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Abstract. This article considers the influence of
local one-sided damage on the stress-strain state of
a reinforced concrete beam.The research is aimed at
analyzing changes in load-bearing capacity,
deformations, and potential failure mechanisms
caused by unilateral damage.Reinforced concrete is
one of the most widespread and important
construction materials used in various engineering
structures, from residential and public buildings to
bridges and other infrastructure facilities.However,
despite its high durability and significant reliability,
reinforced concrete may undergo substantial
damage under the influence of various aggressive
environmental factors [1].

All these factors lead to increased deformations,
a decrease in load-bearing capacity, and may result
in the failure of the reinforced concrete
structure.Particular attention should be paid to
defects caused by unilateral moisture exposure [2],
when moisture penetrates from only one side of the
structure, leading to an unpredictable stress-strain
behavior during design and operation.As a result,
concrete spalling may occur [3].

Unilateral moisture exposure can have various
effects on different types of structures depending on
their dimensions, loads, and operating conditions.
To study such damage, a special experimental
method was developed to simulate localized
damage on the side surface of reinforced concrete
beams.

Within the framework of the study, an analysis
was carried out between theoretical modeling using
the finite element method in the LIRA software and
the experimental results. The Digital Image
Correlation (DIC) method was applied, which
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allows for the detection of cracks and
deformations[4].

The DIC method provides high accuracy in
tracking the distribution of deformations on the
surface of a specimen in real time, which makes it
extremely useful for studying the development of
damage and its impact on the load-bearing capacity
of reinforced concrete structures [5].

The obtained research results make it possible
not only to improve the understanding of the
behavior of reinforced concrete elements under
conditions of one-sided wetting but also to
significantly increase the efficiency of structural
health monitoring.
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This will allow potential problems to be detected
more promptly [6] and ensure the necessary
preventive measures to avoid severe damage,
thereby improving the safety and durability of
structures during operation.

Keywords: damage; deformation; defects;
digital image correlation; reinforced concrete
beams.

INTRODUCTION

In modern construction, reinforced concrete
plays a key role as one of the most reliable and
widespread structural materials.

Its extensive use is due to the combination of
high strength, stiffness, and durability.

However, over time, reinforced concrete is
exposed to adverse environmental influences
that may lead to its gradual degradation [7].

The main threats to reinforced concrete
structures include concrete carbonation,
reinforcement corrosion, moisture exposure,
aggressive  chemicals, and temperature
fluctuations [8].These factors cause changes in
the internal structure of the material, the
formation of cracks, and a reduction in the bond
between concrete and reinforcement, which
significantly affects the load-bearing capacity
and safety of structures [9].Special attention
should be given to elements damaged as a result
of moisture exposure on the lateral surface [10].

Such conditions can cause local stresses,
crack development, delamination of the
concrete surface layer, and reinforcement
corrosion [11].

Early diagnostics and detailed investigation
of such damage are crucial for ensuring
structural reliability.Modern non-destructive
testing methods [12], particularly Digital Image
Correlation (DIC), allow for high-precision
assessment of the deformation state of
structures and identification of potential failure
zones at early stages [13].Studying these
processes will contribute to the development of
effective monitoring methods and ensure
detailed analysis of the condition of reinforced
concrete structures.To study the damage
mechanisms caused by unilateral wetting, an
experimental investigation was conducted
simulating localized damage on the lateral
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surface of a beam, which allows for analysis of
changes in its stress-strain state.

Under real operating conditions, reinforced
concrete structures are often subjected to a
combination of adverse factors.

The cumulative effect of these factors leads
to the gradual deterioration of concrete, the
formation of cracks, and the destruction of the
protective layer.As a result, the stress-strain
state of the structure changes [14,15],
significantly deviating from the conditions
anticipated during the design phase.In
particular, local stress  concentrations,
redistribution of internal forces, displacement
of the neutral axis, and deformation asymmetry
may occur, which can lead to skew bending
[16], deflections in unexpected directions, and
a reduction in load-bearing capacity [17].

Thus, operational damage causes nonlinear
and spatial changes in the stress-strain state
[18], which are difficult to consider using
standard design procedures.

This necessitates the implementation of
experimental  control methods, periodic
diagnostics, and updated calculation models
that take into account the actual operating
conditions of the structure [19,20].

MAIN STUDY

To validate the theoretical assumptions and
compare them with the results of experimental
investigations, numerical modeling of a
reinforced concrete beam with localized
damage was performed using the finite element
method (FEM) [21,22,23].

This approach made it possible to assess the
stress distribution, deformation pattern, and the
influence of the damage on the overall stiffness
of the structure prior to conducting the physical
experiment.The obtained computational data
were compared with the results of full-scale
tests to verify the accuracy of the model and
validate the theoretical assumptions. The study
used a specimen of a reinforced concrete beam
with a rectangular cross-section and geometric
dimensions of 2100x100%200 mm.

The beam was simply supported on two
supports with a clear span of 1900 mm.
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To create a bending load, two concentrated
forces were applied symmetrically at one-third
of the span from each support.

Load control was performed using
dynamometers, and the load was applied
incrementally in steps of 10% of the expected
load-bearingcapacity.This setup allows for the
creation of a constant pure bending region in the
central part of the beam and ensures a more
uniform distribution of internal forces.To
simulate localized damage caused by one-sided
wetting, a defect measuring 200x200%30 mm
was made on the side surface of the beam in the
pure bending zone (Fig.1).

The damage was introduced prior to the
beginning of the loading process.

Fig. 1. General view of the damage
Puc.1. 3aranbHUMA BATIISA MOIIKOKEHHS

This damage simulates conditions in which
reinforced concrete is exposed to prolonged
moisture from one side, a scenario typical of
many real operating environments, such as
water infiltration or cycles of freezing and
thawing. Such exposure leads to delamination
of the concrete layer, increased deformations
and cracking, and, as a consequence, to a
reduction in load-bearing capacity, a change in
the inclination of the neutral axis, and an
alteration of the stress-strain state that deviates
from the design assumptions.For the
experimental procedure, three-dimensional
digital image correlation (3D-DIC) was used on
the damaged side of the reinforced concrete
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beam.This system allows for precise tracking of
displacements and deformations on the
specimen surface during loading (Fig. 2).

Puc.2. Burisin i3 CTOpoHH TOITKOKEHHS.

To implement digital image correlation, a
system consisting of four cameras was used:
two of them were oriented to capture the entire
length of the beam, while the other two focused
on the pure bending zone for detailed analysis
of deformations in this critical area.

On the opposite side of the reinforced
concrete beam, deformations were measured
using micro-indicators (Fig. 3), which provided
wireless data transmission to a personal
computer in real time.

Fig. 3. Placement of the micro-indicators.
Puc.3. Cxema po3rairyBaHHsI MiKpOiHHKATOPIB

The instrument layout provided for the
installation of the first micro-indicator at a
height of 20 mm from the top edge of the beam,
while the remaining sensors were mounted at
30 mm intervals along the height of the cross-
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section.To monitor horizontal displacements
deflection micro-indicatior were installed on
the side surface of the beam in three zones: ts of
the study showed that the presence of localized
damage leads to a reduction in the load-bearing
capacity of the beam compared to the reference
undamaged beam, as confirmed by both
numerical and experimental data presented in
the article [24].Notably, significant horizontal
displacements of the beam were recorded
during the  experiment.This  behavior
inddirectly under the points of load application
and in the central part of the span.

Similarly, micro-indicators were placed to
record vertical displacements.

Thanks to the combination of digital image
correlation, non-contact measurements using
micro-indicators, and numerical modeling by
the finite element method, a comprehensive
picture of the behavior of the reinforced
concrete beam with localized damage was
obtained.In particular, deformations of the
compressed concrete zone, reinforcement, as

well as vertical and horizontal deflections of the
structure were analyzed.The resulicates a
disturbance in the stiffness balance across the
width of the cross-section, which potentially
leads to a change in the geometric position of
the neutral axis.Such damage causes the neutral
axis to shift, resulting in the beam effectively
working under conditions of skew bending.
This can be critical from the standpoint of
further structural serviceability, as it causes
displacements and stresses not anticipated in
the design.Such a change in deformation
behavior is an important indicator of the
transition of the structure to a more complex
stress state, in which stresses and deformations
develop not only in the principal bending
plane.Figure 4 presents a comparative graph
illustrating the relationship between the
bending moment M and the reinforcement
strain gyk, obtained using three methods: from
micro-indicators,  from  digital image
correlation, and from the LIRA software.
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Fig. 4. Comparative graph of reinforcement strains

Puc.4. lopiBustipHuit Tpadik gegopmaniit apmMaTypu
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The analysis of the graphs makes it possible
to determine the moment at which the yield
strength of the reinforcement is reached for
each method, as well as the maximum
reinforcement strain values for each approach.

The graph shows the yield moment values as
follows:Ms,y(micro)=6.1KNmM;Ms yLira)=5.9kN-

ISSN 2522-4182

m,Ms y(30)=5.8KN-m.The results obtained using
micro-indicators,image  correlation, and
theoretically using the LIRA software
demonstrate close agreement and are also
presented in Table 1.

Table.1. Reinforcement strains: experimental and numerical data
Ta6ua.1l. Jlepopmartii apmarypu: ekcriepuMeHTAIbHI Ta YUCIIOBI 1aHi

M, xkH*m gyk(micro) eyk(3d) eyk(Lira) 3d ta micro Lira vs micro
1,5825 21,63 34,5 25,85 59.5% 19.5%
3,165 75,19 99,78 95,25 32.7% 26.7%
4,7475 174,07 192,4 162,23 10.5% 6.8%

6,33 277,07 300,1 288,25 8.3% 4.0%
7,9125 378,01 370,28 393,9 2.0% 4.2%
9,495 467,6 421,2 472,65 9.9% 1.1%

11,0775 588,13 563,74 573,6 4.1% 2.5%
12,66 678,77 658,35 642,3 3.0% 5.4%
14,06 702,4 688,3 691,2 2.0% 1.6%
15,12 796,19 758,57 717,3 4.7% 9.9%

Figure 5 shows the strain graph of the
compressed concrete zone near the undamaged
edge.
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Fig. 5. Comparative graph of concrete compression zone strains
Puc.5. lopiBustmpHul Tpadik qedopmarniii cTucHYTOI 30HH OETOHY
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The obtained graphs demonstrate a high
level of consistency between the results of
different methods, indicating the reliability of
the measurements and the effectiveness of each
approach for assessing the deformational
behavior of concrete.

The maximum strains recorded by all
methods fall within a narrow range (264-280 x
107%), which further confirms the accuracy of
both the experiment and the numerical
modeling.

The maximum compressive strains of the
concrete, obtained by all methods, exceeded the
normative limit established for concrete of class
C35/45 according to DBN [25].

Table 2 presents the comparative values of
compressive strains in the concrete, which
confirm the overall increase in strain with the
growth of the bending moment.

Minor  discrepancies  between  the
experimental and numerical data remain within
acceptable limits and support the validity of the
applied approaches.

Table.2. Concrete compression zone strains: experimental and numerical data
Taba.2. ledopmariii cTHCHYTOI 30HH OCTOHY:€KCIIEPUMEHTAIBHI Ta YUCIIOBI JIaHi.

M,xkH*m € ck(micro) €ck(3d) €ck(Lira) 3d vs micro Lira vs micro
1,5825 23 31,2 24,6 35% 7.0%
3,165 41 47,3 44,17 15% 7.7%
47475 62,5 62,8 58,83 0.5% 5.9%

6,33 81,5 91,2 87,88 11% 7.8%
7,9125 101,5 104,8 103,1 3.3% 1.6%
9,495 119,5 122.,8 118,1 2.8% 1.2%

11,0775 144 148,4 152,1 3.1% 5.6%
12,66 165 179,5 168,4 8.8% 2.1%
14,06 188,5 202,4 198,33 7.4% 5.2%
15,12 280 271,6 2643 3.0% 5.6%

Figure 6 shows the graph of vertical deflections of the reinforced concrete beam.

M, kN+m
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Fig. 6. Comparative graph of vertical deflections
Puc.6. IopiBHsubHHI Tpadik BepTUKATBHUX HPOTHHIB

92

BynisenbHi koHcTpyKUjii. Teopis i npakTuka * 16/2025




Throughout the entire load range, the results
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This is due to the fact that the modeling

show overall agreement between the assumes somewhat idealized conditions for the
experimental data and the numerical method. behavior of the reinforced concrete beam
Before reaching physical failure, the (Table  3).Table.3.  Vertical  deflections:
theoretical deflection values exhibit slightly experimental and numerical data
greater deviation from the experimental
results.
Ta6.a.3. BepTukanbHi NPOrMHA: EKCIIEPUMEHTAJIBHI Ta YUCIIOBI IaH1
M,kH*m f,r_nm f,mm f’mm 3d vs micro Lira vs micro
’ (micro) (3d) (Lira)
1,5825 0,448 0,56 0,387 25% 13,6%
3,165 1,176 1,34 1,37 13,95% 16,5%
4,7475 2,568 2,3 2,89 10,44% 12,4%
6,33 3,571 3,81 3,9 6,69% 9,21%
7,9125 4,592 4,05 4,85 11,8% 5,62%
9,495 5,57 5,32 5,93 4,49% 6,46%
11,0775 6,88 6,48 6,94 5,81% 0,87%
12,66 7,11 6,97 7,15 1,97% 0,56%
14,0666 8,314 7,87 9,89 5,34% 18,6%
15,121 11,27 10,98 13,3 2,57% 18,1%

Figure 7 presents the results of horizontal displacements.

Horizontal Displacements of RC Beam Along the Length
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Fig. 7. Horizontal deflections of the specimen along the beam length

Puc.7. I'opu3oHTaNBHI TPOTMHHM 3pa3Ka MO JIOBXKHHI OaJIKn
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The results show that horizontal
displacements  gradually increase  with
increasing load, with the largest values
observed in the damaged zone (Table.4).

The lateral displacement of the beam
indicates a shift of the neutral axis and the
beam's behavior under skew bending
conditions.

Table 4. Horizontal displacements of the beam .
Ta6a.4. [opu3oHTAIbHI IEpEMILIICHHS OaIKK

Thus, tracking horizontal displacements is a
critical step in studying the performance of
damaged reinforced concrete elements.

Their analysis allows for a more accurate
assessment of the impact of a local defect on
the overall deformation behavior of the beam,
as well as for incorporating this influence into
numerical models.

M,kN*m Horizontal displacement,mm
1,5825 0,074
3,165 0,194
4,7475 0,316
6,33 0,458
7,9125 0,606
9,495 0,74
11,0775 1,05
12,66 2,08
14,06667 4.4
15,12167 7,139

The experiment recorded the presence of a
residual deflection of the reinforced concrete
beam after unloading (Fig. 8).

This  residual  deflection indicates
ireversible changes in the structure of both the
concrete and the reinforcement. Such residual
deflections are important for assessing the

Fig. 8. Residual horizontal deflection
Puc.8. 3anumkoBuii TOpU30HANBEHUN TPOTUH
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remaining load-bearing capacity of the
structure after loading.

A visual inspection of the specimen after
testing also confirmed the presence of residual
vertical deflection in the loading zone, which
correlates with the measurement results

Fig. 9. View of the reinforced concrete beam after
the experiment from the damaged side.

Puc.9. Burmsan 3amizo0eroHHOI Oanku  mmicis

CKCIICPUMCHTY 13 CTOPOHU MOMIKO/PKCHHA
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CONCLUSIONS

In this study, localized damage was
successfully modeled on the side surface of a
reinforced concrete beam to simulate the effect
of one-sided moisture exposure. The
experiment, conducted using the three-
dimensional Digital Image Correlation (DIC)
method, enabled both qualitative and
quantitative assessment of strain distribution
and tracking of damage development in the
area of the local defect. The results confirm
that unilateral moisture exposure can
significantly influence the stress-strain state of
the structure.

A promising direction for future research is
the study of the influence of local damage on
the behavior of reinforced concrete elements
under loading. The continued use of the three-
dimensional DIC method will make it possible
to observe the initiation and propagation of
cracks in real time due to operational damage.

This approach will contribute to a deeper
understanding of structural behavior and
support the development of more effective
diagnostic methods and predictions of the
residual service life of reinforced concrete
structures. The obtained results established a
correlation between the damage and the
deformation behavior A shift of the neutral
axis, skew bending formation, development of
horizontal displacements, and the appearance
of asymmetric deformations were observed. A
comparative analysis was carried out for the
strains obtained using micro-indicators, DIC,
and LIRA software.

The average deviation of reinforcement
strain between DIC and micro-indicators was
13.7%, and between LIRA and micro-
indicators — 8.3%.The average deviation of
compressive concrete strain between DIC and
micro-indicators was 9.3%, and between LIRA
and micro-indicators — 5.3%. All values fall
within the allowable experimental error.

Vertical deflections in the damaged zone
reached 11.27 mm (according to micro-
indicators), which correlates well with the
calculated values of 10.98 mm (3D DIC) and
13.3 mm (LIRA model).The maximum
reinforcement strains were 280x107°, while
horizontal deflection exceeded 7 mm. The

ByanisenbHi koHCTpyKUji. Teopis i npakTuka  16/2025
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obtained numerical results confirm the shift of
the neutral axis and the beam’s behavior under
skew bending conditions.
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3MIHA
HAIIPYKEHO - JE®@OPMOBAHOI'O
CTAHY IIPU OJHOBIYHOMY
INOMKO/’KEHHI 3AJII3OBETOHHUX
BAJIOK

Haszapiiti MUXAJIEBChKHH
Tlasno BET'EPA
3inositi BJIIXAPChKHUH

AHoTauis. Y 1i#f cTaTTi po3rifgacThcs BILUIUB
JIOKAJILHOTO ~ OJHOOIYHOTO  TOIIKOPKEHHS Ha
HaIpyxeHO-nepopMoBaHUil CTaH 3a1i300eTOHHOT
Oanku. JlocmimkeHHsS CIipsIMOBaHE Ha aHaJi3 3MiH
Hecy4oi 37aTHOCTI, nedopMarliii Ta MOTEHI[IHHIX
MeXaHi3MiB pyHHYBaHHS BHACJIJIOK
OJTHOCTOPOHHBOTO ITOIIKOKEHHS. 3aTi300€TOH €
OJHMM 13 HAaWMOUIMPEHIIIMX 1 HANBaKIMBIINX
OyIiBEJIbHUX MaTepiajiB, [0 BHKOPHUCTOBYETHCS B
PI3HOMAaHITHHX 1H)KEHEPHUX KOHCTPYKIIISAX, Bill
JKUTJIOBUX 1 TPOMaJChKUX OyiBeab JO MOCTIB i
iHIMX  iHQpacTpyKTypHUX 00'ekTiB. OnHak,
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HE3BAXKAIOYM HAa CBOI BHCOKY JOBIOBIUHICTH i
BEIUKY HaIiHHICTb, 3113006 TOH MOXeE
miraBaTuCs 3HAYHUM  IIOIIKOIDKEHHSAM  ITiJ
BIUIMBOM  PI3HUX  arpecUBHHUX ¢baxTopiB
30BHIIIHBOTO CEPEIAOBHUIIIA.

Yci ni QakTopu CHPUYHHSIOTH 301TBIICHHS
nedopmaliiif, 3HWKEHHS HeCydol 37aTHOCTI, IO
MOJKE TIPU3BECTH JI0 PYWHYBaHHS 3aJ1i300€TOHHOT
KoHCTpyKUii. OcoOnuBy yBary cimiJ NpHIUIATH
nedeKkTaM, 10 BHHHKAIOTH BHACTIIOK OXHOOIY-
HOTO 3BOJIOXKEHHSM, KOJIU BOJIOTA TIPOHUKAE JIUIIIC
3 OJTHOrO OOKY KOHCTPYKIIii, [0 TMPU3BOTUTE JI0

HeriepenbauyBaHoro  mpoektyBanHsMm — HJIC.
Bnacmiiok 115010 BUHUKAE TYIIEHHS OCTOHY.
OnHoOIuHE HaMOKaHHS MOXE MaTu

PI3HOMaHITHUH BILTUB Ha Pi3HI TUIIH KOHCTPYKIIIi,
3aJIEKHO Bia iX po3MipiB, HaBaHTaXEHb Ta YMOB
ekcrutyaTamii. 3 METOK JOCHIJDKCHHS TaKUX
MOIIKO/PKEHb  OyJI0  pO3po0JIEHO  CHelialbHy
eKCIIEpUMEHTAIbHY ~ METOAWKY  MOJIETIOBaHHS
JIOKAJIbHOTO TIOIIKO/PKEHHS Ha OI4HIA TOBEpXHI
3a;mizo0eToHHux Oayok. Jlyis 1bOro B Mexax
MOCIIKEHHST ~ OyJI0 TIPOBEIEHO aHaji3 Mix
TEOPETUYHUM MOJICIIOBAHHSM, IO BHKOHAHE 3a
JIOTIOMOT'OI0 METOJy CKiHUYeHHUX eneMeHTiB B [1K
«JIIPA» Ta exciepuMeHTOM. Y XOJi TOCIiIKEHHS

Cmamms naoiiiuina 0o peoaxuyii -22.05.25 p.
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3aCTOCOBaHO  MeToA  LUGPOBOi  KOpewsmii
300pakenp (Digital Image Correlation — DIC),
10 A03BOJIsIE€ PiKCyBaTH TPIMTUHH Ta dedopmarrii.
Meton DIC 3abe3nedye BHCOKY TOYHICTh Y
BiJICTEeKEHHI posnoainy aedopmaniii Ha MOBEPXHi
3pa3ka B peaJbHOMY daci, 1o poduTh ioro
HA/I3BHYAHHO KOPHUCHHUM ]IS BUBYCHHS PO3BHUTKY
MOIIKO/KEHb Ta iX BIUIMB HA HECYdy 3JaTHICTb Y
32113006 TOHHUX KOHCTPYKIIiSX.

OtpuMmaHi pe3ynpTaTH MOCHIIPKEHHS [aloTh
3MOTYy HE JIMIIE TMOKPAIIUTH PO3YMIHHS pOOOTH
3aJ11300€TOHHUX €JIEMEHTIB B YMOBaxX 0JHOO1YHOTO
HaMOKaHHS, a W 3HAYHO TiIBUIITUTH ¢PEKTUBHICTH
MOHITOPHHTY TEXHIYHOTO CTaHy OyIiBEeIThHHUX
KOHCTPYKIIiH.

Lle mo3BONMTH OiNBII ONMEPATUBHO BUSIBIATH
MTOTEHITIHHI mpobieMu 1 3a0e3meunTH HEoOXimHi
3aX0AM JUISL TIONEPEKCHHS! 3HAYHUX ITOIIKOJ-
KEHb, 110 B CBOIO Yepry 301IbIINTH O€3MEeUHICTh Ta
JIOBTOBIYHICTh KOHCTPYKIIM y TIpOIeci eKcIuTya-
Tarii.

KarodoBi cioBa: momkomkeHHs edopMariis;

nedekTn; mUQppoBa  KOpenAmis  300pakeHb;
3aJ1i300€TOHHI OaJIKH.
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