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The article discusses the assessment of the state of reinforced concrete beams using the digital
image correlation method and submicron indicators. Bending elements are the most widely used in
reinforced concrete structures, so the ability to accurately evaluate and use new methods that simplify
the labor intensity of the process and increase the accuracy of measuring deformations and load-bearing
capacity is extremely important. The purpose of the study is to evaluate both experimental and
theoretical investigations of the deformation and load-bearing capacity of a reinforced concrete beam
under load. As a result of the study, the values of the deformation were determined. Comparative
graphs were constructed for the submicron sensor values, digital correlation results, and theoretical
values obtained by the finite element method using the “LIRA” software package. The constructed
diagrams show good convergence, with experimental and theoretical results values differing from
theoretical ones by no more than 5 %.

Keywords: reinforced concrete beam, digital image correlation method, damage, strains, defects,
modelling.

Introduction

Structural elements experience deformations and defects under loading (Mykhalevskyi, N. A.,
2023), which over time can lead to changes in their stress-strain state. To ensure the safety and durability
of such structures, continuous monitoring of their technical condition is necessary. One of the most
effective methods for assessing deformation processes (Sjolander, A., 2023) is Digital Image Correlation
(DIC) — a non-contact technology that enables highly accurate tracking of even the smallest changes in
material structure.

This method is based on the analysis of digital images of an object before and after the application of
loads. The surface of the structure is coated with a special high-contrast speckle pattern, allowing the
software to recognize even the smallest displacements of points during deformation (Blikharskyy, Y.,
2024). As a result, a comprehensive stress distribution map can be obtained, helping to identify risk zones
before visible damage occurs. In DIC studies, parameters such as speckle position and size are used to
characterize the images.

Neglecting the influence of these parameters can lead to significant discrepancies between the
computed DIC results for simulated and real values. This may also cause conflicting results, as described
in more detail in the Cui's work (Cui, 2024).

Materials and method

The construction industry is continuously evolving, focusing on economic efficiency, environmental
safety, and structural durability. One of the key aspects of ensuring the reliability of buildings and
structures is the accurate assessment of their stress-strain state, particularly under variable loads and exter-
nal influences. This is especially relevant for critical structures such as bridges and high-rise buildings,
where improper assessment can lead to severe consequences. Among the various methods for monitoring
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structural condition, Digital Image Correlation (DIC) has garnered significant attention (Ulzurrun S. D.,
2023). DIC is based on digital image analysis of an object before and after deformation.

The experimental study of a reinforced concrete beam using non-contact sensors enables precise
measurements of stress, strain, and deflections. In this study, microtech sensors with a resolution of 1x10* mm
and an error margin of less than 13 microns were used. The surface of the tested structure was pre-treated with a
special high-contrast speckle pattern, which serves as a marker for tracking even the slightest changes in the
material structure. With DIC, it is possible to obtain a detailed stress distribution map, identify weak points in
the structure, and predict potential damage before it actually occurs. This significantly enhances safety levels
and reduces repair costs. Additionally, the method allows for real-time monitoring of material behavior under
operational conditions without requiring dismantling or halting the structure’s function. One of the key
advantages of DIC is its versatility. In his study, (Dongyang, 2020) described the method’s effective application
for investigating reinforced concrete, steel, and composite structures, including displacement analysis, failure
detection, and other mechanical characteristics. Furthermore, an experimental study (Meiramov, 2025)
examined the correlation between crack propagation and deflection in reinforced concrete beams. The
application of this method is particularly crucial in modern research aimed at improving the strength and
durability of construction materials. Thus, Digital Image Correlation is a powerful tool in modern structural
engineering. It not only enables precise structural condition assessment but also facilitates future behavior
predictions, contributing to enhanced safety and efficient resource utilization. Studies by Yuan (Yuan, 2021)
and H. Cruz, (Cruz, 2019) have demonstrated that analyzing beam behavior requires a comprehensive approach,
including simultaneous experimental and theoretical research as well as finite element modeling. Numerical
models typically show good agreement with experimental data, confirming their high accuracy. These models
have also proven effective in predicting deflections and the ultimate load-bearing capacity of reinforced
concrete beams with high precision. Research findings presented by R. Perera (Perera, 2023) on the behavior of
reinforced concrete beams highlight the significance of numerical models in predicting beam deformations.
Overall, a comprehensive approach combining theoretical and experimental studies provides the most accurate
results for strength and deformation analysis. The objective of this research is to conduct experimental studies
on reinforced concrete beams using Digital Image Correlation and strain sensors, as well as to compare the
results with theoretical calculations and finite element modeling. Another key task is to perform an in-depth
analysis of the obtained data to verify the reliability of both theoretical and experimental methods. At the first
stage of the study, experimental measurements were carried out using strain sensors and Digital Image
Correlation, which helped minimize errors and validate the efficiency of the experimental research methods.
The general view of the test specimen, with dimensions of 2100%200x100 mm, is shown in Fig. 1.
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Fig. 1. Formwork drawing of the reinforced concrete beam
Experimental Implementation

To ensure precise measurements, Digital Image Correlation (DIC) was applied to one side of the
beam, while the other side was equipped with non-contact micro-indicators. This comparative method
allows for the accurate utilization of both techniques and facilitates a detailed analysis of the reinforced
concrete structure’s behavior. It also enables the comparison of deformations obtained using these two
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methods and helps assess the effectiveness of the integrated approach. The loading was applied as two
concentrated forces at one-third of the beam’s span, with a distance of 630 mm between them.

Each load increment was increased in 10 % steps of the estimated load-bearing capacity, with
stabilization intervals for measurement accuracy. A hydraulic jack and a distribution traverse were used to
apply the loads.

Fig. 2. General view of the experimental RC beam

The measurements taken from the beam surface using micro-indicators were transmitted to a PC via
Bluetooth, allowing the experiment to continue until the beam’s physical failure. Data was recorded at 1-
second intervals. To measure the stress in the most compressed concrete fiber, two micro-indicators were
used. For reinforcement stress measurement, a sensor mounted on mechanical fasteners was employed. A
total of five sensors were installed along the beam’s height. The first sensor was positioned 20 mm from
the top surface, while the remaining sensors were spaced at 30 mm intervals. The beam deflection was
measured using three sensors: one located at mid-span, two at the load application points, and two
additional sensors positioned above the supports.

Fig. 3. General view of the placement of micro-indicators
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To apply the Digital Image Correlation method for the experimental study of the reinforced concrete
beam, the sample required special preparation. The surface was first cleaned and sanded using an angle
grinder. Afterward, the concrete surface was dusted off with a compressor and cleaned with a surface
cleaner. A thin layer of non-elastic white matte paint was applied to the surface of the reinforced concrete
beam. Once the white background dried, black speckles of a defined size were applied to the surface of the
reinforced concrete beam using a special roller (Fig. 4).

Fig. 4. General view of the prepared surface

To ensure accurate results obtained using the Digital Image Correlation method, in addition to
preparing the sample surface and applying the characteristic pattern, proper lighting and camera settings
must be ensured. The obtained values are then transferred to the software using the VIC-2D-7 program.

Fig. 5. General view of the reinforced concrete beam
from the side of the Digital Image Correlation

The specialized software assigns a value of “255” to the black color and “0” to the white color. A
camera and lighting system was set up to obtain high-quality images without shadows and reflections. Two
cameras were positioned 600 mm apart, covering the pure bending zone, while two additional cameras
were placed at distances that allowed data to be captured from the entire surface of the reinforced concrete
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beam. During the test, a series of images was recorded, with each frame capturing the state of the sample
before and after loading. The obtained images are imported into the VIC-2D program, where preprocessing
is performed: the analysis area is defined, and correlation parameters are set. The program uses correlation
algorithms to track changes in the position and shape of the markers in the images by comparing each
frame to the initial state. As a result, a displacement and deformation field are obtained, which can be
visualized in the form of graphs. The data is exported for further analysis or comparison with calculation
models. Afterward, the obtained data is analyzed to determine the maximum stresses, deformation
distribution, and the localization of possible failure zones. VIC-2D allows for exporting the results as
numerical tables or graphical reports for further use in calculations and modeling. This method is non-
contact and highly accurate, making it effective for studying the mechanical behavior of materials under
various loading conditions. The images are the result of Digital Image Correlation (DIC) in the VIC-2D
program, showing a deformation field map with a color gradient, where different shades correspond to
stress and displacement levels (Fig. 6).
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Fig. 6. Deformation map in VIC software

The deformation map shows stress at a certain stage of loading, with red zones indicating maximum
deformations and blue and purple areas representing less deformed regions. Black markers with numerical
values show local deformation values at selected points. At the bottom, inclined red-yellow stripes are
visible, indicating local concentration of deformations, which may suggest the formation of cracks or
plastic deformation zones in the material. The speckle pattern (black and white dots) in the background
serves as markers for the correlation algorithm, which tracks their displacement under load.

Finite element modeling

To verify the experimental data, a theoretical study was conducted, which included calculating the
stress-strain state of the reinforced concrete beam according to the regulations of DBN B.2.6-98:2009 and
Eurocode 2, as well as numerical modeling using the finite element method (Mykhalevskyi, N. A., 2023)
with the specialized software package LIRA-SAPR (Deineka, V., 2024). An analysis of the obtained
results was performed to compare the theoretical and experimental data, allowing the accuracy of the
calculation methods and their correspondence to real operational conditions to be assessed. The finite
element model was built using volumetric finite elements (FE) No. 236, which account for the nonlinear
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behavior of concrete. In all models, the concrete class C35/45 was determined based on the testing of
prism, cube, and cylindrical specimens. The program takes into account the characteristic strength of
concrete. The nonlinear behavior of concrete was described using the 25th exponential deformation law.
To simulate the behavior of the reinforcement cage, finite elements No. 210, which are physically
nonlinear universal spatial FEs, were used. The nonlinear properties of the reinforcement were described
using a 14th piecewise-linear deformation function. The values of the ultimate strains, Young’s modulus,
and yield strength of the reinforcement were taken according to the determined physical-mechanical
parameters for steel class AS00C (working reinforcement: compressed and stretched) and A240C, as
determined by the R-100 testing machine.

Fig. 7. General view of the computational model of the control beam

Fig. 8. General view of the computational model of the reinforcement cage of the beam

The applied load of Fu = 2.7 kN at points located at 1/3 and 2/3 of the span of the beam is key to
understanding the stress-strain state under the applied load. In the comparison of theoretical and
experimental results, deformation and displacement data obtained through finite element modeling (FEM)
in LIRA-SAPR are compared with experimental data from both the digital image correlation (DIC) method
and microindicators.

This comparison is critical for evaluating the accuracy of the theoretical model and identifying any
discrepancies between the theoretical and actual deformation values. By utilizing the finite element method
(FEM) in LIRA-SAPR, deformations of the compressed concrete zone, deformations of the reinforced
stretching zone, and beam deflections were determined. Comparative graphs were constructed to align the
theoretical values with the experimental data, offering insights into how well the theoretical predictions
match the physical behavior observed in the experiments.

The overall goal of this analysis is to refine the predictive capabilities of the theoretical models and
assess the real-world behavior of reinforced concrete beams under load. The validation process helps
ensure the reliability of the calculations and supports further structural analysis and design optimization.

Results and discussion

This section presents the results of theoretical studies and experimental tests with a detailed
comparative analysis and discussion. The comprehensive approach used in this study allowed for
verification of the obtained data and confirmation of the validity of the methods applied. Theoretical and
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experimental investigations yielded the following results: the deflection values of the test sample and the
complete deformation field of the concrete. The results are presented graphically in the form of
dependencies: “M-g.pper ¥ 107> (bending moment relative to the deformation of the most compressed

concrete zone), “M-€epqr X 107> (bending moment relative to the deformation of the reinforcement), “M-f”
(bending moment relative to the deflection), as shown in Fig. 9—11.
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Fig. 11. Comparative graph of deflections

According to the obtained data from the graphs, the convergence of deflections and deformations
between the theoretical results and experimental data has been analyzed. Fig. 9 shows the comparative
graph of the deformation of the stretched reinforcement. These results are also shown in Table 1. The
results of deformation values for the compressed concrete zone and deflections are presented in Table 2
and Table 3. For the micro-indicators, at M;,umicsy = 8.3 kN'm, the deformation of the stretched
reinforcement reaches the yield point &, = 25510~ which corresponds to the point of loss of bearing
capacity. After this deformation, there is an increase in the deformation of both the compressed and
stretched zones.

The image correlation method detects the yield point at M3, = 8.4 kN-m, while the theoretical
value obtained using the LIRA SAPR software is M ,zs)= 10.1 kH'M. The theoretical value of the loss of
bearing capacity is slightly higher than the experimental data, which may indicate that the model accounts
for certain idealizations or does not consider some real factors such as material heterogeneity or local
defects. At a loading of M,;, = 16107 kN-m, the following maximum values were recorded for analysis:
Esymaxira) = 621.3107, &) paxa) = 637.5107° = 637.5:107, &5 max(mirc) = 644.88107°. The difference
between the LIRA SAPR and digital image correlation methods is 2.61 %. The difference between the
digital image correlation and micro-indicators is 1.15 %. The difference between the LIRA SAPR and
micro-indicators reaches 3.81 %. The identification of discrepancies between theoretical and experimental
values highlights the importance of combining different approaches to obtain a more accurate assessment
of the structure’s behavior under real conditions. At M,;, = 16.7 kN-m, the experimental sample loses its
bearing capacity due to the brittle failure of the compressed concrete zone (Fig. 12). The obtained
maximum values for the most compressed fiber of concrete are as follows: &. vy = 193.3107,
¢, max(3d) = 202.1'107, &, max(mirco) = 215107°. The discrepancy between the maximum values of the
compressed fiber is on average about 6.72 %. The discrepancy between the deformations of the stretched
reinforcement and the compressed concrete fiber is small, indicating a good convergence between the
results of the different methods. This suggests that despite some discrepancies with the theoretical
calculations, the image correlation and micro-indicator methods yield results that reflect the real loading
conditions, confirming the accuracy and reliability of these methods.
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Fig. 12. Concrete failure of the most compressed fiber
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The graph shown in Fig. 11 demonstrates the relationship between the bending moment M, kN-m,
and deflection f, mm. Experimental data obtained using the image correlation method show a tendency to
underestimate deflections compared to micro-indicators, which may be due to the specifics of the image
processing algorithm. The obtained results indicate an acceptable level of convergence between numerical
and experimental modeling. The main factors contributing to discrepancies are the sensitivity of the digital
image correlation method to lighting conditions and surface texture. The error within 3 % indicates

sufficient accuracy and reliability of the reinforced concrete specimen’s performance.

Table 1
Comparative table of reinforcement deformations
M, xN'm &y (micro) & (3d) &y (Lira)
0.17583 3.09 0.157 2
2.98917 31.93 22.7064 30.46
5.01125 118.45 117.359 79.46
7.385 219.39 202.316 176.79
10.0225 330.63 303.711 254.67
12.48417 407.88 393.316 393.9
14.94583 470.71 463.74 472.65
16.70417 644.78 637.516 621.1
Table 2

Comparative table of deformations in the compressed zone of concrete

M, kN'm &q (micro) e (3d) &q (Lira)
0.17583 2.10526 0.0186 0.98
2.98917 19 11.8208 16.53
5.01125 45 46 34.17
7.385 75 74 58.83
10.0225 104 101 87.88
12.48417 132.5 129 118.5
14.94583 159 153 169.6
16.70417 215 202 193.33
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Table 3
Comparative table of deflections

M, xN'm /f, mm (micro) f, mm (3d) f, mm (Lira)
0.17583 0 0.00698 0.03
2.98917 0.736 0.61181 0.69
5.01125 2.125 2.09639 1.46

7.385 3.52 3.598 2.8
10.0225 5.045 5.19948 4.57
12.48417 6.404 6.8653 6.44
14.94583 8.473 8.70506 8.39
16.70417 10.892 11.7261 11.1

Conclusions

The study includes an analysis of the stress-strain state of reinforced concrete beams. Experimental
data were obtained using Digital Image Correlation (DIC) technology and non-contact micron measuring
devices. The theoretical part of the study included comparative calculations and finite element modeling
using the “LIRA” software. The deformation and deflection diagrams had similar shapes and charac-
teristics, with deviations between numerical values around 5 %. Based on the obtained values and analysis
of the theoretical data, it can be concluded that this comprehensive method for determining deformations
and displacements allows for more accurate and less labor-intensive experimental data acquisition.

Prospects for Future Research

The prospects for further research may focus on several important aspects: studying how different
types of damage affect the strength and deformability of beams under load. Analyzing at which load levels
damaged beams begin to exhibit critical deformations or failure, which will help improve methods for
predicting their behavior under real operating conditions. Investigating the influence of damage type on
failure mechanisms, how different types of damage alter stress distribution, and how this affects the overall
strength of the structure.
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Haunionanshuii yHiBepcutet “JIbBiBChKa MOMITEXHIKA”,
kadeapa OyaiBeNbHUX KOHCTPYKIIiH Ta MOCTIB

JOCIIIKEHHSA HAITPYKEHO-JE®@OPMOBAHOTI'O CTAHY
B 3AJII30BETOHHUX BAJIKAX 3A JIONIOMOI'OIO METOIY IIM®POBOI KOPEJIALIII

© Muxanescoxuii H. A., Beeepa I1. 1., brixapcoxuii 3. A.,2025

HaBeneno aHaii3 HamnpyxeHO-1eOpMOBAaHOTO CTaHy 3alli300€TOHHHX 0aJloK 3a JOMOMOTOK METOIY
urdpoBoi Kopesii 300paxkeHb Ta MiKpOiHAUKATOpiB. ExeMeHTH Ha 3rMH HAWITOMIMpPEHII B 32113006 TOHHHUX
KOHCTPYKIIISIX, TOMY MOXIIUBICTh TOYHO OI[IHIOBATH 1 BHKOPHUCTOBYBATH HOBI METOMAHU, SIKI 3MEHIIYIOThH
TPYIOMICTKICTh IIPOLECy Ta MiJABUIYIOTh TOYHICTh BUMIPIOBaHH JedopMalliif Ta HeCydoi 31aTHOCTI, HaJA3BH-
YaifHO BayKMBa. METOIO IOCHIDKEHHS € OLIHIOBAHHSI SIK €KCIIEPUMEHTAIBHHX, TaK 1 TEOPETUUHUX JIOCITIKEHb
nedopmMaliiii Ta HeCy4oi 3aTHOCTI 3a1i300€TOHHOI OAaJKH IMiJ HABaHTA)XCHHSAM. EKCIIepUMeEHTalbHI TOCITi-
JUKCHHS 3MIIHCHEHO 3a JOIMOMOTOI0 MIKPOIHAMKATOPIB Ta METoAy IHM(POBOI KOpemsIii 300paxkeHs. Y pe-
3yAbTATI JOCIIIKEHHS] BU3HAUYEHO 3HaueHHsI Aedopmariii B CTUCHYTIH 30HI OETOHY, HaNpy)XEHHS B apMarypi
Ta 3HaueHHs nporuHy. [loOymoBaHO mMOpiBHAUIBHI rpadikd s 3HAYeHb MIKPOIHAMKATODIB, PE3YJbTATIB
rQpoBoi KOpersil Ta TEOPEeTHYHNUX 3HAYEHb, OTPUMAHHUX METOJOM CKiHYEHHHX €JIEeMEHTIB 3a JIONOMOTrO0
nporpamuoro 3abe3neueHHs “LIRA”. TloOymoBani aiarpamu IMOKa3yrOTh XOpOUIY 301KHICTb; €KCIIEpUMEH-
TaJNbHI Ta TEOPETUYHI PE3YJBTATH JJIsl CTUCHYTOI 30HU OETOHY Ta PO3TSATHYTOI apMaTypy MICTSITBCS y MEXax
noxu6xu 10 7 %, a 3HaUEHHs POTUHY BiJPI3HAIOTHCS BiJl TEOPETUUHHX He Olblie HiX Ha 5 %. OTxe, OliHKa
BIUIMBY METOJY 3a JOIOMOIOI0 IM(POBOI KOPEIAIl 300pakeHb Ta MIKpPOIHAMKATOPIB JEMOHCTPYE BUCOKY
TOYHICTh Y BU3HAUEHHI Aedopmaliil 3ai300eToHHUX 0anok. MokHa 3pOoOUTH BUCHOBOK, 110 IIeW METO]] HA1a€
JIOCTOBIpHY 1H(OpPMALIiIO ISl OLIHIOBAHHS JIHCHOT pOOOTH €IEMEHTIB Ta HaIlpyKeHO-7e()OpPMOBAHOTO CTaHY,
IiIBUIIYE TOYHICTh BU3HAYECHHs 3HAUCHb. 30KpEMa, Pe3ylbTaTh eKCIIEPUMEHTAILHUX JOCITIDKEHb MiATBep-
JOKYIOTB, IO [eH Miaxia aae 3Mory e(eKTHBHO MOHITOPUTH CTaH KOHCTPYKIIH, HABITh HA PaHHIX eTamax ix
excuryaraiii. [Tomanpin AociiDKeHHS MOXYTh IepeadauaTd BHBUYSHHs ITOBEMIHKM IHIIMX THINB 3atizo0e-
TOHHHMX KOHCTPYKIIH ITiJ] HABAHTA)KEHHSMH PI3HUX BHIIIB.

KurouoBi ciioBa: 3ani300eTonHa 0ajika, MeTol HM(POBOI Kopeasiliii 300pakeHb, NOIIKOIKEHHS,
nedopmatii, nedeKTH, MOIETIOBAHHSI.



