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1. Introduction task. One promising approach is the use of specialized repair
technologies and innovatively developed new materials capa-

Restoring the load-bearing capacity of damaged reinforced  pje of restoring the initial physical and mechanical properties

concrete (RC) structures is a crucial issue in modern construc-  of concrete in compressed zones.

tion and engineering. Damage to RC beams due to various en- In this context, experimental research into the restoration
vironmental factors can lead to a reduction in their strength  process of damaged RC beams is important to demonstrate the
and stability, Wthh>_ in turn, decreases the safety of bulld.mg effectiveness of these methods in practice. Specifically, im-
and structure operation. Therefore, the devglopment aqd M- proving basic methods of surface preparation, application of
plementation of methods that ensure effective restoration of repair materials, and their bonding with the damaged structure
the load-bearing capacity of damaged structures is a relevant ¢ eqsential. Additionally, an important aspect is the analysis
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and comparison of the load-bearing capacity of restored beams
with undamaged ones, which allows for an assessment of the
effectiveness of the repair work. This approach helps identify
key factors that affect the strength of restored structures and
develop recommendations for optimizing technological pro-
cesses.

Thus, restoring RC beams is a complex engineering task that
requires thorough study and a systematic approach to the se-
lection of materials and methods. Effective restoration of dam-
aged areas ensures the safe and long-term operation of struc-
tures.

2. Aims

This study aims to evaluate the effectiveness of restoring the
load-bearing capacity of damaged reinforced concrete beams
through the application of Sika MonoTop-4012 repair mortar.
The article focuses on the experimental analysis of the
strength of restored beams and their comparison with undam-
aged samples. Additionally, the study explores the process and
optimal choice of restoration methods for the compressed con-
crete zone, which is critical for ensuring the structural integ-
rity and durability of RC elements.

3. Literature review

The assessment, restoration, and strengthening of damaged
reinforced concrete (RC) beams have been extensively studied
due to the growing need to extend the service life of aging in-
frastructure and ensure structural safety under increasing op-
erational demands. Degradation mechanisms such as rein-
forcement corrosion, fatigue, environmental exposure,
seismic actions, and construction defects significantly reduce
load-bearing capacity and serviceability. In this context, both
experimental and theoretical investigations have contributed
to understanding structural behavior, improving repair meth-
odologies, and enhancing monitoring techniques.

The mechanical performance of RC beams is strongly influ-
enced by the condition of reinforcement. Experimental studies
have demonstrated that even partial reduction of reinforce-
ment cross-section leads to a substantial decrease in flexural
capacity and ductility (Blikharskyy and Selejdak, 2021). Cor-
rosion-fatigue interaction further accelerates degradation un-
der sustained or cyclic loading (Blikharskyy et al., 2021a;
Devendiran and Banerjee, 2023), while the corrosion suscep-
tibility of reinforcing steel depends on the properties and com-
position of the surrounding concrete (Blikharskyy et al.,
2021b). The physico-mechanical characteristics of thermally
hardened reinforcement also affect structural reliability, espe-
cially under long-term loading (Kopiika et al., 2022). From a
materials science perspective, fatigue crack growth resistance
and heat treatment modes play a decisive role in determining
the residual performance of steel elements (Lenkovskiy et al.,
2017; Ostash etal., 2011; Ostash et al., 2019). The degradation
of steel in aggressive environments has been further analyzed
in studies of inclusion spacing and corrosion processes
(Lipinski, 2023; Lipinski and Ulewicz, 2023; Lipinski and
Wach, 2020), which are relevant to understanding reinforce-
ment durability.

Damage to RC beams frequently manifests in the com-
pressed concrete zone, especially under combined mechanical
and environmental actions. The influence of concrete structure
on failure mechanisms has been examined by Vitaliy et al.
(2021), while characteristic damage forms under moisture ex-
posure were analyzed by Semko et al. (2023). Experimental
investigations of stress—strain states in damaged RC elements
under operational loads highlight the redistribution of internal
forces after cracking (Kopiika et al., 2021). Research on mon-
olithic slabs damaged in the compressed zone confirms that
restoration strategies must consider both structural mechanics
and technological conditions of repair (Kramarchuk et al.,
2023). Earlier works on strengthening damaged RC tanks and
foundations further demonstrate the complexity of rehabilita-
tion in real construction practice (Kramarchuk et al., 2021;
Kramarchuk et al., 2018). Practical reconstruction strategies
for industrial facilities and building structures have also been
discussed by Katunsky et al. (2015) and Kotes et al. (2023),
emphasizing diagnostic evaluation before intervention.

The flexural response of RC beams has been investigated
through both classical and modern analytical approaches.
Branson (1965) established foundational concepts for instan-
taneous and time-dependent deflection calculations, later ex-
tended to incorporate shrinkage and loading history effects
(Scanlon and Bischoff, 2008). Contemporary models account
for nonlinear stress—strain behavior of concrete and reinforce-
ment, improving predictions of strength and ductility (Chen
and Ho, 2015). Experimental studies have evaluated deflec-
tion ductility under mid-span loading (Bouzid et al., 2021),
shear—flexure interaction effects (Campione et al., 2020), and
the influence of stirrup orientation and shear span-to-depth ra-
tio (Hunegnaw and Wondimu, 2021). Numerical simulations
using advanced computational tools, including CASTEM soft-
ware, have been applied to estimate ultimate deflections (Hay-
tham et al., 2022), while compatibility-aided truss models pro-
vide reliable predictions for shear-critical beams (Kim, 2021).
Axially restrained beams exhibit distinct flexural behavior that
requires combined numerical and theoretical analysis (Hu et
al., 2022). Investigations into mixed-mode crack deflection
and fracture mechanics further deepen understanding of fail-
ure processes (Malikova et al., 2020).

Strengthening techniques using fiber-reinforced polymers
(FRP), especially carbon fiber-reinforced polymer (CFRP),
have proven effective in restoring flexural and shear capacity
of damaged beams. Experimental research on prestressed
CFRP plates demonstrated improved load-bearing capacity
and crack control (Li et al., 2022a), while continuous CFRP
RC beams exhibit enhanced flexural behavior (Pang et al.,
2021). The performance of FRP-strengthened beams depends
on multiple parameters, including bonding quality and rein-
forcement configuration (Sengun and Arslan, 2022). Shear
strengthening using GFRP stirrups has also been experimen-
tally and theoretically analyzed (Li et al., 2022b). The failure
mechanisms of corroded RC beams strengthened in shear and
bending zones confirm the importance of comprehensive rein-
forcement strategies (Yuan et al., 2021). Optimization of pre-
stress levels in beams reinforced with shape memory alloy
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bars provides additional opportunities for performance en-
hancement (Yang et al., 2021).

However, while FRP systems effectively enhance tensile
zones, restoration of the compressed concrete zone remains
comparatively underexplored. The use of high-performance
repair mortars and fiber-reinforced concrete has shown prom-
ising results in improving structural integrity (Czajkowska et
al., 2020; Czajkowska et al., 2023). Studies on fibre concrete
deformation monitoring and numerical analysis confirm the
need for combined experimental-analytical approaches
(Adamczak-Bugno et al., 2022). Research on load-bearing ca-
pacity near support zones and in continuous beams also con-
tributes to understanding stress redistribution after repair (Kos
et al., 2022; Dorofeyev and Pushkar, 2023). Evaluation of
steel-concrete composite slabs under short-term loading fur-
ther expands knowledge of composite behavior (Vatulia et al.,
2020).

Accurate experimental monitoring is essential for evaluat-
ing both damaged and restored structures. Digital Image Cor-
relation (DIC) has become a powerful non-contact method for
full-field strain and displacement measurement (Schreier et
al., 2009; Niezrecki et al., 2018). The development and appli-
cation of DIC in RC structures have been comprehensively re-
viewed by Blikharskyy et al. (2022), demonstrating its relia-
bility in assessing stress—strain states. Experimental
applications of VIC-2D systems and image-based diagnostics
confirm high precision in crack measurement and deformation
monitoring (Cintron and Saouma, 2008; Cruz et al., 2019; Li
et al., 2020; Dizaji et al., 2021). Combined use of acoustic
emission and DIC techniques further enhances non-destruc-
tive evaluation of reinforced beams (Sharma et al., 2021). Fun-
damentals of speckle pattern preparation and measurement ac-
curacy have been documented in technical guidelines (Speckle
Pattern Fundamentals, 2021). The integration of non-destruc-
tive methods with numerical analysis improves structural
health monitoring and reliability-based evaluation
(Adamczak-Bugno et al., 2022; Kotes et al., 2022).

Modern assessment approaches increasingly incorporate
machine learning for predicting fatigue performance of RC
beams (Song et al., 2022). Moreover, vibration effects on
load-bearing structures (Ilnytskyy et al., 2019) and implemen-
tation of quality management methodologies in construction
processes (Jagusiak-Kocik and Ulewicz, 2023) reflect the in-
terdisciplinary expansion of structural reliability research. Na-
tional standards such as DSTU B V.2.6-156:2010, DSTU B
V.1.2-3:2006, DBN V.2.6-98:2009, and international provi-
sions including Eurocode 2 (2004) provide regulatory frame-
works for nonlinear deformation analysis and serviceability
assessment.

Overall, the reviewed literature demonstrates substantial
progress in understanding degradation mechanisms, strength-
ening technologies, and monitoring techniques for RC beams.
Nevertheless, limited research addresses the combined resto-
ration of reinforcement damage and compressed concrete zone
deterioration under realistic loading conditions while integrat-
ing high-precision experimental monitoring with nonlinear
theoretical analysis. This gap highlights the relevance of fur-
ther experimental studies aimed at validating restoration
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methodologies and assessing their effectiveness in improving
structural performance and durability.

Therefore, despite extensive research on reinforcement
corrosion, FRP strengthening, and nonlinear analysis of RC
beams, the restoration of beams already damaged in the
compressed concrete zone remains insufficiently studied. In
particular, the structural behavior of elements with crushed
compression concrete combined with reduced reinforcement
area has not been comprehensively investigated under realistic
loading conditions. For this reason, the topic of restoring
reinforced concrete beams with destruction in the compressed
zone is highly relevant and requires further detailed
experimental research, which is presented in this study.

4. Materials and Methods

A reinforced concrete (RC) beam sourced from the
university testing laboratory was selected for both
experimental investigation and numerical modelling. The
specimen exhibited overall dimensions of 2100 x 200 x 100
mm. Longitudinal reinforcement in the tensile region
consisted of @20 AS00S rolled steel bars, whereas the
compression zone was reinforced with two @6 A240S bars.
Transverse reinforcement was provided by U-shaped @96
A240S stirrups with a uniform spacing of 75 mm (see Fig. 1).

LA 206 A240 06 Az0 fA

25 ®20 AS00

Fig. 1. General view illustrating the reinforcement layout of the
tested specimens

Under conditions simulating simultaneous reinforcement
corrosion and deterioration of the compressed concrete zone,
the effective cross-sectional area of the tensile reinforcement
was reduced to a diameter of 12 mm within the pure bending
region over a 120 mm length at the midspan of the beam.

The RC beam was designed to ensure that failure would in-
itiate in the pure bending zone along the normal sections (see
Fig. 2). Longitudinal and transverse bars were assembled into
a reinforcement cage using industrial resistance welding. The
concrete, of strength class C35/45, exhibited a compressive
strength of 48.2 MPa according to the results of cubic testing.

F F

Rl

Fig. 2. Overall view illustrating the investigated specimen

A general view of the specimen, with overall dimensions of
2100 x 200 x 100 mm, is presented in Fig. 2. The load was
applied as two concentrated forces positioned at one-third of
the effective span (1900 mm), separated by a distance of 633
mm. The applied forces were incrementally increased by 10%
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of the calculated bearing capacity at 10-minute intervals to
allow stabilization of the measurement results. Loading was
performed using a hydraulic jack in combination with a
distribution beam.

Experimental investigations were conducted employing
both strain gauges and digital image correlation (DIC) to
minimize measurement errors and validate the research
methodology. Submicron, non-contact strain gauges were
affixed to one surface of the beam, whereas the opposite
surface was dedicated to DIC implementation (see Fig. 3).
This configuration ensured reliable and complementary
application of both measurement techniques.

Fig. 3. Overall view of the experimental testing stand

After the completion of each experiment, the recorded
images were transferred to the VIC-3D software package for
further processing using the digital image correlation (DIC)
method. At the initial stage, the correctness of the camera
calibration was verified, and the synchronization of the
captured image pairs was checked. In addition, the boundaries
of the investigated concrete region were defined to establish
the region of interest (ROI) for subsequent analysis. At the
next stage, according to the recommendations of the software
package and to ensure an appropriate signal-to-noise ratio in
the correlation process, the optimal correlation parameters
were selected. In particular, the subset size was set to 25
pixels, while the step size was defined as 5 pixels. The
processing of the obtained data from the high-resolution
cameras was carried out using an algorithmic image

correlation analysis that tracks the displacement of individual
local subsets of the speckle pattern relative to the initial
reference configuration of the specimen. This procedure
enabled the determination of the displacement and strain fields
over the investigated surface of the concrete element

Experimental methodology for RC beam measurements.
High-precision, submicron non-contact sensors were em-
ployed to ensure accurate assessment of strain and stress. In
the present study, Micro-tech sensors with a resolution of
1x10* mm and a measurement error below 13 um were uti-
lized (see Fig. 4). The acquired data were transmitted to a
computer via Bluetooth, enabling continuous monitoring of
the specimen up to ultimate failure. Measurements were rec-
orded at 1-second intervals. Two submicron sensors were ded-
icated to capturing the deformation of the most compressed
concrete fibers, while steel reinforcement strains were moni-
tored using conventional strain gauges mounted on mechani-
cal holders. Along the beam height, five sensors were strate-
gically positioned, with the first sensor located 20 mm from
the top edge and the remaining four installed at 30 mm inter-
vals. Beam deflections were monitored using five additional
submicron sensors: one at midspan, two at the locations of ap-
plied loads, and two directly above the supports.

Fig. 4. Microtech measuring gauges were applied in the course of
the experimental research

To implement the digital image correlation (DIC) technique
in the investigation of the RC beam, specimen preparation was
required. The beam surface was carefully cleaned and leveled
using a grinding stone and an electric grinder. DIC analysis
was conducted over a 400 x 200 mm concrete section located
in the pure bending region using a dedicated high-resolution
camera. An additional camera was employed to monitor de-
formations along the reinforcement. The camera was posi-
tioned 550 mm from the surface of interest, with the lens ap-
erture set to /5.6 (see Fig. 3), and configured using Fly
Capture software. For DIC application, a suitable speckle pat-
tern was generated: black dots with diameters ranging from
0.3 to 0.7 mm were applied on a white background covering
approximately 50% of the surface area. All procedures were
performed in accordance with established guidelines and rec-
ommendations (Efimenko et al., 2014). Subsequent analysis
and post-processing of the acquired images were carried out
using VIC-2D-7 software.

During the experimental investigation, two full-height
cracks developed along the beam, enabling the extraction of a
concrete fragment measuring 300 x 100 X 100 mm that was
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no longer structurally connected to the main body of the
specimen (see Fig. 5).

Fig. 5. Overview of the damaged region of the RC beam

This methodology proposes the use of epoxy adhesive to re-
attach the removed concrete section measuring 300x100x100
mm back to its original position on the beam. This method was
implemented on two twin test specimens.

The first step in the preparation for bonding involved creat-
ing a gap of 5-10 mm between the concrete insert and the body
of the beam, followed by cleaning the surfaces of dust and
weak concrete residues (see Fig. 6).

——— e

Fig. 6. Surface preparation and gap for restoration work

For the bonding procedure, Sikadur-30 epoxy adhesive was
employed. Sikadur-30 (Sikadur®-30) is a thixotropic, two-
component epoxy-based adhesive specifically formulated for
the bonding of construction materials. It possesses high me-
chanical strength and is used for repairing chips and damage
to concrete structures (see Fig. 7).
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Fig. 7. View of the damaged area of the RC beam

The main physical and mechanical properties of Sikadur-30
epoxy adhesive are provided in the documentation. After pre-
paring the surfaces, the Sikadur-30 epoxy adhesive was pre-
pared by mixing components A and B for 3 minutes to achieve
a homogeneous mass. The finished adhesive was applied to the
concrete surface in a thin layer (see Fig. 8), and then quartz sand
was sprinkled on top (see Fig. 9) to ensure mechanical bonding,
thus creating a priming layer between the surfaces. This work
was performed on all surfaces that needed to come into contact.

Fig. 8. Priming the surface with epoxy adhesive
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After aligning and securing the concrete insert, Sikadur-30
epoxy adhesive was used to fill all gaps, forcing it into the
bonding areas (see Fig. 11).

Fig. 9. Sanding the surface

The next step involved applying a thicker layer of Sikadur-

30 over the primed surface and positioning the concrete piece
Fig. 11. Pressing in the epoxy adhesive and allowing it to cure

This method was applied in conjunction with the technique
for restoring the compressed concrete zone after damage, us-
ing the repair compound Sika MonoTop-4012 (Sika
MonoTop®-4012). After a 24-hour curing period of the epoxy
adhesive, a metal formwork was installed, and the Sika
MonoTop-4012 repair mortar was cast into the compressed
concrete region. The final configuration of the restored com-
pression zone of the reinforced concrete beam, incorporating
the bonded concrete insert, is illustrated in Fig. 12.

.- .

Fig. 12. Overall appearance of the RC beam post-restoration via

Fig. 10. Positioning the insert in the designed position and securing bonding, with emphasis on the repaired compressed concrete region

1t
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5. Results and discussion

A significant feature of modern calculation methods is the
use of a nonlinear deformation method, which accounts for
realistic nonlinear stress-strain diagrams for concrete and
bilinear diagrams for reinforcement.

In the graphs of this section, the following notation for RC
beams is adopted: Rebar Theor — theoretical deformation of
thermally-strengthened working reinforcement; Conc Theor
— theoretical strain of the most compressed concrete fiber;
Conc_Exp Indic —experimentally measured strain of the most
compressed concrete fiber obtained via submicron
computerized sensors; Rebar Exp Indic — experimentally
measured strain of the tensile reinforcement obtained via
submicron computerized sensors; Conc Exp DIC -
experimentally measured strain of the most compressed
concrete fiber using the digital image correlation (DIC)
technique; Rebar Exp DIC — experimental deformation of
the tensile reinforcement using DIC; Defl Theor — theoretical

deflection; Defl Exp DIC — experimental deflection
according to  sub-micron computerized indicators;
Defl Exp Indic — experimental deflection using DIC.

Samples of RC beams RC-1.1 and RC-1.2, with

reinforcement of 20 mm diameter A500C class rebar, were
pre-treated by reducing the diameter to 12 mm over a 120 mm
segment within the pure bending zone before casting. The RC
beams were damaged with crushed concrete in the
compression zone, unloaded, and then restored by bonding
with Sikadur-30 and repairing the compression zone using
Sika MonoTop-4012 as described above.

Experimental data on tensile testing of the reinforcement
indicated that yielding of the tapered rebar begins at oy =
445.5 MPa, with strain at yield ey = 216-107. During testing,
the moment at which yielding began in the working
reinforcement was My,ind = 8.97 kNm as per sub-micron
indicators and My,DIC = 8.62 kNm as per DIC, indicating the
attainment of the ultimate load-bearing capacity of the RC
beams through the tensile reinforcement (see Fig. 13).

10
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¢ Rebar_DIC
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Fig. 13. Averaged experimental moment—strain curves of the tensile
reinforcement for RC beams RC-1.1 and RC-1.2: Rebar_Indic —
measured using submicron sensors; Rebar DIC — obtained via the
digital image correlation (DIC) technique

The maximum moment sustained by beams RC-1.1 and RC-
1.2, leading to rupture of the rebar at ultimate strain eud =
6950%1073, was My = 9.5 kNm (see Fig. 13).

The ultimate strain of the most compressed fiber of the
repair material Sika MonoTop-4012 was not attained. At the
initiation of reinforcement yielding, the average strain in the
most compressed fiber of Sika MonoTop-4012 was measured
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as &ika = 102107, and at the moment of rebar rupture, it
reached &ika = 214107 (see Fig. 14).

10
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Fig. 14. Averaged experimental moment—strain curves of the most
compressed fiber of the Sika MonoTop-4012 repair mortar for RC
beams RC-1.1 and RC-1.2: Conc_Indic — measured using submi-
cron sensors; Conc_DIC — obtained via the digital image correlation
(DIC) technique

The ultimate deflection of RC beams RC-1.1 and RC-1.2
was determined as Mgy ina = 8.62 kNm using submicron sen-
sors and Mg, pic = 8.26 kNm via digital image correlation
(DIC) (see Fig. 15).

10
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e f]

Fig. 15. Averaged experimental moment—deflection curves for RC
beams RC-1.1 and RC-1.2: Defl Indic — measured using submicron
sensors; Defl DIC — obtained via the digital image correlation
(DIC) technique

Theoretical calculations yielded a reinforcement yield mo-
ment of Myn = 5.39 kNm and an ultimate strain of the most
compressed concrete fiber at Mcum = 6.49 kNm, with the cor-
responding ultimate deflection occurring at Mgy, i = 5.68 kNm.
The resulting moment—strain and moment—deflection curves
for concrete and reinforcement (see Figs. 16 and 17) were gen-
erated based on both theoretical predictions and experimental
measurements of the undamaged RC beams.

~#-Rebar_Theor
-=-Conc_Theor

—Cone_Exp_Indic

—Rebar_Exp_Indic

M, kHwm

—Cone_Exp_DIC

Rebar_Exp_DIC

o £x10°
-100 0 100 200 300

-200

<700 -600  -500 400  -300

Fig. 16. Comparative analysis of theoretical and experimental data
for RC beams RC-1.1 and RC-1.2: moment-strain curves of the ten-
sile reinforcement and of the most compressed concrete fiber
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Fig. 17. Comparative analysis of theoretical and experimental data
for RC beams RC-1.1 and RC-1.2: moment—deflection curves

Testing of beams RC-2.1 and RC-2.2 with tapered
reinforcement to 12 mm, but without damaged concrete
compression zones, was also performed for comparison with
damaged beams restored with Sikadur-30 and Sika MonoTop-
4012. The experimental results are summarized in Table 1.

Table 1. Results of experimental and theoretical moment values at
the onset of reinforcement yield, achievement of limit values in the
concrete fiber, and attainment of ultimate deflections

g o g o X

g Zz S =) 5 & g o

2 < 2 % % EZ 5 g

- = Z o~ — = - o =}

o EEE B 2cf o me } E

Q ®‘v = S = ° = [Sa N Sa| = o]

) =] < = 5} g = = 53]

5 o 2 s} g 2 =

a7 ] S O Q S A L ©

2 K o © /A

gg:}; 8.8 539 38.7 - 649 - 8.44 5.68 31.36
RC-2.1 20 12

RC-Z.Z 5.69 539 53 7.87 6.49 17.57.51 5.68 244

Note: Averaged data for two twin samples provided

6. Conclusions

As a result of the study, it was found that modern methods
of restoring and strengthening reinforced concrete structures
significantly increase their strength and durability. The use of
epoxy adhesives, high-quality composite materials, and other
innovative technologies allows not only to restore the original
characteristics of the structures but also to improve their
performance properties.

The performed literature analysis confirmed that although
numerous studies address corrosion of reinforcement, FRP
strengthening, and nonlinear analysis of reinforced concrete
elements, the restoration of beams with crushed compression
zones remains insufficiently investigated, particularly under
realistic loading conditions and with simultaneous
reinforcement damage.

A process-oriented experimental methodology for restoring
damaged reinforced concrete beams was developed and
implemented. The proposed approach combines bonding of
the detached concrete fragment using Sikadur-30 epoxy
adhesive with subsequent restoration of the compressed zone
using polymer-modified repair mortar Sika MonoTop-4012.

The experimental program integrating high-precision
submicron displacement sensors with Digital Image
Correlation (DIC) demonstrated high reliability and
consistency of the measurement system. The obtained strain

and deflection fields confirmed the effectiveness of combining
contact and non-contact monitoring techniques for assessing
the stress—strain state of repaired reinforced concrete
elements.

Experimental results showed that the repaired beams
reached a reinforcement yielding moment of approximately
8.6-9.0 kNm and an ultimate bending moment of about 9.5
kNm. The strain level in the repaired compression zone
remained significantly below the ultimate strain capacity of
the repair mortar, indicating stable composite action between
the original concrete and the repair material.

The results of experimental studies showed the effectiveness
of using these materials in the restoration of reinforced
concrete beams. It has been established that the correct choice
of reinforcement methods, taking into account the type of
damage and operating conditions, can significantly increase
the bearing capacity of structures with minimal resources. In
addition, the use of composite materials can reduce repair time
and reduce the complexity of work. Studies have also
confirmed that the use of modern reinforcement methods, such
as reinforcement with composite materials and application of
high-strength coatings, can become the basis for further
improvement of technologies in this area.

According to the experimental results for RC beams RC-1.1
and RC-1.2, in which the cross-sectional area of 20 mm
diameter A500C class reinforcement was reduced to 12 mm,
it was found that the yield moment of the reinforcement
increased by 35%. However, the ultimate strain in the
compressed fiber of the repair mortar was not reached due to
rupture of the reinforcing bar. Thus, the Sika MonoTop-4012
repair mortar effectively restored the compressed zone,
enhancing its strength characteristics and compensating for
the reduction in reinforcement cross-section. This delay in the
onset of yielding in the reinforcement demonstrates the repair
mortar's efficacy in structural recovery.

Given the results obtained, we can recommend these
methods for wide application in construction practice, in
particular during the reconstruction and restoration of objects
that have undergone significant damage.

Funding

The paper is a part of the research done within the project
2023.05/0026 (National Research Foundation of Ukraine).

Reference

Adamczak-Bugno, A., Lipiec, S., Vavrus, M., Kotes, P., 2022. Non-Destruc-
tive Methods and Numerical Analysis Used for Monitoring and Analysis
of Fibre Concrete  Deformations.  Materials, 15, 7268.
DOI:10.3390/mal5207268

Blikharskyy, Y., Kopiika, N., Khmil, R., Selejdak, J., Blikharskyy Z., 2022.
Review of Development and Application of Digital Image Correlation
Method for Study of Stress—Strain State of RC Structures. Applied Sci-
ences, 12, 10157. DOI:10.3390/app121910157

Blikharskyy, Y., Selejdak, J., 2021. Influence of the percentage of reinforce-
ment damage on the bearing-capacity of RC beams. Construction of Op-
timized Energy Potential (CoOEP), 10(1), 145-150.
DOI:10.17512/bozpe.2021.1.15

285 ARCHIWUM INZYNIERII PRODUKC]I


https://doi.org/10.3390/ma15207268
https://doi.org/10.3390/app121910157

ANDRII KLYM ET AL. / PRODUCTION ENGINEERING ARCHIVES 2026, 32(2), 278-287

Blikharskyy, Y., Selejdak, J., Kopiika, N., 2021a. Corrosion fatigue damages
of rebars under loading in time. Materials, 14(12), 3416.
DOI:10.3390/mal4123416

Blikharskyy, Z., Sobol, K., Markiv, T., Selejdak, J., 2021b. Properties of Con-
cretes Incorporating Recycling Waste and Corrosion Susceptibility of Re-
inforcing Steel Bars. Materials, 14(10), 2638.
DOI: 10.3390/mal14102638

Bouzid, H., Rabia, B., Daouadji, T.H., 2021. Deflection ductility of RC beams
under mid-span load. Structural Engineering and Mechanics, 80(5), 585-
594. DOI:10.12989/sem.2021.80.5.585

Branson, D.E., 1965. Instantaneous and Time-Dependent Deflections on Sim-
ple and Continuous Reinforced Concrete Beams. Alabama Highway De-
partment, Bureau of Public Roads: Montgomery, AL, USA, HPR Report
No. 7, Part 1, 1-78.

Campione, G., Ferrotto, M.F., Papia, M., 2020. Flexural Response of RC
Beams Failing in Shear. Pract. Period. Struct. Des. Constr., 25(4):
04020028. DOL: 10.1061/(ASCE)SC.1943-5576.0000507

Chen, M.T., Ho, J.C.M., 2015. Concurrent flexural strength and ductility de-
sign of RC beams via strain-gradient-dependent concrete stress—strain
curve. Struct. Design Tall Spec. Build. 24, 629-652.
DOI: 10.1002/tal.1203

Cintron, R., Saouma, V., 2008. Strain measurements with the digital image
correlation system Vic-2D. Boulder, Colorado. Available online:
https://smtl.colorado.edu/Technical Documents/37 Strain_Measure-
ments_with_the Digital Image Correlation System Vic-2D.pdf (ac-
cessed on 28 November, 2022).

Cruz, H., Aval, S.F., Dhawan, K. Pourhomayoun, M., Rodriguez-Nik, T.,
Mazari, M., 2019. Non-Contact Surface Displacement Measurement for
Concrete Samples Using Image Correlation Technique. In Proceedings
of the 2019 International Conference on Image Processing, Computer Vi-
sion, & Pattern Recognition, Las Vegas, NV, USA, 29 July—1 August
2019; 151-156.

Czajkowska, A., Raczkiewicz, W., Bacharz, M., Bacharz, K., 2020. Influence
of maturing con-ditions of steel-fiber reinforced concrete on its selected
parameters. Construction of Optimized Energy Potential (CoOEP), 9(1),
47-54. DOI: 10.17512/bozpe.2020.1.05

Czajkowska, A., Raczkiewicz, W., Ingaldi, M., 2023. Determination of the
linear correlation coefficient between Young’s modulus and the compres-
sive strength in fibre-reinforced concrete based on experimental studies.
Production Engineering Archives, 29(3), 288-297.
DOI: 10.30657/pea.2023.29.33

DBN V.2.6-98:2009. Structures of buildings and structures. Concrete and re-
inforced concrete structures. General provisions. Kyiv, Ministry of Re-
gional Development of Ukraine, 2011.

Devendiran, D.K., Banerjee, S., 2023. Contribution of vertical ground mo-
tion on seismic response of multi-span simply-supported T-girder RC
bridges in the presence of corrosion-fatigue degradation. Engineering
Structures, 294. DOI: 10.1016/j.engstruct.2023.116720

Dizaji, M.S., Harris, D.K., Kassner, B., Hill, J.C., 2021. Full-field non-de-
structive image-based diagnostics of a structure using 3D digital image
correlation and laser scanner techniques. J. Civ. Struct. Health Monit., 11,
1415-1428. DOI:10.1007/s13349-021-00516-6

Dorofeyev, V., Pushkar, N., 2023. The Bearing-Capacity of Precast Beams
with Vertical Contact Plane. Lecture Notes in Civil Engineering, 290
LNCE, 67-75.10.1007/978-3-031-14141-6_7

DSTU B V.1.2-3:2006 Deflections and displacements. Design requirements.
Kyiv, Ministry of Regional Development of Ukraine, 2006.

DSTU B V.2.6-156:2010 Structures of buildings and structures. Concrete and
reinforced concrete structures made of heavy concrete. Design rules.
Kyiv, Ministry of Regional Development of Ukraine, 2011.

Eurocode 2: Design of concrete structures - Part 1-1 : General rules and rules
for buildings, 2004.

Haytham, B., Benferhat, R., Tahar, H. D., 2022. Estimation of ultimate de-
flection of RC beams using CASTEM software. Conference Paper. Feb-
ruary 2022. International Aegean Conferences. Innovation Technologies
& Engineering-V. February 25-26, 2022. IZMIR, TURKEY

Hu, H., Lopes, S.M.R., Lopes, A.V., Lou, T., 2022. Flexural Response of Ax-
ially Restricted RC Beams: Numerical and Theoretical Study. Materials,
15, 6052. DOTI: 10.3390/mal5176052

Hunegnaw, C.B., Wondimu, T., 2021. Effect of orientation of stirrups in com-
bination with shear span to depth ratio on shear capacity of RC beams,
HELIYON, HLY 8193, S2405-8440(21)02296-9, 1-15. DOI:10.1016/
j-heliyon.2021.e08193

ARCHIWUM INZYNIERII PRODUKC]JI

286

IInytskyy, B.M., Kramarchuk, A.P., Bula, S.S., Bobalo, T.V., 2019. Study of
the vibration influence on load-bearing floor structures in case of machin-
ery operation. IOP Conference Series: Materials Science and Engineer-
ing, 708(1), DOI: 012052. 10.1088/1757-899X/708/1/012052

Jagusiak-Kocik, M., Ulewicz, R. 2023. Implementation of the QFD Method
in a Construction Industry Company. Lecture Notes in Civil Engineering,
290 LNCE, 416-423. DOI: 10.1007/978-3-031-14141-6_42

Katunsky, D., Katunska, J., Toth, S., 2015. Possibility of choices industrial
hall object reconstruction. International Multidisciplinary Scientific Ge-
oConference Surveying Geology and Mining Ecology Management,
SGEM, 2(5), 389-396.

Kim, S.-W., 2021. Prediction of Deflection of Shear-Critical RC Beams Using
Compatibility-Aided Truss Model. Applied Sciences, 11, 11478.
DOI: 10.3390/app112311478

Kopiika, N., Selejdak, J., Blikharskyy, Y., 2022. Specifics of physico-me-
chanical characteristics of thermally-hardened rebar. Production Engi-
neering Archives, 28(1), 73-81. DOI:10.30657/pea.2022.28.09

Kopiika N., Vegera P., Vashkevych R., Blikharskyy Z. 2021. Stress-strain
state of damaged reinforced concrete bended elements at operational load
level.  Production  Engineering  Archives, 27(4), 242-247.
DOI:10.30657/pea.2021.27.32

Kos, Z., Klymenko, Y., Karpiuk, 1., Grynyova, 1., 2022. Bearing Capacity
near Support Areas of Continuous Reinforced Concrete Beams and High
Grillages. Applied Sciences, 12, 685. DOI:10.3390/app12020685

Kotes, P., Kotula, P., Odrobinak J., Prokop, J., 2022. Diagnostics and Evalu-
ation of Two Atypical Girder Bridges on Railway Line. Key Engineer-
ing Materials, August 2022. DOI:10.4028/p-i418x0

Kotes, P., Zahuranec, M., Vavrus, M., 2023. Diagnostic and Design of Re-
construction of Building Vahostav. Lecture Notes in Civil Engineering,
322 LNCE, 165-174. 10.1007/978-3-031-26879-3_13

Kramarchuk, A., Iinytskyy, B., Kopiika, N., 2023. Ensuring the Load-Bearing
Capacity of Monolithic Reinforced Concrete Slab Damaged by Cracks in
the Compressed Zone. EcoComfort, LNCE 290, 1-13, 2023.
DOI:10.1007/978-3-031-14141-6_21

Kramarchuk, A., Ilnytskyy, B., Lytvyniak, O., 2018. Arrangement of the
foundations under the new hotel in Lviv. Matec Web of Conferences,
183, 139366. DOI: 10.1051/matecconf/201818302007.

Kramarchuk, A., Ilnytskyy, B., Hladyshev, D., Lytvyniak, O., 2021.
Strengthening of the reinforced concrete tank of anaerobic purification
plants with the manufacture of biogas, damaged as a result of design and
construction errors. IOP Conference Series: Materials Science and Engi-
neering, 1021(1), 012017. DOI: 10.1088/1757-899X/1021/1/012017

Lenkovskiy, T.M., Kulyk, V.V., Duriagina, Z.A., Kovalchuk, R.A., Topilny-
tskyy, V.H., Vira, V.V, Tepla, T.L., 2017. Mode I and mode II fatigue
crack growth resistance characteristics of high tempered 65G steel. Ar-
chives of Materials Science and Engineering, 84(1), 34-41.
DOI: 10.5604/01.3001.0010.3029

Li, B., Zeng, L., Guo, X., Wang, Y., Deng, Z. 2022a. Flexural Behavior of
Full-Scale Damaged Hollow RC Beams Strengthened with Prestressed
SCFRP Plate under Four-Point Bending. Polymers, 14, 2939.
DOI:10.3390/polym14142939

Li, W., Huang, W., Fang, Y., Zhang, K., Zongzhi, Liu, Kong, Z., 2022b. Ex-
perimental and theoretical analysis on shear behavior of RC beams rein-
forced with GFRP  stirrups.  Structures, 46, 1753-1763.
DOI: 10.1016/j.istruc.2022.10.138

Li, W., Huang, Y., Jiang, Y., Shi, T., Xing, F., 2020. Application of DIC
Technology to Shear Crack Measurement of Concrete Beam. In Ad-
vances in 3D Image and Graphics Representation, Analysis, Computing
and Information Technology: Algorithms and Applications, Proceedings
of IC3DIT; Springer: Berlin/Heidelberg, Germany, 180, 339-346.
DOI:10.1007/978-981-15-3867-4_39

Lipinski, T., 2023. The Role of the Distance between Fine Non-Metallic Ox-
ide Inclusions on the Fatigue Strength of Low-Carbon Steel. Applied Sci-
ences (Switzerland), 13(14), 8354. 10.3390/app13148354

Lipinski, T., Ulewicz, R. 2023. Degradation of R35 Steel in 5% NaCl envi-
ronment at 10°C. Materials Research Proceedings, 34, 77-86.
DOI: 10.21741/9781644902691-10

Lipinski, T., Wach, A., 2020. Influence of inclusions on bending fatigue
strength coefficient the medium carbon steel melted in an electric fur-
nace. Production  Engineering  Archives,  26(3), 88-91.
DOLI: 10.30657/pea.2020.26.18

Malikova, L., Miarka, P., Simonova, H., Kucharczykova, B., 2020. Deflection
of an eccentric crack under mixed-mode conditions in an SCB specimen.


http://doi.org/10.3390/ma14123416
https://doi.org/10.12989/sem.2021.80.5.585
http://doi.org/10.1007/s13349-021-00516-6
https://doi.org/10.3390/ma15176052
https://doi.org/10.1016/j.heliyon.2021.e08193
https://doi.org/10.1016/j.heliyon.2021.e08193
https://www.scopus.com/authid/detail.uri?authorId=57203872376
https://www.scopus.com/authid/detail.uri?authorId=57203875876
https://www.scopus.com/authid/detail.uri?authorId=56644686600
https://www.scopus.com/authid/detail.uri?authorId=57204838221
https://www.scopus.com/authid/detail.uri?authorId=57997660100
https://www.scopus.com/authid/detail.uri?authorId=55515525400
https://www.scopus.com/authid/detail.uri?authorId=56267700700
https://doi.org/10.3390/app112311478
http://doi.org/10.30657/pea.2021.27.32
http://doi.org/10.30657/pea.2021.27.32
https://doi.org/10.3390/app12020685
https://doi.org/10.4028/p-i418x0
https://doi.org/10.1007/978-3-031-14141-6_21
https://www.scopus.com/authid/detail.uri?authorId=57203875876
https://www.scopus.com/authid/detail.uri?authorId=57203872376
https://www.scopus.com/authid/detail.uri?authorId=57221947370
https://www.scopus.com/authid/detail.uri?authorId=57203869040
https://www.scopus.com/authid/detail.uri?authorId=56436621500
https://www.scopus.com/authid/detail.uri?authorId=56738918700
https://www.scopus.com/authid/detail.uri?authorId=6507291021
https://www.scopus.com/authid/detail.uri?authorId=12240482000
https://www.scopus.com/authid/detail.uri?authorId=57195572950
https://doi.org/10.3390/polym14142939
https://doi.org/10.1016/j.istruc.2022.10.138
http://doi.org/10.1007/978-981-15-3867-4_39

ANDRII KLYM ET AL. / PRODUCTION ENGINEERING ARCHIVES 2026, 32(2), 278-287

Construction of Optimized Energy Potential (CoOEP), 9(2), 79-87.
DOI: 10.17512/bozpe.2020.2.09

Niezrecki, C., Bagersad, J., Sabato, A., 2018. Digital Image Correlation Tech-
niques for Non-Destructive Evaluation and Structural Health Monitoring.
Handb. Adv. Non-Destr. Eval., 1-46. Available online: https://cpb-us-
w2.wpmucdn.com/sites.uml.edu/dist/3/262/files/2019/09/Niezrecki-er-
al.-2019-Digital-image-correlation-techniques-for-NDE-and-SHM.pdf
(accessed on 21 November, 2022).

Ostash, O.P., Muravs'Kyi, L.I, Voronyak, T.I., Kmet, A.B., Andreiko,
LM., Vira, V.V., 2011. Determination of the size of the fatigue prefrac-
ture zone by the method of phase-shifting interferometry. Materials Sci-
ence, 46(6), 781-788. DOI:10.1007/s11003-011-9353-1

Ostash, O.P., Kulyk, V.V., Poznyakov, V.D., Gaivorons’kyi, O.A.,
Vira, V.V., 2019. Influence of the Modes of Heat Treatment on the
Strength and Cyclic Crack-Growth Resistance of 65G Steel. Materials
Science, 54(6), 776—782. DOI: 10.1007/511003-019-00263-6

Pang, M., Shi, S., Hu, H., Lou, T., 2021. Flexural Behavior of Two-Span Con-
tinuous CFRP RC Beams. Materials, 14, 6746.
DOI:10.3390/mal4226746

Scanlon, A., Bischoff, P.H., 2008.Shrinkage restraint and loading history ef-
fects on deflections of flexural members. ACI Struct. J., 105(4), 498-506.

Schreier, H., Orteu, J.J., Sutton, M.A., 2009. Image Correlation for Shape,
Motion and Deformation Measurements: Basic Concepts, Theory and
Applications; Springer Science & Business Media: New York, NY, USA,
2009; 322p.

Semko, O., Filonenko, O., Yurin, O., Avramenko, Y., Mahas, N., 2023. Char-
acteristic damages of reinforced concrete structures of the covering ex-
posed to moisture. AIP Conference Proceedings, 2684, 030039.
DOLI: 10.1063/5.0120020

Sengun, K., Arslan, G., 2022. Investigation of the parameters affecting the
behavior of RC beams strengthened with FRP. Front. Struct. Civ. Eng.
16, 729-743. DOIL: 10.1007/s11709-022-0854-9.

Sharma, G., Sharma, S., Sharma, S.K., 2021. Non-destructive evaluation of
steel and GFRP reinforced beams using AE and DIC techniques. Struc-
tural Engineering and Mechanics, 77(5), 637-650
DOI: 10.12989/sem.2021.77.5.637

Song, L., Wang, L., Sun, H., Cui, C., Yu, Z., 2022. Fatigue Performance Pre-
diction of RC Beams Based on Optimized Machine Learning Technol-
ogy. Materials, 15, 6349. DOI:10.3390/mal5186349.

Speckle Pattern Fundamentals. Correlated Solutions, Inc. Knowledgebase
Technical Articles, 2021. 12p. Available online: https://corre-
lated.kayako.com/article/38-speckle-pattern-fundamentals (accessed on
20 November, 2022).

Vatulia, G.L., Smolyanyuk, N.V., Shevchenko, A.A., Orel, Y.F., Kovalov,
M.O., 2020. Evaluation of the load-bearing capacity of variously shaped
steel-concrete slabs under short term loading. IOP Conference Series:
Materials Science  and  Engineering, 1002(1),  012007.
DOLI: 10.1088/1757-899X/1002/1/012007

Vitaliy, D., Natalia, P., Hanna, Z., 2021. The Influence of Concrete Structure
on the Destruction of Reinforced Concrete Bended Elements. Lecture
Notes in  Civil Engineering, 100 LNCE, 103—111.
DOLI: 10.1007/978-3-030-57340-9 13

Yang, Z., Cheng, Z., Wang T., Sun, Y., Wang, Ch., Qu, J., Zhang, D., Li, Q.,
2021. Study on the Optimal Prestress Level of RC Beams Reinforced
with SMA Bars. Advances in Civil Engineering, 2021, 4545413, 1-12.
DOLI: 10.1155/2021/4545413

Yuan, P., Xiao, L., Wang, X., Xu, G., 2021. Failure Mechanism of Corroded
RC Beams Strengthened at Shear and Bending Positions. Engineering
Structures, 240, 112382. DOI: 10.1016/j.engstruct.2021.112382

287

ARCHIWUM INZYNIERII PRODUKC]I


https://cpb-us-w2.wpmucdn.com/sites.uml.edu/dist/3/262/files/2019/09/Niezrecki-er-al.-2019-Digital-image-correlation-techniques-for-NDE-and-SHM.pdf
https://cpb-us-w2.wpmucdn.com/sites.uml.edu/dist/3/262/files/2019/09/Niezrecki-er-al.-2019-Digital-image-correlation-techniques-for-NDE-and-SHM.pdf
https://cpb-us-w2.wpmucdn.com/sites.uml.edu/dist/3/262/files/2019/09/Niezrecki-er-al.-2019-Digital-image-correlation-techniques-for-NDE-and-SHM.pdf
https://www.scopus.com/authid/detail.uri?authorId=57200051269
https://www.scopus.com/authid/detail.uri?authorId=6602083599
https://www.scopus.com/authid/detail.uri?authorId=6602325050
https://www.scopus.com/authid/detail.uri?authorId=57196082324
https://www.scopus.com/authid/detail.uri?authorId=57196082324
https://www.scopus.com/authid/detail.uri?authorId=12240482000
https://www.scopus.com/authid/detail.uri?authorId=57200051269
https://www.scopus.com/authid/detail.uri?authorId=56738918700
https://www.scopus.com/authid/detail.uri?authorId=6602560493
https://www.scopus.com/authid/detail.uri?authorId=57213867167
https://www.scopus.com/authid/detail.uri?authorId=12240482000
https://doi.org/10.3390/ma14226746
https://doi.org/10.1007/s11709-022-0854-9
https://doi.org/10.12989/sem.2021.77.5.637
https://doi.org/10.3390/ma15186349
https://www.scopus.com/authid/detail.uri?authorId=56352592600
https://www.scopus.com/authid/detail.uri?authorId=57221439761
https://www.scopus.com/authid/detail.uri?authorId=57204840843
https://www.scopus.com/authid/detail.uri?authorId=56352305000
https://www.scopus.com/authid/detail.uri?authorId=56352474400
https://www.scopus.com/authid/detail.uri?authorId=56352474400
https://doi.org/10.1155/2021/4545413

