by Additional Longitudinal Components
Fabricated from Rolled Structural  Sections,
Reinforcing Steel, Glass Fibre, or Other Composite
Cross-Sections Installed beneath the Beam Cross-
Section over Part or the Entire Member Length

Researchers M. Y. Alkhateeb and F. Hejazi, in
study [23], proposed a novel strengthening scheme for
reinforced concrete beams using carbon fibre-
reinforced polymer (CFRP) bars secured by steel plates
and anchor bolts, referred to as the Mechanical
Anchorage System (MAS) (see Fig. 6). This system
may additionally incorporate an external protective
concrete jacket to protect the MAS components and
CFRP bars.

The effectiveness of the proposed strengthening
method was verified on eight beam specimens
incorporating different configurations of additional
reinforcement (see Figs. 7 and 8). The investigation
evaluated the effectiveness of wvarious design
parameters, including the number of CFRP bars, the
contribution of the Mechanical Anchorage System

(MAS), and the concrete jacket (CJ), in terms of load-
bearing capacity, crack development, failure mode, and

ductility.

Tw

2200 mm.
Strengthened beam

Strengthened beam bottom view.

CFRP rods <
Machinal Anchorage System

Figure 6 — Components of the beam strengthening
system comprising steel plates and anchor bolts (MAS)
together with carbon fibre-reinforced polymer (CFRP)

bars [23]

The results demonstrated that the efficiency of the
proposed strengthening system was achieved through
an increase in the load-bearing capacity of the
strengthened beams and the prevention of premature
debonding of the CFRP bars [23].
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Figure 7 — Variants of structural solutions for additional
strengthening of beams within the tension zone
investigated in study [23]
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study [23]
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In article [24], F. Oudah and R. El-Hacha
investigated the strength behaviour of reinforced
concrete (RC) beams strengthened using prestressed
carbon fibre-reinforced polymer (CFRP) strips and bars
installed near the surface (NSM) and anchored to the
beams by means of steel anchorage devices. Eight RC
beams were subjected to fatigue loading over 3 million
cycles at a frequency of 2 Hz. Monitoring of strain
values in the CFRP bars near the anchorage zones was
performed using strain gauges, which provided reliable
information regarding the magnitude of CFRP slippage
at the ultimate stage.

The influence of increasing prestress levels on the
slippage of the CFRP bars and the cracking of concrete
within the anchorage zones was investigated. The
experimental results revealed the occurrence of
anchorage slippage in heavily prestressed beams,
whereas only minor slippage was observed in beams
prestressed to lower levels. An increase in both crack
height and crack width within the anchorage regions
was also observed with increasing prestress levels.
Furthermore, the slip in reinforced concrete beams
strengthened using NSM CFRP strips was lower than
that in similar beams strengthened with NSM CFRP
bars.

The strengthening of reinforced concrete flexural
structural elements by increasing the cross-sectional
area within the lower tension zone using sprengel tie-
system elements arranged outside the lower face of the
cross-section was proposed by M. H. Chekanovych in
studies [25, 26]. The author proposed a strengthening
configuration involving intensive prestressing of the tie
reinforcement and tension members under external
loading (see Fig. 9), which enables redistribution of
internal forces within the beam, thereby increasing its
load-bearing capacity and crack resistance while
reducing deflection.

5 2 8 1 8 2 5 ]

|

. .

2 | O
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Figure 9 — General view of the strengthening system for
a steel-reinforced concrete beam using a lever-and-rod
mechanism [25]: 1 — beam to be strengthened;
2 —tension rods; 3 — tie member; 4 — crossbeam;
5 — double-arm levers; 6, 7 — rollers; 8 — fastening
assembly with spherical washers; 9 — support block

2. Investigation of the Flexural and Shear
Strength of Reinforced Concrete Flexural
Structural Elements Strengthened by Increasing the
Cross-Sectional Area on One or Both Sides of the
Section

2.1. Strengthening of Reinforced Concrete Element
Cross-Sections Using Steel Plates Installed on Both
Sides along the Entire Member Length

Compared with other strengthening methods, the
steel jacketing technique is not only less spatially
demanding, simple to install, and lightweight, but is
also less susceptible to debonding and delamination
[27, 28]. The bolted side-plating (BSP) technique,

namely the anchorage of steel plates to the side faces of
reinforced concrete beams using bolts, represents one
of the steel jacketing methods and is capable of
increasing the flexural capacity of reinforced concrete
beams without significant reduction in ductility due to
the enhancement of both compressive and tensile
reinforcement [29]. Furthermore, this technique may
also improve the shear strength and stiffness of
reinforced concrete beams, since the steel plates bolted
to the side faces are located within the same plane as
the shear force.

In study [27], researchers Ling-Zhi Li, Chang-Jiu
Jiang, Ray Kai-Leung Su, and Sai-Huen Lo carried out
experimental investigations on reinforced concrete
beam specimens strengthened using steel plates and
bolted connections (see Figs. 10 and 11) in order to
examine the mechanism of shear force transfer through
anchor bolts in BSP beams and to propose a practical
method for assessing the influence of transverse partial
interaction between components on the strengthening
system of beams.

The authors of study [27] proposed a simplified
piecewise-linear shear transfer model based on the
principle of force superposition together with a
simplified shear deformation model derived from
previous numerical investigations.
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Figure 10 — Cross-section and experimental test setup
of the beam specimens [27]
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Figure 11 — General view of the specimens
strengthened with steel plates and bolted
connections in study [27]

The magnitude of the shear force was determined
from force equilibrium conditions assuming
compatible deformation (displacement) of the
components within the composite beam cross-section.
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A set of design equations was also derived for
determining the flexural strength of BSP beams under
several principal loading cases [27].

In article [28], Xin Liu et al. (2018) presented a
review of previous experimental, theoretical, and
numerical investigations [35] concerning the shear
behaviour of reinforced concrete beams strengthened
through cross-sectional enlargement using side steel
plates and bolted connections (the BSP method).
Fig. 12 illustrates the testing arrangement of the beam
specimens investigated in study [28].

2000 kN actuator
Transfer beam

‘, | N ) | : Ll ‘ Specimen
2. =
11501 540 J 1220 | 540 11501
2300

Figure 12 — Test arrangement of the beam specimens
subjected to loading in a testing press for investigating
the shear strength of their cross-sections in the study by
Xin Liu et al. (2018) [28].

Figure 13 presents the variants of the beam

specimens  tested during the  experimental
investigations reported in study [28].
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Figure 13a — Cross-sections of reinforced concrete beam
specimens (dimensions in mm) and variants of their
strengthening using side steel plates and bolted
connections (BSP method) for investigating the shear
strength of their cross-sections in the study by
Xin Liu et al. (2018) [28].

The factors influencing the shear strength of the
beam cross-sections were investigated in detail,

namely: concrete strength; dimensions of the steel plate
cross-section; bending and shear span lengths;
longitudinal spacing between bolts; and the number of
bolt rows. In addition, two possible theoretical models
for evaluating the shear behaviour of beams
strengthened using the BSP method were proposed,
based on deformation compatibility and simplified
transverse shear of the cross-sections.
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Figure 13b — Variants of strengthening reinforced
concrete beam specimens using side steel plates and
bolted connections (BSP method) (dimensions in mm) for
investigating the shear strength of their cross-sections in
the study by Xin Liu et al. (2018) [28].

-

In the comparative analysis of shear strength, the
mean absolute discrepancy between the experimental
test results and the predictions obtained using the two
proposed theoretical models amounted to 2.7% and
5.9%, respectively [28].

In study [29], researchers Ling-Zhi Li, Xin Liu, Yi
Luo, Mei-Ni Su, and Ji-Hua Zhu carried out
investigations on five reinforced concrete beams, four
of which were strengthened along both sides with steel
plates (see Fig. 14) over the entire member length. The
steel plates were anchored to the beams using bolted
connections installed symmetrically within the
compression and tension zones of the cross-sections at
a spacing of u=280 mm.

The results of the investigations reported in study
[29] demonstrated that the method of strengthening
reinforced concrete beams using side steel plates and
bolted connections (the BSP method) can significantly
enhance their flexural strength and stiffness.
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Furthermore, measures aimed at restraining
buckling were shown to further improve the flexural
capacity and ductility of the beams, while
simultaneously  suppressing local buckling and
reducing relative slip at the steel-to-concrete interface.

A comparison between the theoretical predictions
and experimental results confirmed the applicability
and accuracy of the analytical calculation model
proposed in the study.

3. Investigation of the Flexural and Shear
Strength of Reinforced Concrete Flexural
Structural Elements Strengthened by Increasing the
Cross-Sectional Area along Two Side Faces and the
Lower Face

In study [30], Min Sook Kim and Young Hak Lee
carried out investigations aimed at evaluating the
structural behaviour of reinforced concrete beams
strengthened using prefabricated modular steel
components installed in their design position by means
of bolts and chemical anchors (see Fig. 15).

For this evaluation, a total of five specimens were
fabricated, including one conventional reinforced
concrete beam and four reinforced concrete beams
strengthened with modular steel plates. The modelling
of the beam strengthening method was performed
taking into account realistic floor system conditions, in
which slab elements bear on the upper face of the
beams.

The concrete beams of all specimens were designed
with a width of b=300 mm, a height of h=350 mm, and
a length of 1=4.5 m. The thicknesses of the modular
structural components were as follows: the Z-shaped
side plates had a thickness of t=2.5 mm, while the L-
shaped bottom plates had a thickness of t=5 mm. The
spacing between the chemical anchors and bolts was
a=300 mm, arranged in a staggered (zigzag) pattern.

The thickness of the bottom plate and the number of
vertical meshes were considered as experimental
variables expected to influence the flexural behaviour,
and these variables are illustrated in the relevant parts
of Fig. 15. The depth of the newly formed beams was
100 and 150 mm, the thickness of the bottom plates was

5and 10 mm, and the number of vertical meshes was 0,
2, and 4. For the specimen with two vertical meshes,
the spacing between meshes was 200 mm, whereas for
the specimen with four vertical meshes each mesh was
installed at a spacing of 65 mm. An detailed specimen
configurations corresponding to each variable are
shown in Fig. 15.

The 28-day compressive strength of the concrete
used in the experiment was 24 MPa. Deformed
reinforcement bars with a diameter of 19 mm and a
yield strength of 400 MPa were used for both tensile
and compressive reinforcement. Structural steel plates
with a yield strength of 275 MPa were employed. High-
strength F10T M16 bolts with a diameter of 16 mm
were used to connect the strengthening elements to the
concrete beams.

> Z-Shaped Side Plate

L-Shaped Lower Plate

Vertical Grid

Bottom Plate

(a) (b)
Figure 15 — Modular structural components used for
strengthening the beam specimens in study [30]
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Figure 16 — Dimensions of the beam specimens tested
in study [30]: (a) reinforced concrete beam specimen
without strengthening; (b) reinforced concrete beam

specimen strengthened with a steel jacket along the side
faces and lower face

In this study, the slab portions (flanges) of the T-
shaped cross-section served solely as a support area for
fastening the steel plates by means of chemical anchors.
Therefore, the flanges were not considered during the
fabrication of the specimens, as illustrated in Fig. 16.

To evaluate the structural behaviour of the concrete
beams retrofitted using the proposed components, five
concrete beams with and without strengthening were
experimentally tested. The proposed retrofitting
method significantly increased both the ultimate load-
carrying capacity and the ductility of the reinforced
concrete beams.

The experimental results demonstrated [30] that the

flexural performance of the existing reinforced
concrete beams increased by approximately three

Academic journal. Industrial Machine Building, Civil Engineering. - 1 (64)' 2025

ISSN: 2409-9074(print) 25



times, the ductility increased by 2.5 times, and the
energy dissipation capacity increased by seven times

4. Investigation of the flexural and shear
strength of reinforced concrete flexural members
strengthened by increasing the cross-sectional area
in the upper compression zone

In the publication by E. Brihwiler and E. Denarié
(2008) [31], three concepts for the application of an
additional ultra-high-performance fibre-reinforced
concrete (UHPFRC) layer to enlarge the cross-section
of reinforced concrete beam members in the upper
compression zone are presented (see Fig. 17). The first
concept involves the application of an unreinforced
UHPFRC layer serving solely as a protective overlay
for the rehabilitation of the deteriorated concrete cover.
The second concept combines the protective function
with reinforcement embedded within the UHPFRC
overlay, thereby enhancing the durability and structural
performance of the rehabilitated concrete cover. The
third concept incorporates both the protective function
and the structural enlargement of the beam cross-
section through the application of an additional
reinforced UHPFRC layer on the compression face,
thereby increasing the flexural stiffness and load-
bearing capacity of the reinforced concrete member.

UHPFRC

UHPFRC UHPFRC

------- i) Gz

e e e P Ty e

Reinforced concrete Reinforced concrete Reinforced concrete
(a) (b) (c)

Figure 17 — Concepts and principles of a composite
structural member in which the ultra-high-performance
fibre-reinforced concrete (UHPFRC) layer serves as: (a)
a protective layer without reinforcement; (b) a protective

layer with embedded reinforcement; and (c) a
strengthening layer providing both structural protection
and enhanced load-bearing capacity [31].

5. Investigation of the flexural strength of
reinforced concrete beam members strengthened by
increasing the cross-sectional area at the top, along
one or both side faces, and simultaneously along the
two side faces and the bottom by means of an
additional reinforced concrete layer

Studies [32-41] provide comprehensive reviews of
the effectiveness of using Ultra-High-Performance
Fibre-Reinforced Concrete (UHPFRC) for
strengthening reinforced concrete beam and slab
members.

In study [42], Huang et al. carried out a critical
review of previous investigations [43-45] devoted to
evaluating the influence of various strengthening
techniques employing an additional UHPFRC layer on
the shear and flexural performance of reinforced
concrete members.

In study [43], a normal-strength concrete (NC)
control beam and a high-strength concrete (HSC)
control beam were compared with hybrid beams in
which a portion of the conventional concrete was
replaced by UHPFRC. The hybrid beams exhibited an

increase in shear resistance of 60—110% (see Fig. 18a)
compared with the control specimens, irrespective of
the compressive strength of the parent concrete. The
relationship between the steel fibre content and the
increase in the shear resistance of the concrete beams is
illustrated in Fig. 18b. In the specimen designation
shown in Fig. 18a, the first and second letters identify
the two concrete types used to produce the hybrid
specimen, followed by the specimen configuration
number. The subsequent numeral indicates the
volumetric steel fibre content in the UHPFRC, while
the final letter denotes the type of interface connection
adopted between the two concrete layers.

The role of concrete strength of parent concrete

Normal strength concrete (51MPa)
High strength concrete (70MPa)
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(a)
The role of fiber content in UHPFRC
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B 1% steel fiber
I 1.5% steel fiber
2% steel fiber
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8

8
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Percentage of shear resistance improvement (%)

Castin-situ (NSC) Dowel connection (NSC) Cast in-situ (HSC) Dowel connection (HSC)

(b)

Figure 18 — Parametric analysis of the shear
strengthening of reinforced concrete members using
UHPFRC and the corresponding increase in shear
resistance with changes in: (a) the compressive strength
of the parent concrete; and (b) the steel fibre content of
the UHPFRC layer [42-44].

The comparative analysis considered the influence of
the following structural parameters on the performance
of the strengthened reinforced concrete members:

o the compressive strength of the parent concrete of
the reinforced concrete members (see Fig. 18a) and
the steel fibre volume fraction (%) incorporated into
the additional UHPFRC layer (see Fig. 18b);

o the location of the UHPFRC strengthening layer
relative to the faces of the reinforced concrete
member, together with the presence or absence of
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reinforcement within the additional layer (see Figs.
19 and 20);

¢ the configuration of the interface connection (bond)
between the additional UHPFRC layer and the
parent normal-strength concrete (NSC) of the
reinforced concrete member, and its influence on
shear resistance (see Fig. 21);

e the variation in the shear span-to-effective depth
ratio of reinforced concrete members strengthened
using three different UHPFRC strengthening
configurations, and its effect on their structural
behaviour (see Fig. 22).

The role of reinforcement in UHPFRC for different configurations
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Figure 19 — Parametric analysis of the shear
strengthening of reinforced concrete flexural members
using UHPFRC and the corresponding increase in shear
resistance with different strengthening configurations
and reinforcement arrangements [42].
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Figure 20 — Parametric analysis of the shear strength
of reinforced concrete members strengthened with
different UHPFRC layer configurations (one-sided, two-
sided, and three-sided) as a function of the shear span-to-
effective depth ratio (a/d) [42].

In study [46], Chalioris et al. investigated the repair
and strengthening of damaged reinforced concrete
beams by applying a three-sided reinforced concrete
jacket made of self-compacting concrete (SCC). The
authors found that the reinforced concrete jacket
increased the load-bearing capacity of the tested beams
by 35-50% compared with the damaged control
specimens. Following strengthening, the failure mode
changed from brittle shear failure to a more ductile
flexural failure, while the strengthened members

ald=2  Under-reinforced Over-reinforced

exhibited significantly improved deformability and
crack resistance. The authors further emphasised that
the use of self-compacting concrete is particularly
advantageous for the rehabilitation of heavily
reinforced structural members, as it ensures effective
filling of the space between the existing reinforcement
and the newly cast concrete jacket, thereby promoting
adequate bond and composite action between the
original and strengthening materials.

The role of connection method
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Figure 21 — Parametric analysis of the influence of the
interface connection (bond) between the additional
UHPFRC layer and the parent concrete of the
strengthened reinforced concrete member on shear
strength: (d) strengthening configuration; (e) interface
connection type; and (f) shear span-to-effective depth
ratio (a/d) [42].

Study [42] also analysed the effect of the shear
span-to-effective depth ratio (a/d) on the shear strength
of reinforced concrete members strengthened with a
UHPFRC layer. The results showed that increasing the
a/d ratio significantly reduced the shear resistance of
the strengthened members, with the normalised shear
strength decreasing from approximately 1.0 to 0.33 (see
Fig. 20). These findings indicate that the effectiveness
of UHPFRC strengthening is strongly influenced by the
geometric characteristics of the structural member.

The role of shear span ratio (a/d) for different configurations
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Figure 22 — Parametric analysis of the shear
strengthening of reinforced concrete members with an
additional UHPFRC layer as a function of the shear
span-to-effective depth ratio (a/d) [42].
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6. Strengthening of reinforced concrete members
with additional longitudinal glass fibre-reinforced
or other composite built-up elements installed below
the beam cross-section over part or the entire span

6.1. Strengthening reinforced concrete beam and slab
members with externally bonded glass fibre-reinforced
polymer plates in the tension zone

In study [47], Gudonis et al. presented a
comprehensive review of contemporary techniques for
strengthening and reinforcing reinforced concrete
structures using fibre-reinforced polymer (FRP)
composites. The authors highlighted that the external
strengthening of reinforced concrete beams and slabs
using glass fibre-reinforced polymer (GFRP) and
carbon fibre-reinforced polymer (CFRP) plates, sheets,
or laminates represents one of the most promising
approaches for upgrading existing structures owing to
the high tensile strength, excellent corrosion resistance,
and low self-weight of composite materials. Particular
attention was devoted to the issue of bond failure
between the FRP reinforcement and the concrete
substrate, as debonding of the concrete cover or
interfacial failure frequently governs the ultimate limit
state of strengthened members. The authors further
emphasised that the effectiveness of externally bonded
FRP reinforcement depends primarily on the anchorage
system, the quality of the concrete surface preparation,
and the deformational characteristics of the composite
material.

In study [48], Sakbana and Mashreib carried out a
numerical investigation of the flexural behaviour of
reinforced concrete beams strengthened with CFRP
elements using the finite element method. The authors
compared the effectiveness of externally bonded
reinforcement (EBR) employing CFRP sheets with the
near-surface mounted (NSM) technique, in which
composite reinforcement is partially embedded within
the concrete cover. The results demonstrated that CFRP
strengthening increased the load-bearing capacity of
the beams by 6.6% for the EBR system and by as much
as 108.8% for the NSM system compared with the
control specimens. The study also showed that
increasing the thickness of the CFRP sheet from 0.11
mm to 0.50 mm enhanced the stiffness and flexural
strength of the beam by approximately 48%, while
increasing the length of the composite reinforcement
further improved the load-bearing capacity of the
strengthened member. Moreover, the authors reported
that the NSM technique exhibited a lower tendency
towards debonding and provided more efficient stress
transfer between the concrete substrate and the CFRP
reinforcement.

In study [49], Alkhrdaji et al. investigated the
strengthening of cast-in-situ reinforced concrete bridge
deck slabs using externally bonded FRP systems under
full-scale field conditions. Experimental testing was
performed on an existing bridge span in which one
portion of the slab was strengthened using externally
bonded FRP sheets, whereas another portion was
reinforced using NSM CFRP bars. The results
demonstrated that composite strengthening systems
enable the upgrading of bridge structures with minimal

disruption to traffic and service conditions while
requiring comparatively low construction effort. The
researchers also noted that the NSM system offers
additional advantages, including improved anchorage,
rapid installation, and reduced requirements for
concrete surface preparation. Furthermore, the study
confirmed that CFRP reinforcement provides an
effective means of increasing the load-bearing capacity
of existing bridge deck slabs originally designed in
accordance with obsolete design standards.

6.2. Three-sided and side strengthening of reinforced
concrete beams using external carbon fibre-reinforced
polymer elements

In dissertation [50], Dias conducted a comprehensive
experimental and analytical investigation into the shear
strengthening of reinforced concrete beams by
installing CFRP laminates into grooves cut within the
concrete cover using the near-surface mounted (NSM)
technique. The effectiveness of NSM strengthening
was compared with conventional externally bonded
CFRP reinforcement systems as well as with traditional
steel stirrup strengthening. The results demonstrated
that beams strengthened with embedded CFRP
laminates exhibited more efficient utilisation of the
composite material and superior shear resistance
compared with externally bonded reinforcement (EBR)
systems. The study also examined the influence of
laminate orientation, transverse reinforcement ratio,
concrete strength class, and the shear span-to-effective
depth ratio on the efficiency of strengthening. The
findings confirmed the considerable potential of the
NSM technique for strengthening reinforced concrete
beam members where an increase in shear load-bearing
capacity is required.

Conclusions

One of the most effective techniques for
strengthening reinforced concrete flexural members is
the enlargement of their cross-sections through the
application of an additional reinforced concrete layer.
This method enhances the section modulus, stiffness,
and load-bearing capacity of the structural member.
Experimental investigations have demonstrated an
increase in load-bearing capacity ranging from 30% to
90%, depending on the reinforcement arrangement, the
thickness of the additional layer, and the quality of the
bond between the existing and newly placed concrete.
In particular, three-sided enlargement of the cross-
sections of reinforced concrete beam members provides
superior  performance compared with  other
strengthening techniques. The maximum increase in
flexural strength ranges from 81% to 120%, while crack
resistance improves by 300%-500% relative to the
reference specimens. Furthermore, the maximum
increase in shear strength reaches 51%-80%,
accompanied by an improvement in shear crack
resistance of 121%-180%.

A hybrid strengthening technique for reinforced
concrete beam and slab members, based on the
simultaneous enlargement of the cross-sections in both
the tension and compression zones, has demonstrated
significantly higher efficiency than conventional
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strengthening methods because it combines two or
more technological techniques and structural
approaches. Previous studies have shown that,
compared with individual strengthening schemes, the
hybrid technique increases the flexural load-bearing
capacity of reinforced concrete slab elements by more
than 100-120% without reducing their ductility. In
contrast, individual strengthening methods, involving
reinforcement applied only to the upper or lower
surface or only to one or both side faces of the cross-
section, increase flexural strength by only 40-60%
compared with the corresponding reference structural
element.

The literature review revealed that, despite the
considerable number of published studies devoted to
the strengthening of reinforced concrete members,
relatively little attention has been paid to the
simultaneous strengthening of reinforced concrete
beam elements by enlarging their cross-sections in both
the compression and tension zones (see Fig. 1le).

Furthermore, the provisions of Clause 6.3.5 of the
current Ukrainian building code DBN B V.3.1-2:2016
[1] do not include a combined strengthening scheme for
beam and slab structural members involving the
simultaneous strengthening of both the compression
and tension zones of the cross-section. Consequently,
to facilitate the widespread implementation of this
strengthening technique in engineering design practice,
it is necessary to develop a design methodology for
evaluating the flexural strength of reinforced concrete
beam and slab members strengthened by the
simultaneous enlargement of their cross-sections in
both the compression and tension zones. Such a
methodology should enable the determination of the
optimum parameters of the additional tensile
reinforcement as a function of the thickness of the
additional reinforced concrete layer (d), the member
span (L), and the cross-sectional depth (h), while
accounting for the existing reinforcement area of the
reinforced concrete member prior to strengthening.

References

1. MiHicTepcTBO perioHanbsHOTO PO3BHTKY,
OyAiBHHIITBA Ta >KUTIOBO-KOMYHAIIBHOTO TOCHOAapCTBA
VYxpainn. (2017). AbH B.3.1-2:2016. Pemonm i niocunenus
HeCyuux i 020p00xHcy8anbHUX 0YOi8eNbHUX KOHCMPYKYIL ma
ocHos 6ydisens i cnopyo. A1 « YkpH/IHI».

2. Pumap, S. B. (2010). Miynicme  ma
deghopmamusHicmv  3ani300eMOHHUX  OANOK, NIOCUTIEHUX
nio  HABAHMAJICEHHAM  HAPOWYBAMHAM  APMAMypu
(ABTopedepar amcepramii KaHIUAATa TEXHIYHUX HAYK,
Hamionaneauii  yHiBepcuteT «JIbBIBChKAa MOJITEXHIKAY).
https://ena.lpnu.ua/items/c9bb0ff1-f732-46a4-b437-
442074daf15f

3. bmixapcekwmii, 3. 5., & Pumap, 5. B. (2005).
ExcrnieprMeHTaNbHI JOCTIPKEHHS 3a1i300€TOHHUX 0aJIoK,
IiICUJIGHUX HapOIIyBaHHAM apMatypu. Pecypcoekonommi
Mamepianu, KoHcmpykyii, 6yoieni ma cnopyou, 13, 346—
351.

4. bnixapcekuit, 3. ., & Pumap, . B. (20006).
[Migcumenns  3amiz00eTOHHMX OalloOK  HAPOIIyBaHHAM
apMaTtypu il  HaBaHTAXEHHAM.  PecypcoekoHomHui
Mamepianu, KoHcmpykyii, 6yoieni ma cnopyou, 14, 449—
454,

5. bnixapcekuit, 3. ., Pumap, . B., & Xwmins, P. €.
(2005). 3anizobeToHHI Oanky, MiICHIEHI HAPOILYBaHHIM
apMaTypH MiJ HaBaHTaXEHHAM. Bicuux Hayionanvrozo
yuigepcumemy  «JIvgiecoka nonimexuikay. Teopia i
npaxmuxa bydigHuymea, 545, 15-19.
https://ena.lpnu.ua/handle/ntb/47302

6. bmixapcekwmii, 3. f., Xwmins, P. €., Pumap, f. B.,
Koanbuyxk, b. M., & Turapenko, P. 10. (2015). Meroauxa
EKCIIEPHUMEHTATIBHOTO JOCIIKSHHS MIITHOCTI HOPMATbHUX
NEePETUHIB 3aJ1i1300€ TOHHUX baox, MiICHIICHUX
JIOIATKOBOIO IOMEPEHBO HAIPY)KEHOIO apMaTyporo Mix
HaBaHTAXEHHAM. Bicnux Hayionanshozo yuigepcumemy
«/lvsiscoka  nonimexuixa».  Teopin i1  npakmuxa
6ydigHuymea, 823, 21-26.
http://nbuv.gov.ua/UIRN/VNULPTPB_2015_823 6

7. Kosanbuyk, b. M., Pumap, 1. B., brixapcekwit, 3. 4.,
& Xomon, I1. @. (2017). MiuHicTh 3a1i300€TOHHUX OAJIOK,

1. Ministry for Communities, Territories and
Infrastructure Development of Ukraine. (2017). DBN V.3.1-
2:2016. Repair and strengthening of load-bearing and
enclosing building structures and foundations of buildings
and structures. UKrNDNC.

2. Rymar, Y. V. (2010). Strength and deformability of
reinforced concrete beams strengthened under load by
additional reinforcement (Extended abstract of Candidate
of Technical Sciences dissertation, Lviv Polytechnic
National University). https://ena.lpnu.ua/items/c9bb0ff1-
f732-46a4-b437-442074daf15f

3. Blikharskyi, Z. Ya., & Rymar, Y. V. (2005).
Experimental investigation of reinforced concrete beams
strengthened by additional reinforcement. Resource-
Efficient  Materials,  Structures,  Buildings and
Constructions, 13, 346-351.

4. Blikharskyi, Z. Ya, & Rymar, Y. V. (2006).
Strengthening of reinforced concrete beams by additional
reinforcement under load. Resource-Efficient Materials,
Structures, Buildings and Constructions, 14, 449-454.

5. Blikharskyi, Z. Ya., Rymar, Y. V., & Khmil, R. Ye.
(2005). Reinforced concrete beams strengthened by
additional reinforcement under load. Bulletin of Lviv
Polytechnic National University. Theory and Practice of
Construction, 545, 15-19.
https://ena.lpnu.ua/handle/ntb/47302

6. Blikharskyi, Z. Ya., Khmil, R. Ye., Rymar, Y. V.,
Kovalchuk, B. M., & Tytarenko, R. Yu. (2015).
Experimental methodology for investigating the strength of
normal sections of reinforced concrete beams strengthened
with additional prestressed reinforcement under load.
Bulletin of Lviv Polytechnic National University. Theory
and Practice of  Construction, 823, 21-26.
http://nbuv.gov.ua/UJRN/VNULPTPB 2015 823 6

7. Kovalchuk, B. M., Rymar, Y. V., Blikharskyi, Z.
Ya., & Kholod, P. F. (2017). Strength of reinforced concrete

HiJICHICHHX MONEPEHBO HAMPYKEHOK  apMaTyporo. beams strengthened with prestressed reinforcement.
Bicnux  Hayionanenozco  ynisepcumemy  «JIvsiecoka Bulletin of Lviv Polytechnic National University. Theory
nonimexuixay. Teopis i npaxmuka 6yoienuymsa, 877, 109— and Practice of Construction, 877, 109-114.
114. http://ena.lp.edu.ua:8080/handle/ntb/44184 http://ena.lp.edu.ua:8080/handle/ntb/44184

Academic journal. Industrial Machine Building, Civil Engineering. - 1 (64)' 2025 ISSN: 2409-9074(print) 29


https://ena.lpnu.ua/items/c9bb0ff1-f732-46a4-b437-442074daf15f
https://ena.lpnu.ua/items/c9bb0ff1-f732-46a4-b437-442074daf15f
https://ena.lpnu.ua/items/c9bb0ff1-f732-46a4-b437-442074daf15f
https://ena.lpnu.ua/items/c9bb0ff1-f732-46a4-b437-442074daf15f
https://ena.lpnu.ua/handle/ntb/47302
https://ena.lpnu.ua/handle/ntb/47302
http://nbuv.gov.ua/UJRN/VNULPTPB_2015_823_6
http://nbuv.gov.ua/UJRN/VNULPTPB_2015_823_6
http://ena.lp.edu.ua:8080/handle/ntb/44184
http://ena.lp.edu.ua:8080/handle/ntb/44184

8. Bospuyk, b. A. (2003). Miynicmeo,
mpiyuHocmitxicms ma Ooepopmamugnicmo
3a1i300€MOHHUX KOHCMPYKYill npu  pisHux cnocobax
niocunenna posmsaewymoi sonu (Jlucepramis kaHaumaTta
TEXHIYHUX HayK). JIynpbK.

9. Gul, A,, Alam, B., Khan, F. A., Badrashi, Y. I., &
Shahzada, K. (2015). Strengthening and evaluation of
reinforced concrete beams for flexure by using external
steel reinforcements. International Journal of Scientific
Engineering and  Technology, 4(4), 260-263.
https://doi.org/10.17950/ijset/v4s4/409

10. Hosen, M. A., Abdullah, M. A., Jumaat, M. Z,,
Alengaram, U. J., Islam, A. B. M. S., & Hashim, H. (2014).
Flexural strengthening of RC beams with NSM steel bars.
In Proceedings of the International Conference on Food,
Agriculture and Biology (pp. 8-13).
https://doi.org/10.15242/11CBE.C61451

11. Hosen, M. A., Jumaat, M. Z., Alengaram, U. J.,
Islam, A. B. M. S., & Hashim, H. (2016). Near surface
mounted composites for flexural strengthening of
reinforced concrete beams. Polymers, 8(3), 67.
https://doi.org/10.3390/polym8030067

12. Al-Ameedee, H. S., & Al-Khafaji, H. M. (2022).
Improving the flexural behavior of RC beams strengthening
by near-surface mounting. Journal of Mechanical Behavior
of Materials, 31(2), 701-709.
https://doi.org/10.1515/jmbm-2022-0070

13. Jung, W. T., Park, J. S., Kang, J. Y., & Keum, M. S.
(2017). Flexural behavior of concrete beam strengthened by
near-surface  mounted CFRP reinforcement using
equivalent section model. Advances in Materials Science
and Engineering, 2017, Acrticle 9180624.
https://doi.org/10.1155/2017/9180624

14. Jung, W. T., Park, Y. H., Park, J. S., Kang, J. Y., &
You, Y. J. (2005). Experimental investigation on flexural
behavior of RC beams strengthened by NSM CFRP
reinforcements. In Proceedings of the 7th International
Symposium on Fiber-Reinforced Polymer Reinforcement
for Concrete Structures (FRPRCS-7) (pp. 795-806).
https://quakewrap.com/frp %20papers/ExperimentalInvest

8. Boiarchuk, B. A. (2003). Strength, crack resistance
and deformability of reinforced concrete structures
strengthened by various methods of tensile zone
reinforcement  (Candidate of Technical Sciences
dissertation). Lutsk.

9. Gul, A., Alam, B., Khan, F. A., Badrashi, Y. I., &
Shahzada, K. (2015). Strengthening and evaluation of
reinforced concrete beams for flexure by using external
steel reinforcements. International Journal of Scientific
Engineering and  Technology, 4(4), 260-263.
https://doi.org/10.17950/ijset/v4s4/409

10. Hosen, M. A., Abdullah, M. A., Jumaat, M. Z.,
Alengaram, U. J., Islam, A. B. M. S., & Hashim, H. (2014).
Flexural strengthening of RC beams with NSM steel bars.
In Proceedings of the International Conference on Food,
Agriculture and Biology (pp. 8-13).
https://doi.org/10.15242/I1CBE.C61451

11. Hosen, M. A., Jumaat, M. Z., Alengaram, U. J.,
Islam, A. B. M. S., & Hashim, H. (2016). Near surface
mounted composites for flexural strengthening of
reinforced concrete beams. Polymers, 8(3), 67.
https://doi.org/10.3390/polym8030067

12. Al-Ameedee, H. S., & Al-Khafaji, H. M. (2022).
Improving the flexural behavior of RC beams strengthening
by near-surface mounting. Journal of Mechanical Behavior
of Materials, 31(2), 701-709.
https://doi.org/10.1515/jmbm-2022-0070

13. Jung, W. T., Park, J. S., Kang, J. Y., & Keum, M. S.
(2017). Flexural behavior of concrete beam strengthened by
near-surface mounted CFRP reinforcement using
equivalent section model. Advances in Materials Science
and Engineering, 2017, Article 9180624.
https://doi.org/10.1155/2017/9180624

14. Jung, W. T., Park, Y. H., Park, J. S., Kang, J. Y., &
You, Y. J. (2005). Experimental investigation on flexural
behavior of RC beams strengthened by NSM CFRP
reinforcements. In Proceedings of the 7th International
Symposium on Fiber-Reinforced Polymer Reinforcement
for Concrete Structures (FRPRCS-7) (pp. 795-806).
https://quakewrap.com/frp %20papers/Experimentallnvesti

igationonFlexuralBehaviorofRCBeamsStrengthenedbyNS

gationonFlexuralBehaviorofRCBeamsStrengthenedbyNS

MCFRPReinforcement.pdf

15. Xing, G., Chang, Z.,, & Ozbulut, O. E. (2018).
Behavior and failure modes of reinforced concrete beams
strengthened with NSM GFRP or aluminum alloy bars.
Structural Concrete, 20(2), 641-653.
https://doi.org/10.1002/suc0.201700099

16. Abdallah, M., Al Mahmoud, F., Tabet-Derraz, M. 1.,
et al. (2021). Experimental and numerical investigation on
the effectiveness of NSM and side-NSM CFRP bars for
strengthening continuous two-span RC beams. Journal of
Building Engineering, 41, 102723.
https://doi.org/10.1016/j.jobe.2021.102723

17. De Lorenzis, L., Nanni, A., & La Tegola, A. (2000).
Strengthening of reinforced concrete structures with near
surface mounted FRP rods. In Proceedings of the
International Meeting on Composite Materials (PLAST
2000) (Milan, Italy, May 9-11, 2000).
https://www.researchgate.net/publication/237445610

18. Szabd, Z. K., & Balazs, G. L. (2007). Near surface
mounted FRP reinforcement for strengthening of concrete
structures. Periodica Polytechnica Civil Engineering,
51(1), 33-38. https://doi.org/10.3311/PP.ci.2007-1.05

19. Pour, A. K., Karami, M., & Karakouzian, M. (2024).
Enhancing flexural strength of RC beams with different
steel-glass fiber-reinforced polymer composite laminate
configurations: Experimental and analytical approach.
Infrastructures, 9(4), 73.
https://doi.org/10.3390/infrastructures9040073

MCFRPReinforcement.pdf

15. Xing, G., Chang, Z., & Ozbulut, O. E. (2018).
Behavior and failure modes of reinforced concrete beams
strengthened with NSM GFRP or aluminum alloy bars.
Structural Concrete, 20(2), 641-653.
https://doi.org/10.1002/suc0.201700099

16. Abdallah, M., Al Mahmoud, F., Tabet-Derraz, M. 1.,
et al. (2021). Experimental and numerical investigation on
the effectiveness of NSM and side-NSM CFRP bars for
strengthening continuous two-span RC beams. Journal of
Building Engineering, 41, 102723.
https://doi.org/10.1016/j.jobe.2021.102723

17. De Lorenzis, L., Nanni, A., & La Tegola, A. (2000).
Strengthening of reinforced concrete structures with near
surface mounted FRP rods. In Proceedings of the
International Meeting on Composite Materials (PLAST
2000) (Milan, Italy, May 9-11, 2000).
https://www.researchgate.net/publication/237445610

18. Szabd, Z. K., & Balazs, G. L. (2007). Near surface
mounted FRP reinforcement for strengthening of concrete
structures. Periodica Polytechnica Civil Engineering,
51(1), 33-38. https://doi.org/10.3311/PP.ci.2007-1.05

19. Pour, A. K., Karami, M., & Karakouzian, M. (2024).
Enhancing flexural strength of RC beams with different
steel-glass fiber-reinforced polymer composite laminate
configurations: Experimental and analytical approach.
Infrastructures, 9(4), 73.
https://doi.org/10.3390/infrastructures9040073

30 ISSN: 2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. - 1 (66)' 2026


https://doi.org/10.17950/ijset/v4s4/409
https://doi.org/10.17950/ijset/v4s4/409
https://doi.org/10.15242/IICBE.C61451
https://doi.org/10.15242/IICBE.C61451
https://doi.org/10.3390/polym8030067
https://doi.org/10.3390/polym8030067
https://doi.org/10.1515/jmbm-2022-0070
https://doi.org/10.1515/jmbm-2022-0070
https://doi.org/10.1155/2017/9180624
https://doi.org/10.1155/2017/9180624
https://quakewrap.com/frp%20%20papers/ExperimentalInvestigationonFlexuralBehaviorofRCBeamsStrengthenedbyNSMCFRPReinforcement.pdf
https://quakewrap.com/frp%20%20papers/ExperimentalInvestigationonFlexuralBehaviorofRCBeamsStrengthenedbyNSMCFRPReinforcement.pdf
https://quakewrap.com/frp%20%20papers/ExperimentalInvestigationonFlexuralBehaviorofRCBeamsStrengthenedbyNSMCFRPReinforcement.pdf
https://quakewrap.com/frp%20%20papers/ExperimentalInvestigationonFlexuralBehaviorofRCBeamsStrengthenedbyNSMCFRPReinforcement.pdf
https://quakewrap.com/frp%20%20papers/ExperimentalInvestigationonFlexuralBehaviorofRCBeamsStrengthenedbyNSMCFRPReinforcement.pdf
https://quakewrap.com/frp%20%20papers/ExperimentalInvestigationonFlexuralBehaviorofRCBeamsStrengthenedbyNSMCFRPReinforcement.pdf
https://doi.org/10.1002/suco.201700099
https://doi.org/10.1002/suco.201700099
https://doi.org/10.1016/j.jobe.2021.102723
https://doi.org/10.1016/j.jobe.2021.102723
https://www.researchgate.net/publication/237445610
https://www.researchgate.net/publication/237445610
https://doi.org/10.3311/PP.ci.2007-1.05
https://doi.org/10.3311/PP.ci.2007-1.05
https://doi.org/10.3390/infrastructures9040073
https://doi.org/10.3390/infrastructures9040073

20. Taha, S., Iskander, G., Abou-Zeid, M., & Sayed-
Ahmed, E. (2024). Examining ACI development length and
strength provisions for RC slabs strengthened with NSM
GFRP. Electronic Journal of Structural Engineering, 24(2),
1-5. https://doi.org/10.56748/ejse.24506

21. Oudah, F., & El-Hacha, R. (2012). Non-linear finite
element modeling of RC beams strengthened using
prestressed NSM CFRP rods under cyclic loading. In
Proceedings of the 6th International Conference on
Advanced Composite Materials in Bridges and Structures
(ACMBS 2012) (Kingston, Ontario, Canada, May 22-25,
2012).

22. Adel, B., et al. (2020). Modeling of CFRP
strengthened RC beams using the SNSM technique,
proposed as an alternative to NSM and EBR techniques.
Frattura ed |Integrita Strutturale, 14(54), 21-35.
https://doi.org/10.3221/IGF-ESI1S.54.02

23. Alkhateeb, M. Y., & Hejazi, F. (2022). Reinforced
concrete beams externally strengthened by CFRP rods with
steel plate, anchorage bolts, and concrete jacketing.
Structures, 46, 1994-2013.
https://doi.org/10.1016/j.istruc.2022.11.024

24. Oudah, F., & El-Hacha, R. (2012). Anchorage
performance of RC beams strengthened using prestressed
NSM CFRP under fatigue and post-fatigue monotonic
loadings. In Proceedings of the 4th International
Conference on Bond in Concrete (BIC 2012) (Brescia, Italy,
June 17-20, 2012).

25. Yekanosuy, M. TI., UYekanosuu, O. M., &
XKypaxiBcbkuii, B. IL (2014). Miunicts
cTane3aaizo0eTOHHUX  0alloK, MiACHJICHUX BaKiJIbHO-

CTPU)KHEBOIO CUCTEeMOMW. [anyzese mautuHo6yO0yeanHs,

20. Taha, S., Iskander, G., Abou-Zeid, M., & Sayed-
Ahmed, E. (2024). Examining ACI development length and
strength provisions for RC slabs strengthened with NSM
GFRP. Electronic Journal of Structural Engineering, 24(2),
1-5. https://doi.org/10.56748/ejse.24506

21. Oudah, F., & El-Hacha, R. (2012). Non-linear finite
element modeling of RC beams strengthened using
prestressed NSM CFRP rods under cyclic loading. In
Proceedings of the 6th International Conference on
Advanced Composite Materials in Bridges and Structures
(ACMBS 2012) (Kingston, Ontario, Canada, May 22-25,
2012).

22. Adel, B., et al. (2020). Modeling of CFRP
strengthened RC beams using the SNSM technique,
proposed as an alternative to NSM and EBR techniques.
Frattura ed Integrita Strutturale, 14(54), 21-35.
https://doi.org/10.3221/IGF-ESIS.54.02

23. Alkhateeb, M. Y., & Hejazi, F. (2022). Reinforced
concrete beams externally strengthened by CFRP rods with
steel plate, anchorage bolts, and concrete jacketing.
Structures, 46, 1994-2013.
https://doi.org/10.1016/j.istruc.2022.11.024

24. Oudah, F., & El-Hacha, R. (2012). Anchorage
performance of RC beams strengthened using prestressed
NSM CFRP under fatigue and post-fatigue monotonic
loadings. In Proceedings of the 4th International
Conference on Bond in Concrete (BIC 2012) (Brescia, ltaly,
June 17-20, 2012).

25. Chekanovych, M. H., Chekanovych, O. M., &
Zhurakhivskyi, V. P. (2014). Strength of steel-reinforced
concrete beams strengthened with a lever-and-rod system.
Academic Journal. Industrial Machine Building, Civil

6yOisHuymeo, 3(42), 227-231. Engineering, 3(42), 227-231.
https://znp.nupp.edu.ua/files/archive/ua/2014/42 1/227- https://znp.nupp.edu.ua/files/archive/ua/2014/42 1/227-
231.pdf 231.pdf

26. Chekanovych, M. (2023). Stress-strain state of
reinforced concrete beams strengthened with a flexible rod-
roller system. AIP Conference Proceedings, 2949, 020004.
https://doi.org/10.1063/5.0165276

27. Li, L.-Z., Jiang, C.-J, Su, R. K.-L., & Lo, S.-H.
(2017). A piecewise linear transverse shear transfer model
for bolted side-plated beams. Structural Engineering and
Mechanics, 62(4), 443-453.
https://doi.org/10.12989/SEM.2017.62.4.443

28. Liu, X,, Lu, Z.-D., & Li, L.-Z. (2018). The use of
bolted side plates for shear strengthening of RC beams: A
review. Sustainability, 10(12), 4658.
https://doi.org/10.3390/su10124658

29. Li, L.-Z., Liu, X,, Luo, Y., Su, M.-N., & Zhu, J.-H.
(2019). Flexural performance of bolted-side-plated
reinforced concrete beams with buckling restraining. ACI
Structural Journal, 116(2), 1-12.
https://doi.org/10.14359/51712277

30. Kim, M. S., & Lee, Y. H. (2021). Flexural behavior
of reinforced concrete beams retrofitted with modularized
steel plates. Applied Sciences, 11(5), 2348.
https://doi.org/10.3390/app11052348

31. Brihwiler, E., & Denarié, E. (2008). Rehabilitation
of concrete structures using ultra-high performance fibre
reinforced concrete. In Proceedings of the Second
International Symposium on Ultra High Performance
Concrete (UHPC 2008) (Kassel, Germany, March 5-7,
2008).
https://www.academia.edu/109071371/Rehabilitation_of

26. Chekanovych, M. (2023). Stress-strain state of
reinforced concrete beams strengthened with a flexible rod-
roller system. AIP Conference Proceedings, 2949, 020004.
https://doi.org/10.1063/5.0165276

27. Li, L.-Z., Jiang, C.-J,, Su, R. K.-L., & Lo, S.-H.
(2017). A piecewise linear transverse shear transfer model
for bolted side-plated beams. Structural Engineering and
Mechanics, 62(4), 443-453.
https://doi.org/10.12989/SEM.2017.62.4.443

28. Liu, X,, Lu, Z.-D., & Li, L.-Z. (2018). The use of
bolted side plates for shear strengthening of RC beams: A
review. Sustainability, 10(12), 4658.
https://doi.org/10.3390/su10124658

29. Li, L.-Z., Liu, X., Luo, Y., Su, M.-N., & Zhu, J.-H.
(2019). Flexural performance of bolted-side-plated
reinforced concrete beams with buckling restraining. ACI
Structural Journal, 116(2), 1-12.
https://doi.org/10.14359/51712277

30. Kim, M. S, & Lee, Y. H. (2021). Flexural behavior
of reinforced concrete beams retrofitted with modularized
steel plates. Applied Sciences, 11(5), 2348.
https://doi.org/10.3390/app11052348

31. Brihwiler, E., & Denarié, E. (2008). Rehabilitation
of concrete structures using ultra-high performance fibre
reinforced concrete. In Proceedings of the Second
International Symposium on Ultra High Performance
Concrete (UHPC 2008) (Kassel, Germany, March 5-7,
2008).
https://www.academia.edu/109071371/Rehabilitation_of

concrete structures_using_Ultra_High Performance Fibr

concrete_structures_using_Ultra_High Performance_Fibr

e Reinforced Concrete

e Reinforced Concrete

Academic journal. Industrial Machine Building, Civil Engineering. - 1 (66)' 2026

ISSN: 2409-9074(print) 31


https://doi.org/10.56748/ejse.24506
https://doi.org/10.56748/ejse.24506
https://doi.org/10.3221/IGF-ESIS.54.02
https://doi.org/10.3221/IGF-ESIS.54.02
https://doi.org/10.1016/j.istruc.2022.11.024
https://doi.org/10.1016/j.istruc.2022.11.024
https://znp.nupp.edu.ua/files/archive/ua/2014/42_1/227-231.pdf
https://znp.nupp.edu.ua/files/archive/ua/2014/42_1/227-231.pdf
https://znp.nupp.edu.ua/files/archive/ua/2014/42_1/227-231.pdf
https://znp.nupp.edu.ua/files/archive/ua/2014/42_1/227-231.pdf
https://doi.org/10.1063/5.0165276
https://doi.org/10.1063/5.0165276
https://doi.org/10.12989/SEM.2017.62.4.443
https://doi.org/10.12989/SEM.2017.62.4.443
https://doi.org/10.3390/su10124658
https://doi.org/10.3390/su10124658
https://doi.org/10.14359/51712277
https://doi.org/10.14359/51712277
https://doi.org/10.3390/app11052348
https://doi.org/10.3390/app11052348
https://www.academia.edu/109071371/Rehabilitation_of_concrete_structures_using_Ultra_High_Performance_Fibre_Reinforced_Concrete
https://www.academia.edu/109071371/Rehabilitation_of_concrete_structures_using_Ultra_High_Performance_Fibre_Reinforced_Concrete
https://www.academia.edu/109071371/Rehabilitation_of_concrete_structures_using_Ultra_High_Performance_Fibre_Reinforced_Concrete
https://www.academia.edu/109071371/Rehabilitation_of_concrete_structures_using_Ultra_High_Performance_Fibre_Reinforced_Concrete
https://www.academia.edu/109071371/Rehabilitation_of_concrete_structures_using_Ultra_High_Performance_Fibre_Reinforced_Concrete
https://www.academia.edu/109071371/Rehabilitation_of_concrete_structures_using_Ultra_High_Performance_Fibre_Reinforced_Concrete

32. Khan, M.I.; Abbas, Y.M. Behavioral Evaluation of
Strengthened Reinforced Concrete Beams with Ultra-
Ductile Fiber-Reinforced Cementitious Composite Layers.
Materials 2023, 16, 4695.
https://doi.org/10.3390/mal16134695

33. Saeed, F. H., & Hejazi, F. A. (2025). Comprehensive
review of retrofitted reinforced concrete members utilizing
ultra-high-performance fiber-reinforced concrete.
Materials, 18(5), 945. https://doi.org/10.3390/ma18050945

34. Hammad, M., Bahrami, A., Khokhar, S. A, &
Khushnood, R. A. (2024). A state-of-the-art review on
structural  strengthening  techniques with  FRPs:
Effectiveness, shortcomings, and future research directions.
Materials, 17(6), 1408.
https://doi.org/10.3390/mal17061408

35. Osman, B. H., Wu, E., Ji, B., et al. (2016). A state of
the art review on reinforced concrete beams with openings
retrofitted with FRP. International Journal of Advanced
Structural Engineering, 8(3), 253-267.
https://doi.org/10.1007/s40091-016-0128-7

36. Frhaan, W. K. M., Abu Bakar, B. H., Hilal, N, et al.
(2021). CFRP for strengthening and repairing reinforced
concrete: A review. Innovative Infrastructure Solutions, 6,
49. https://doi.org/10.1007/s41062-020-00417-5

37. Siddika, A., Al Mamun, M. A., Ferdous, W., &
Alyousef, R. (2020). Performances, challenges and
opportunities in  strengthening reinforced concrete
structures by using FRPs: A state-of-the-art review.
Engineering  Failure  Analysis, 111,  104480.
https://doi.org/10.1016/j.engfailanal.2020.104480

38. Ahmed, F. B, Biswas, R. K., Sen, D., & Tasnim, S.
(2024). Flexural and shear strengthening of reinforced-
concrete beams with ultra-high-performance concrete
(UHPC). Construction Materials, 4(2), 468-492.
https://doi.org/10.3390/constrmater4020025

39. Zhu, Y., Zhang, Y., Hussein, H. H., & Chen, G.
(2020). Flexural strengthening of reinforced concrete
beams or slabs using ultra-high performance concrete
(UHPC): A state-of-the-art review. Engineering Structures,
205, 110035.
https://doi.org/10.1016/j.engstruct.2019.110035

40. Abbas, H. M., & Kadhim, M. M. (2024). Review of
behavior flexural strengthened RC beams using ultra-high
performance concrete. Salud, Ciencia y Tecnologia — Serie
de Conferencias, 3, 854.
https://conferencias.ageditor.ar/index.php/sctconf/article/vi

32. Khan, M.1.; Abbas, Y.M. Behavioral Evaluation of
Strengthened Reinforced Concrete Beams with Ultra-
Ductile Fiber-Reinforced Cementitious Composite Layers.
Materials 2023, 16, 4695.
https://doi.org/10.3390/mal16134695

33. Saeed, F. H., & Hejazi, F. A. (2025). Comprehensive
review of retrofitted reinforced concrete members utilizing
ultra-high-performance fiber-reinforced concrete.
Materials, 18(5), 945. https://doi.org/10.3390/mal18050945

34. Hammad, M., Bahrami, A., Khokhar, S. A, &
Khushnood, R. A. (2024). A state-of-the-art review on
structural  strengthening  techniques with  FRPs:
Effectiveness, shortcomings, and future research directions.
Materials, 17(6), 1408.
https://doi.org/10.3390/mal7061408

35. Osman, B. H., Wu, E., Ji, B., et al. (2016). A state of
the art review on reinforced concrete beams with openings
retrofitted with FRP. International Journal of Advanced
Structural Engineering, 8(3), 253-267.
https://doi.org/10.1007/s40091-016-0128-7

36. Frhaan, W. K. M., Abu Bakar, B. H., Hilal, N., et al.
(2021). CFRP for strengthening and repairing reinforced
concrete: A review. Innovative Infrastructure Solutions, 6,
49. https://doi.org/10.1007/s41062-020-00417-5

37. Siddika, A., Al Mamun, M. A., Ferdous, W., &
Alyousef, R. (2020). Performances, challenges and
opportunities in  strengthening reinforced concrete
structures by using FRPs: A state-of-the-art review.
Engineering  Failure  Analysis, 111,  104480.
https://doi.org/10.1016/j.engfailanal.2020.104480

38. Ahmed, F. B., Biswas, R. K., Sen, D., & Tasnim, S.
(2024). Flexural and shear strengthening of reinforced-
concrete beams with ultra-high-performance concrete
(UHPC). Construction Materials, 4(2), 468-492.
https://doi.org/10.3390/constrmater4020025

39. Zhu, Y., Zhang, Y., Hussein, H. H., & Chen, G.
(2020). Flexural strengthening of reinforced concrete
beams or slabs using ultra-high performance concrete
(UHPC): A state-of-the-art review. Engineering Structures,
205, 110035.
https://doi.org/10.1016/j.engstruct.2019.110035

40. Abbas, H. M., & Kadhim, M. M. (2024). Review of
behavior flexural strengthened RC beams using ultra-high
performance concrete. Salud, Ciencia y Tecnologia — Serie
de Conferencias, 3, 854.
https://conferencias.ageditor.ar/index.php/sctconf/article/vi

ew/918

41. Mand, K. A., Ali, F. H., & Yaman, S. S. A. (2022).
Flexural and shear strengthening of reinforced concrete
beams using FRP composites: A state of the art. Case
Studies in  Construction Materials, 17, e01189.
https://doi.org/10.1016/j.cscm.2022.e01189

42. Huang, Y., et al. (2022). Strengthening of concrete
structures with ultra-high performance fiber reinforced
concrete (UHPFRC): A critical review. Construction and
Building Materials, 336, 127398.
https://doi.org/10.1016/j.conbuildmat.2022.127398

43. Hussein, L., & Amleh, L. (2015). Structural behavior
of ultra-high performance fiber reinforced concrete—normal
strength concrete or high strength concrete composite
members. Construction and Building Materials, 93, 1105-
1116. https://doi.org/10.1016/j.conbuildmat.2015.05.030

44. Association Francaise de Génie Civil. (2013). Bétons
fibrés a ultra-hautes performances: Recommandations.
Association Francaise de Génie Civil.

ew/918

41. Mand, K. A, Ali, F. H., & Yaman, S. S. A. (2022).
Flexural and shear strengthening of reinforced concrete
beams using FRP composites: A state of the art. Case
Studies in  Construction Materials, 17, e01189.
https://doi.org/10.1016/j.cscm.2022.e01189

42. Huang, Y., et al. (2022). Strengthening of concrete
structures with ultra-high performance fiber reinforced
concrete (UHPFRC): A critical review. Construction and
Building Materials, 336, 127398.
https://doi.org/10.1016/j.conbuildmat.2022.127398

43. Hussein, L., & Amleh, L. (2015). Structural behavior
of ultra-high performance fiber reinforced concrete—normal
strength concrete or high strength concrete composite
members. Construction and Building Materials, 93, 1105-
1116. https://doi.org/10.1016/j.conbuildmat.2015.05.030

44. Association Frangaise de Génie Civil. (2013). Ultra-
high-performance fiber-reinforced concrete:
Recommendations. Association Francaise de Génie Civil.

32 ISSN: 2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. - 1 (66)' 2026


https://doi.org/10.3390/ma16134695
https://doi.org/10.3390/ma16134695
https://doi.org/10.3390/ma18050945
https://doi.org/10.3390/ma18050945
https://doi.org/10.3390/ma17061408
https://doi.org/10.3390/ma17061408
https://doi.org/10.1007/s40091-016-0128-7
https://doi.org/10.1007/s40091-016-0128-7
https://doi.org/10.1007/s41062-020-00417-5
https://doi.org/10.1007/s41062-020-00417-5
https://doi.org/10.1016/j.engfailanal.2020.104480
https://doi.org/10.1016/j.engfailanal.2020.104480
https://doi.org/10.3390/constrmater4020025
https://doi.org/10.3390/constrmater4020025
https://doi.org/10.1016/j.engstruct.2019.110035
https://doi.org/10.1016/j.engstruct.2019.110035
https://conferencias.ageditor.ar/index.php/sctconf/article/view/918
https://conferencias.ageditor.ar/index.php/sctconf/article/view/918
https://conferencias.ageditor.ar/index.php/sctconf/article/view/918
https://conferencias.ageditor.ar/index.php/sctconf/article/view/918
https://doi.org/10.1016/j.cscm.2022.e01189
https://doi.org/10.1016/j.cscm.2022.e01189
https://doi.org/10.1016/j.conbuildmat.2022.127398
https://doi.org/10.1016/j.conbuildmat.2022.127398
https://doi.org/10.1016/j.conbuildmat.2015.05.030
https://doi.org/10.1016/j.conbuildmat.2015.05.030

45. Yokota, H., Rokugo, K., & Sakata, N. (2008). JSCE
recommendations for design and construction of high
performance fiber reinforced cement composites with
multiple fine cracks. In H. W. Reinhardt & A. E. Naaman
(Eds.), High Performance Fiber Reinforced Cement
Composites.

46. Chalioris, C. E., Fotis, D., Sideris, K. K,
Papadopoulos, C. P., & Pourzitidis, C. N. (2013).
Application of a reinforced self-compacting concrete jacket
in damaged reinforced concrete beams under monotonic
and repeated loading. Journal of Engineering, 2013, Article
912983. https://doi.org/10.1155/2013/912983

47. Gudonis, E., Timinskas, E., Gribniak, V.,
Kaklauskas, G., Amautov, A., & Tamulénas, V. (2013).
FRP reinforcement for concrete structures: State-of-the-art
review of application and design. Engineering Structures
and Technologies, 5(4), 147-158.
https://doi.org/10.3846/2029882X.2014.889274

48. Sakbana, A., & Mashreib, M. (2020). Analisis de
elementos finitos de vigas de hormigén armado CFRP.
Revista de Ingenieria de Construccion, 35(2), 148-169.
https://doi.org/10.4067/S0718-50732020000200148

49. Alkhrdaji, T., Nanni, A., Chen, G., & Barker, M.
(1999). Upgrading the transportation infrastructure: Solid
RC decks strengthened with FRP. Concrete International,
21(10), 37-41.

50. Dias, S. J. E. (2008). Investigacdo experimental e
analitica no reforgo ao corte de vigas de betdo armado com
a técnica da inser¢do de laminados de CFRP (Doctoral
dissertation, Universidade do Minho).
https://hdl.handle.net/1822/849

45. Yokota, H., Rokugo, K., & Sakata, N. (2008). JSCE
recommendations for design and construction of high
performance fiber reinforced cement composites with
multiple fine cracks. In H. W. Reinhardt & A. E. Naaman
(Eds.), High Performance Fiber Reinforced Cement
Composites.

46. Chalioris, C. E., Fotis, D., Sideris, K. K.,
Papadopoulos, C. P., & Pourzitidis, C. N. (2013).
Application of a reinforced self-compacting concrete jacket
in damaged reinforced concrete beams under monotonic
and repeated loading. Journal of Engineering, 2013, Article
912983. https://doi.org/10.1155/2013/912983

47. Gudonis, E., Timinskas, E., Gribniak, V.
Kaklauskas, G., Arnautov, A., & Tamulénas, V. (2013).
FRP reinforcement for concrete structures: State-of-the-art
review of application and design. Engineering Structures
and Technologies, 5(4), 147-158.
https://doi.org/10.3846/2029882X.2014.889274

48. Sakbana, A., & Mashreib, M. (2020). Finite element
analysis of CFRP-reinforced concrete beams. Revista de
Ingenieria  de  Construccion,  35(2), 148-169.
https://doi.org/10.4067/S0718-50732020000200148

49. Alkhrdaji, T., Nanni, A., Chen, G., & Barker, M.
(1999). Upgrading the transportation infrastructure: Solid
RC decks strengthened with FRP. Concrete International,
21(10), 37-41.

50. Dias, S. J. E. (2008). Experimental and analytical
investigation on the shear strengthening of reinforced
concrete beams using the technique of embedded CFRP
laminates (Doctoral dissertation, University of Minho).
https://hdl.handle.net/1822/8492

Azizova, A, & Ovsii, D. (2026). Methods of strengthening and repairing reinforced concrete beam and slab

elements by increasing their cross-sections. a review and directions for further scientific

Machine  Building Civil  Engineering, 166), 19-

Suggested Citation:
APA style
research. Academic  Journal  Industrial
34, https://doi.org/10.26906/znp.2026.66.4667
DSTU style

Azizova A, Ovsii D. Methods of strengthening and repairing reinforced concrete beam and slab elements

by increasing their cross-sections: a review and directions for further scientific research. Academic
Journal. Industrial Machine Building Civil Engineering. 2026. Vol. 66, iss. 1. P. 19-34. URL

https://doi.or

0.26906/znp.2026.66.4667

Academic journal. Industrial Machine Building, Civil Engineering. - 1 (66)' 2026

ISSN: 2409-9074(print) 33


https://doi.org/10.1155/2013/912983
https://doi.org/10.1155/2013/912983
https://doi.org/10.3846/2029882X.2014.889274
https://doi.org/10.3846/2029882X.2014.889274
https://doi.org/10.4067/S0718-50732020000200148
https://doi.org/10.4067/S0718-50732020000200148
https://hdl.handle.net/1822/8492
https://hdl.handle.net/1822/8492
https://doi.org/10.26906/znp.2026.66.4667
https://doi.org/10.26906/znp.2026.66.4667

AsizoBa Al*
HauioHanbHuit yHiBepcuTeT «[lonTaBcbKa nosiiTexHika iMeni Fpisi KonppaTioka»
https://orcid.org/0000-0001-6282-5460

Osciv M.
HauioHanbHuit yHiBepcuTeT «[lonTaBcbKa nosiiTexHika iMeHi Fpisi KonppaTioka»
https://orcid.org/0000-0001-7007-1857

Cnocobu nigcuneHHs i peMoHTY 3ani306eTOHHUX BanKoOBUX | MIMTHUX eNEMEHTIB
LLIIXOM HapOLLYBaHHS IX MONepeYHMX nepepisis: ornsag, Ta HaNPSMKU NoJanbLLIMX
HaYKOBUX OOCHIIKEHb

AnHoTauis. B pesynbTaTti joBroTpuBanoi ekcniyarawji 3anisobeToHHi 6ankosi enemMeHTH 36ipHMX | MOHONITHUX NepekpUTTiB ByaiBenb
i Cropyj, 3a3HaloTb CTapiHHSI, 3HOLLEHHS, YaCTKOBOIO Y MOBHOMO Py HYBaHHS! Mif, BIYIMEOM arpecyBHOr0 CePENOBMLLA, CTaTUYHUX i
JMHaMIYHUX HaBaHTaXeHb Bubyxosoro Tumy. [ip, BNAMBOM arpecvBHOro cepepoBMILA 3 MiABULLEHOK BOJIOTICTHO i MepenapgoM
TeMMepaTyp, KM XapaKTepu3yETbCS LIMKITIYHAM 3aMOPOXKYBaHHSIM Ta BiSTaloBaHHSM, HAsIBHICTHO XiMIYHO aKTMBHMX CMOSYK B PiauHi
i MoBiTPI, siKi 6e3rnocepeHbLO KOHTAKTYHOTb 3 KOHCTPYKLIELD, B €/IEMEHTaX BUHUKALOTb MOLLKOMKEHHS Y BUNSAI: NOSIBU i PO3BUTKY
B3[0BX poBo4oi apMaTypy NO3HOBXKHIX TPILLMH LLUPUHOKO POSKPUTTS, LU NEPEBULLYE MPAHUYHO JOMYCTUMY BEIMUMHY; JTOKamNbHUX i
TOYKOBUX PYMHYBaHb 3aXMCHOrO Lapy 6eToHy i Koposito CTanbHol apMaTypy. Bunaakoea abo Henepen6ayeHa fjsi Mo3anpoeKTHOro
CTaTUYHOrO YM OMHAMIYHOrO0 HaBAHTA)XKEHHSI BUBYXOBOrO TWMy, TaKoX MOXYTb MPU3BECTU A0 MEepeBaHTAXXEHHS i MOSIBU 03HaK
3HAYHOrO (hi3NYHOro 3HOCY i 3PSOl POPMM BUOMMOrO PYVHYBaHHSI 3aMi306€TOHHUX BasIKOBUX KOHCTPYKTUBHMX €/1eMEHTIB, TaK1X AK:
3aNMILKOBI AedopMaLli Y BUrMAAi NPOrvHIB, BESIMUMHA SIKUX MEPEeBMLLYE MPaHWMYHO OOMYCTUMY BEeSIMUMHY, JIOKasbHI Py HYBaHHs!
6ETOHY Y CTUCHYTII 30Hi NepepisiB y BUMMSAI TOUKOBUX APiGHUX TPiLLH, BifaineHb WapiB i YacTMHOK BETOHY OaMH Bif, 0QHOMO Ha
30BHILLHIM MOBEpPXHI, X PO3LAapyBaHb i BUMNafeHHs!; MosiBa i PO3BUTOK CUIIOBUX TPILLMH B nepepisax Y 30Hi 3ruHy i 3pisy 6ankosoro
eIeMeHTY, LMPUHA PO3KPUTTS SIKUX MEPEeBULLYE MPaHUYHO JOMyCTUMy BermumHy. B n. 6.3 Hopm JBH B B.3.1-2:2016 [1] npuBepeHi
OCHOBHiI MeTogy i Crocobu miacuneHHs 3ani3o6eToHHUX GankoBWUX eNneMeHTiB, OOHWM i3 BapiaHTIB AKMX € MeTog, iX NiACUNeHHS
LWISXOM YacTKOBOro 36iNbLUEHHS MAOLW iX MornepeyHnx MepepisiB 330BHI 33 [OMOMOror [0AATKOBOro 3asni306eTOHHOro Lapy
HapOLLYBaHHS!; [OAATKOBUX CTAJIbHUX €/IEMEHTIB i3 NPOKATHUX NPodiniB, MIACTUH i apMaTypPHUX CTEPXKHIB; JOOATKOBUX e/IeMEHTIB
i3 nonoc noniMepHUX MaTepianis, apMOBaHUX BONIOKHAMK, Ta apMaTypPHUX CTEPXKHIB.

B cTatTi npoBepeHo ornsp, HayKoBWX JOCHIOXKEHb, sIKi MPUCBSAYEHI MeTodaM i criocobaM MigcuneHHs 3anisobeToHHMX 6ankoBux
€IeMeHTIB LWIAXOM 36iNblueHHs (HapoLLyBaHHS!) MorepeyHux nepepisie. O6rpyHTOBaHi OCHOBHI BUCHOBKM i HaMpsIMKW NOAAnbLmMX
HayKoBUX HAOCMigKeHb eheKTUBHUX MeTOMiB i CrocoBiB MigCuUneHHs 3anisoBeToHHUX GankoBUX eneMeHTIB, LUP 3MAiMCHIOTLCS
LnsiXoM 36iMbLueHHs (HapoLLyBaHHS) iX MonepeyHUX nepepisie, SKi MAEMO MOXITMBICTb 3aCTOCYBaTM MPU PEMOHTI Ta PEKOHCTPYKLI
36ipHMX i MOHOMITHUX 3ani306eTOHHMX MepeKpuTTiB BypiBenb i cropyd, 3anporioHoBaHa Knacudikauia metofjB i criocobis
nigcuneHHs 3ani306eTOHHWX 6aNKOBUX eNleMeHTIB LWIAXOM 36ifbLueHHs (HapoLLyBaHHS) iX MonepeyHnx nepepisie.

Kntoyosi crosa: 3ani3o6eToHHi 6anku Ta niauTX, METoaM MifACUeHHs, NorepeYHi Nepepisy, 3ruH i 3cyB, OrNisa, HanpPsSiMU JOCHIIKeHb
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