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This article divulges the outcomes of theoretical investigations into non-uniformly damaged
reinforced concrete beams, employing the LIRA-FEM software suite. The manifestation of defects and
damages poses operational risks for buildings and structures. The objective of this study is to
scrutinize the consequences of irregular damage occurrence in reinforced concrete beams, holding
significant practical relevance for the determination of the stress-strain condition in reinforced
concrete elements. To facilitate these theoretical inquiries, finite element modeling within the LIRA-
FEM software suite is employed. Through the modeling results, stress levels were juxtaposed against
ultimate stress thresholds, elucidating the deformability of unevenly damaged reinforced concrete
beams. The study’s significance lies in its potential to enhance the safety of building structures,
mitigating risks during operational phases.
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Introduction

The determination of residual load-carrying capacity in reinforced concrete beams subjected to
various damages is a pressing concern within the construction industry, holding paramount importance
for design engineers. Concrete damage can manifest due to diverse factors, including chemical attacks,
mechanical injuries, improper operation, and other types of damages as classified in (Voskobiinyk, 2010).
Such occurrences may lead to a decline in the load-bearing capacity of beams, escalating the risk of
accidents and giving rise to intricate deformations in reinforced concrete elements that defy predictability
in the initial design (Voskobiinyk et al., 2011).

Ongoing research in this field focuses on comprehending the mechanisms of damage and its
ramifications on the load-bearing capacity of reinforced concrete beams. The outcomes of these
investigations can serve as a basis for establishing safety codes and formulating recommendations.
Consequently, evaluating the technical condition of reinforced concrete structures becomes the primary
diagnostic tool during operation, necessitating the determination of load-bearing capacity and the
selection of optimal reconstruction methods. This is crucial for ensuring the safety and longevity of
structures in practical application.

The focus of this article revolves around stress analysis and deformability assessments in
reinforced concrete beams exhibiting non-uniform damage. These investigations are conducted through
the utilization of the LIRA SAPR software package.

Researchers face the challenge of assessing the residual load-bearing capacity of elements
exhibiting uneven damage, aiming to identify the most optimal calculation approach and select materials
for optimization, ensuring strength and durability. Additionally, the study delves into the examination of
the influence of damage and defects, leading to stress-deformed states that elude predictability through
conventional calculations. The article (Mykhalevskyi et al., 2023) explores methods for determining the
residual load-bearing capacity of reinforced concrete elements afflicted by diverse types of damage.
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Furthermore, it conducts a thorough analysis of prevalent defects and damages found in reinforced
concrete structures, including various types of corrosion.

The paper (Lobodanov at el., 2021) discusses both the experimental and theoretical findings from research
conducted on reinforced concrete beams featuring damaged concrete in a compressed zone under load.

In the article (Klymenko & Polianskyi, 2019), the researchers presented experimental findings
focused on determining the stress-strain state of damaged reinforced concrete beams with a rectangular
cross-section. The study yielded data on ultimate forces and corresponding deformations of both concrete
and transverse reinforcement within the samples. The experimental results revealed that a reduction in the
shear span contributed to a decrease in ultimate deformations of concrete. Additionally, the formation of
damage resulted in reduced deformations of both concrete and reinforcement. The incurred damage also led
to a tilt of the neutral axis. The stress-strain state data obtained from these experiments shed light on the
actual behavior of damaged reinforced concrete beams, particularly their collapse along inclined sections.

The paper (Blikharskyy et al., 2021) focuses on an experimental study that aimed to identify the
strength and strain parameters of reinforced concrete beams with damage in the load-bearing stretched
reinforcement. The damage occurred due to the action of bending moments, resulting in the exhaustion of
the bearing capacity of the beams.

A research group (Klymenko et al., 2021) conducted experimental studies to determine the residual
load-bearing capacity of inclined sections in damaged reinforced concrete beams with a rectangular cross-
section. The calculations were executed using the LIRA-SAPR software complex, enabling accurate
predictions of the element behavior and the determination of load-bearing capacity. However, when
compared with real-world data, some disparities in the nature of destruction were observed.

In research (Pavlikov et al., 2019), a numerical model of a reinforced concrete beam operating under
biaxial bending conditions was examined. The model is relatively straightforward, enabling the study of the
stress-strain state at various reinforcement ratios and different angles (B) of the inclination of the external
load plane. The authors utilized a computer program to simulate the stress-strain state of a standard cross-
section of a beam in biaxial bending conditions, enabling the observation of changes in the position of the
neutral axis during loading. The study found that computer modeling not only facilitates the examination of
the stress-strain state but also aids in planning experimental studies. It allows for the optimization of the
number and size of samples for testing and helps identify specific locations in the samples that require
special attention during experiments. The research concluded that finite element modeling on a computer is
effective in accounting for the unique characteristics of load-bearing capacity loss in biaxially bent beams.

In the conducted numerical experiment outlined in (Klymenko et al., 2019), which involved
modeling the behavior of damaged reinforced concrete beams and determining their stress-deformed state
and bearing capacity using the LIRA-FEM software environment, the analysis revealed the capability to
scrutinize all processes occurring in the beam under gradually increasing static loads. The modeling
results demonstrated a noteworthy convergence of the residual bearing capacity when compared to the
full-scale experiment, with differences ranging from 3.23 % to 21.46 %. The calculated coefficient of
variation (v) was found to be 14.81 %. The indicators of the stress-strain state showed that the
deformation characteristics of concrete and reinforcing bars generally aligned with laboratory studies.
However, deformations in the transverse bars did not reach the limit flow, in contrast to the findings in
laboratory samples. The failure pattern in samples with the smallest shear span suggested concrete failure
at the support, deviating from the actual failure nature. Concrete deformation in the span under load
corroborated laboratory study data about the inclination of the neutral axis towards the damage, nearly
paralleling the damage front.

In the article (Mykhalevskyi et al., 2023), a theoretical investigation into unevenly damaged reinforced
concrete beams was conducted using the FEMAP software environment. The study emphasizes the ability to
comprehensively examine stresses in both concrete and reinforcement under various damage scenarios and
analyze displacements based on damage parameters. The results highlight the influence of the compressed
zone on reinforced concrete beams, indicating that each centimeter of damage reduces the effective working
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height of the concrete, its bearing capacity, and alters the inclination of the neutral axis. The modeling
approach enables an assessment of the repercussions of damage and defects occurring in existing building
elements under load, offering insights into the impact on elements and their structural behavior.

In the paper (Kos et al., 2022), the study involved modeling the intricate stress-strain state of
experimental structures through non-linear finite element calculations using the “LIRA-FEM” software
package. The comprehensive experimental and theoretical investigations addressed the challenge of
calculating the bearing capacity near the support sections for punching continuous reinforced concrete
beams and high grillages. According to the authors, the utilization of LIRA-FEM enabled the tracking of
all stages of reinforced concrete beam behavior under load. The software effectively replicated the results
of the conducted experiments, allowing for a reliable prediction of the structures’ strength and the nature
of their failure.

The design of a reinforced concrete beam, reinforced using the PC LIRA-SAPR software, has been
explored in (Shakhmov & Amir, 2022). The model employed for calculation in PC LIRA-SAPR
preserves the geometrical characteristics of the beam and also considers the bends in the working
reinforcement. The stress-strain state of the reinforced concrete element undergoes three distinct stages as
the bending moment M increases: from the absence of cracks in the tensile part of the concrete to the
formation of cracks in the tensile zone of the concrete. Crack formation leads to stress redistribution in
the cross-section, gradually disconnecting the concrete in the tensile zone from the workload.
Consequently, it is essential to consider the physical non-linearity of the deformation of reinforced
concrete beams.

The studies discussed in (Barabash, 2018) focus on calculations that account for the actual
properties of materials. This primarily pertains to reinforced concrete, where operational loads, in
conjunction with the emergence of cracks and plastic deformations in the concrete, result in a notable
reduction in the stiffness of elements. This, in turn, leads to an increase in displacements when compared
to calculations made in a linear setting. The inherent nonlinear behavior of reinforced concrete under
operational loads necessitates a more nuanced and realistic approach to modeling and analysis. The paper
addresses specific aspects of modeling structural behavior, including the “engineering nonlinearity”
method and determining stresses based on nonlinear stress-strain relationships.

Modern calculation complexes allow you to take into account several types of nonlinearity during
the calculation and analysis of building structures. In particular, (Gorodetsky & Romashkina, 2023)
describes the main capabilities of the calculation complex LIRA-SAPR.

In (Gorodetskyi & Barabash, 2022), the iterative method “engineering nonlinearity” is considered.
The proposed method allows you to determine the real stiffness characteristics of the section, which may
be reduced due to the appearance of cracks, plastic deformations of concrete and reinforcement. The main
dependences of the non-linear operation of the materials of reinforced concrete elements are also given.

Materials and methods

For the theoretical research and modeling, a normally reinforced concrete beam was conceptualized,
with the intention of utilizing it for experimental testing and subsequent comparison of the results with
theoretical data.

The geometric dimensions of the reinforced concrete beam are as follows:
— length (/) = 2100 mmy;
— height () =200 mm;
—  width (b) = 100 mm;
— distance between supports (11) = 1900 mm.
The working reinforcement in the tensile zone of the beam is designed using rolled steel
@16A5008S, featuring a Young’s modulus (£) of 209200 and a Poisson’s ratio of 0.29. Additionally, upper
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reinforcement consists of 236A240C. The concrete used is of class C30/35, possessing a Young’s modulus
(E) of 34500 and a Poisson’s ratio of 0.21. The transverse reinforcement is implemented in the form of
U-shaped clamps 6A240C with a pitch of 75 mm (Fig. 1).
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Fig. 1. General view of reinforcement of beam

The calculation was performed in the LIRA-FEM software complex. Volumetric finite elements
No. 236, which simulates the non-linear operation of the material, were made for the construction of the
finite element model. The 25 exponential law of deformation was used to model the non-linear operation
of concrete (Fig. 2). Finite elements No. 210 — physically-nonlinear universal spatial FE — were used to
simulate the operation of the reinforcement frame. The 14-th piecewise linear function of deformation
was used to specify the physical nonlinearity of the material of reinforcement (Fig. 3).

The cross-section of the beam is divided into finite elements with dimensions according to Fig. 4.
In the longitudinal direction, the beam is divided into SE with a step of 25 mm. This division of the beam
into cubes is related to the placement of the longitudinal reinforcement and the step of the transverse
reinforcement.

Supports are created along the entire width of the beam at a distance of 100 mm from its edge. On
the one hand, there is a hinged fixed support, on the other — a hinged support. A load of F' (kN) is applied
in 1/3 of the span (Fig. 5) to ensure a clean bending zone. Applied load /= 35.3 kN.
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In order to facilitate further study and analysis of a reinforced concrete beam with uneven damage,
5 variations of damage with variable values were selected and subsequently modeled. These variations
encompass a range of different damage scenarios, allowing for a comprehensive examination of the
beam’s behavior under diverse conditions. The modeling of these variations will provide valuable insights
into the impact of different types and extents of damage on the structural response and performance of the
reinforced concrete beam (Fig. 6).
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Fig. 6. Damage scheme of reinforced concrete beams under investigation
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Simulation and analysis of influence of uneven damage of reinforced concrete beam in LIRA-FEM
The destruction of the computational model in the LIRA-FEM program is created by removing the

mesh elements of the reinforced concrete beam. After removal, the Pack Model command was used to
concrete element. As a result of modeling and static calculation using the LIRA-FEM program, models

and isofields of reinforced concrete beams with damage were obtained. For example, a general model of a
control beam with stresses mosaic plot (Fig. 7) and forces in the reinforcing frame (Fig. 8), movements

prevent errors. It is assumed that this damage can cause a change in the stress-strain state of the reinforced
along the Z axis (Fig. 9) and along the Y axis (Fig. 10) is shown.

Fig. 7. The general view of the calculation scheme in LIRA-FEM,
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Fig. 10. Movements along the Y axis

Theoretical results for unevenly damaged reinforced concrete beams are presented in Table.
Analyzing these data provides insights into the influence of various damage parameters on the increase in
deformation under load. By examining the outcomes, it becomes possible to identify and understand the
specific factors among the damage parameters that contribute to heightened deformations in the
reinforced concrete beams. The movement of damaged reinforced concrete beams was also compared
with the control one.

Based on the data presented in Table, it can be established that lateral cracking strongly affects the
load-bearing capacity and deformability (deflection) of the test samples. It is worth noting that depending
on the depth of the damage, the maximum deflection increases from 6.0 mm (control beam
B-0) to 957 mm — for the damaged sample B-4 (Fig. 11). It is also worth noting that samples B-4 and B-5
exhaust their serviceability already by 50 % of the load-bearing capacity of the control samples. It is also
worth noting that, depending on the depth of the one-sided damage, the beams may deviate from the
plane. According to the data obtained from the models, specimens B-0, B-1, and B-2 did not actually
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deviate from their design positions. While specimens with more severe damage (B-3, B-4 and B-5)
already showed significant lateral bending data: the maximum value was reached for specimen B-4 —
109.2 mm. A similar situation is observed with the stresses — depending on the damage, the stresses were

redistributed along the section with the maximum concentration in the damage zone.
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Results of mathematical modeling and analysis of reinforced concrete beams

Displacement along the | Displacement along the | Min stress in concrete, | Max stress in concrete,
Title Z-axis, mm Y-axis, mm t/m? t/m?

30% | 50% | 70% | 30% | 50% | 70% | 30% | 50% | 70% | 30% | 50% | 70 %
B-0 2.45 6 10.2 | 0.0043 | 0.0081 | 0.0113 | 1273.6 | 2057.5 | 2447.1 363 363 363.1
B-1 2.6 6.5 11.2 0.3 0.6 0.9 1543 | 2341.9 | 2540.1 | 3975 | 397.5 | 3975
B-2 2.8 7 12.2 0.6 1.4 2.3 1722.8 | 2469.3 | 2553.7 | 430.1 430.2 | 430.2
B-3 4.1 11.1 33.1 1.7 54 10.8 | 2286.9 | 2614.7 | 43979 | 6713 | 6713 | 6714
B-4 9.76 957 - 2.7 109.2 134 | 2965.8 | 7333 | 7750.8 | 935.2 | 936.2 | 1504.8
B-5 7.75 137.00 - 2.62 52.32 | 399.17 | 2843.2 | 7866.7 | 8030.8 | 869.9 870 992.8

Conclusions

1. Utilizing finite element modeling for existing reinforced concrete elements yields more accurate
results compared to analytical methods.

2. The theoretical study of unevenly damaged reinforced concrete beams in the FEMAP software
environment provides a detailed understanding of stresses in concrete and reinforcement under various
damage scenarios. It enables the analysis of displacements based on damage parameters, revealing the
impact of the compressed zone on the reinforced concrete beam. Each centimeter of damage is found to
reduce the effective working height of the concrete, and its bearing capacity, and alter the inclination of
the neutral axis.

3. Modeling proves effective in assessing the impact of damage and defects on elements within
existing building structures under load.

4. It is emphasized that this study is not exhaustive and requires further refinement, including the
comparison of theoretical results with experimental data, to enhance its completeness and reliability.

Prospects for further research

The efficacy of the FEM method, coupled with these findings, introduces fresh possibilities for
engineers and researchers and forms a foundation for advancing techniques in calculating loaded
reinforced concrete elements using cutting-edge finite element modeling technologies.
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Y 06araTboX KOHCTPYKISAX 1 OYyMIBJISAX 3ai300€TOHHI €IEMEHTH IiJ Yac eKCIUTyartallii 3a3HaloTh
PI3HOMAHITHUX TIONIKOMKCHb 1 Me(eKTiB. Y CTaTTi BHCBITICHO pPE3YJIbTATH TCOPETUYHHX IOCIIHKECHB
HEpIBHOMIPHO MOIIKO/DKEHUX 3a1i300€TOHHUX 0aJIOK i3 BHKOPHCTaHHSIM INporpaMHoro komiuiekcy “JIIPA-
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BUOYXOHEOE3NIEYHNMH SIBHIIaMU. MeTa 1[bOT0 JIOCHTIDKEHHS — JeTajJbHe BUBYEHHS HACII/IKIB BUHUKHEHHS
HEeperyJIsipHUX MOMIKO/KEHb Yy 3ajJi300€TOHHMX Oajkax, [0 Mae BaXKJIMBE MPAKTUYHE 3HAYEHHS IS
MalOyTHIX OLIHOK 3aJIMIIKOBOI HECYYOl 3[aTHOCTI Ta BH3HAYEHHS HAINpPYXEHO-Ie(GOpMOBAaHOTO CTaHy B
3ai300€TOHHUX eneMeHTax. /I ToNermeHHs BUKOHAHHS IMX TEOPETUYHHMX 3aIMTiB BUKOPHCTAHO
MOJICTTFOBaHHSI KiHIIEBHX €JIEMEHTIB y rporpaMHomy komruiekci “JIIPA-CATIP”. MojeroBaHHsI OXOILTIOBAJIO
Pi3HI THIM MOMIKOHKEHB 3 aHAII30M HalpyXeHb OETOHY Ta apMaTypH 3a JIONOMOIOI0 METOAY CKIHYEHHHX
enementiB (MCE), HamiiiHOr0 YHCIIOBOTrO MiAXOMY /IS BUPINICHHS iH)KEHEpHHUX MpoOJieM. 3a J0IOMOro0
pe3yNbTaTiB MOJAENIOBAHHS MM 3iCTaBWJIM DIBHI HAIpYXEHb i3 T'pDaHWYHUMH 3HAYCHHSIMH HaIPYXKEHB,
3’sCyBaBIIU e(hOPMATHBHICTh HEPIBHOMIPHO MOIIKOIKEHHUX 3a1i1300€TOHHUX Oastok. TeopeTHyHi BUCHOBKH,
O€3LiHHI sl MEePCIEKTHBHUX NPAKTHYHUX EKCIIEPUMEHTIB, MAalOTh NpaKTHYHE 3HA4YEHHS JJIsi BUOOpY
ONTHUMAaJbHUX METONUK PpO3PaxyHKy 3aJIMIIKOBOI HECyuoi 37aTHOCTI 3ai300€TOHHUX EJIEMEHTIB.
BaknuBicTh TOCIHIPKEHHS TIOJISATae B HOro MOTEHIIaMl TS ITiIBUIIEHHS Oe3neKku OyiBeIbHUX KOHCTPYKIIiH,
3HW)KEHHSI PU3UKIB Ha eTarni ekciuryaranii. E¢exruBHicts Metogxy MCE y noenHaHHI 3 MMM BHCHOBKaMH
BiJIKPUBAE HOBI MOXIIUBOCTI JUIsl 1H)KEHEPIB 1 JOCHIAHUKIB 1 (hOPMye OCHOBY JUIsi BJJOCKOHAJICHHS METOZIIB
PO3paxyHKy HaBaHTa)KCHUX 3aJIi300€TOHHUX CJIEMCHTIB 13 BHUKOPHCTAaHHAM IIEPEIOBHUX TEXHOJOTIN
MOJICTTFOBaHHSI KiHIIEBUX €JIEMEHTIB.
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