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In accordance with current conditions, it is necessary to change the aim of buildings and struc-
tures in which a large number of reinforced concrete elements that undergo complex stress-deformed
states are used. The task for researchers is to determine the residual bearing capacity of the element
with uneven damage, making it possible to choose the most optimal calculation option and select materi-
als for optimization, preservation of strength, and durability. Also, a special role is played by the study
of the impact of damage and defects, which cause a stressed — deformed state that cannot be predicted
by calculation. Methods of determining the residual bearing capacity of reinforced concrete elements
with various types of damage are considered. It also provides a detailed analysis of the most common de-
fects and damages in reinforcement concrete structures, different types of corrosion.
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Introduction

Reinforced concrete structures account for a significant proportion of new construction. Many typi-
cal defects present in reinforced concrete structures affect the bearing capacity of the element. One of the
most common causes of defects is using elements that do not meet the intended purpose. As a result, tech-
nological defects, cracks, and deformations due to force effects that exceed the standard value, corrosion
damage, etc. The occurrence of deviations from the design solution for various reasons leads to work in a
complex stress-strain state, particularly bi-axial compression, bi-axial and torsional bending. This all boils
down to the need to determine the residual bearing capacity of such an element and make decisions on its
restoration.

To analyze scientific sources that describe the impact of defects and damage to reinforced concrete
elements on their strength and deformability.

Materials and methods

Reinforced concrete structures are exposed to various influences during their service life. The com-
bination of an aggressive environment and underestimation of the importance of maintenance can lead to
severe damage to reinforced concrete. The author, (Boni¢ et al., 2018), in his article classifies the causes of
damage into the following groups:

Physical — due to alternate freezing and thawing of the structure, cracking caused by corrosion, and
cracking due to cyclic loading.

Biological — refers to damage caused by tree roots and vegetation.

Chemical — carbonation, alkaline environment, crystallization.

The main factor in assessing the technical condition of reinforced concrete structures is the presence
of damage and defects. According to a thorough analysis of studies of possible causes defects and damage
it has been classified (Lobodanov et al., 2018), which are divided as follows (Fig. 1). Each object can also
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be classified by a list of parameters that will assess the technical condition, so it is challenging to identify
identifiers that can be used to assess the condition of the building structure at the time of inspection accord-
ing DSTU-N B V.1.2-18:2016.

Classification of damages of RC structures
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Fig. 1. Classification of structural damage and defects (Lobodanov et al., 2018)

A comparative description of defects and damages of reinforced concrete, metal, and steel-
reinforced concrete beam structures is given in (Voskobiinyk et al., 2010). For example, schemes of possi-
ble damage to reinforced concrete beams (Fig. 2).
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Fig. 2. Schemes of possible damage in reinforced concrete beams:

a, b — bending cracks, respectively, due to an external load,; ¢ — shear cracks; d — support cracks due to anchoring
failure; e, f— concrete crushing and longitudinal cracks; g — longitudinal cracks due to prestressed reinforcement,
h — longitudinal cracks due to corroded reinforcement,; I — shrinkage of concrete, j — peeling due to aggressive im-

pact; k— delamination of a concrete vise, | — delamination of the protective layer of concrete
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Author characterized the causes of occurrence, proposed measures to eliminate defects, and classi-
fied the damage typical for reinforced concrete beams that may occur complex types of deformation that
are not foreseen in the design (Voskobiinyk et al., 2011). Almost all bending or compression elements are
subject to some degree of deformation, as they can occur not only from power loading. In particular, tech-
nological inaccuracies include the displacement of reinforcement from the design position in the manufac-
ture of formwork (Fig. 3), which causes bi-axial bending (Voskobiinyk et al., 2011).
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Fig. 3. Shapes of the concrete compressed area of concrete in bi-axial bent elements

The article division of factors into groups: exogenous and endogenous. Experimentally, a study of
reinforced concrete beams undergoing bi-axial bending was carried out to investigate the strength of the
section. A significant number of works have been devoted to the problem of determining the strength of
sections (Pavlikov et al., 2011). Bi-axial bent reinforced concrete structures are designed for plane bend-
ing, simplifying calculations due to the complexity of performing calculations of complex types of defor-
mations, which essentially leads to inaccurate calculation results, as a result of material overruns. The au-
thor presents the calculation of the strength of a section (Pavlikov et al., 2011), which is developed accord-
ing to a simplified method (Pavlikov et al., 2019a) based on (Pavlikov et al., 2019b). The proposed calcula-
tion is based on a deformation model with a rectangular stress distribution. When studying the operation of
elements in which bi-axial bending occurs (Voskobiinyk et al., 2011), one has to face difficulties in de-
scribing the stress-strain state of the sections. The main factor is that the concrete compressed area of con-
crete can acquire various geometric shapes that change the position of the neutral axis (Pavlikov et al., 2011),
(Bonet. et al., 2006). Therefore, when analyzing the position of the neutral axis, it depends from the angle
of inclination of the force plane to the central vertical plane of the element, the shape of the cross-section,
the number of reinforcement bars and their location, etc. Experiments have shown that in bi-axial bending
the most common shapes are triangular and trapezoidal (Fig. 4).

A method for determining the angle of inclination of the neutral axis in calculating the strength of a
rectangular section of reinforced concrete elements under bi-axial bending in the case of a triangular zone
was proposed in (Pavlikov et al., 2004). This article discusses the improvement of determining the bear-
ing capacity of an element when the equations are based on the theorem of transferring a pair of forces to
a parallel plane and identifies the shortcomings of the methodology based on the system of equilibrium
equations at the limit state.
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Fig. 4. Shapes of the compressed concrete area of the bi-axial bent elements:
a — pentagonal; b — trapezoidal; ¢ — triangular
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The determination of the shape of the compressed area in bi-axial bending and a comparative analy-
sis of the modeling of bi-axial bent reinforced concrete beams with experimental data are given in the
study (Pavlikov et al., 2019), where 15 samples of rectangular reinforced concrete beams (Fig. 5) were
used and loaded at different angles of the applied external force to achieve bi-axial bending. Fig. 6 graphi-
cally shows the change in the slope of the neutral axis in the experimental samples.

As a result of numerical calculations by the finite element method using a software package, stress,
and strain distribution graphs were obtained. It was determined that the finite element method in the soft-
ware package allows for taking into account the peculiarities of reducing the bearing capacity of the stud-

ied element.
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Fig. 5. Change in the neutral axis angle under load
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According to design experience, it is known that reinforcement at the intersection with cracks can cor-
rode. In article (Zhang et al.,2019), discusses the effect of top-casting-induced defects on the corrosion
development of compressive bars in reinforced concrete beams exposed to a chloride environment, under
sustained loading. Also noted that before the appearance of cracks, corrosion mainly occurred at the bottom
part of top-casting bar according to the casting direction due to the fact that defects at the steel-concrete
interface under a horizontal bar promoted anodic behavior.

The study (Vidal et al., 2004) investigated the effects of corrosion on the crack widths and rein-
forcement losses of rc concrete beams stored in chloride environment. The analysis of the cracking process
showed that crack initiation depends on the cover/diameter ratio and bar diameter, while crack propagation
is unaffected by the cover/diameter ratio and bar diameter. The influence of corrosion damage on the
change in the strength characteristics of reinforcing steel under static loads was studied in article (Khmil et
al., 2009). During the experiment corrosion damage on the samples was obtained by holding them in a 3 %
sodium chloride solution. As a result, it was found that corrosion damage does not significantly affect the
strength characteristics. However, this phenomenon should not be allowed under seismic and dynamic im-
pacts. The topic of the residual strength of corrosion damage is also covered by the author (Abul et al., 2007).
In this study, an attempt has been made to predict the residual flexural strength of a corroded beam through
the use of conventional flexural formula by taking into account the loss of metal due to corrosion and an
applicable correction factor to account for the loss of bond. Analyzing foreign sources, many investigations
of reinforced concrete elements have been conducted. In the article (Monti et al., 2006), the author pre-
sented a method for determining the bearing capacity of a reinforced concrete column subjected to bi-axial
bending under load. A slight deviation from the exact value was found in determining the bearing capacity,
and a significant advantage of using elementary equations was also noted. The importance of the study is
confirmed in (Furlong et al., 2004), in particular, a comparison of the numerical theoretical method with
the use of software systems for calculating and analyzing the impact of loading and new equations to im-
prove the accuracy of strength calculation.
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In (Vassilis et al., 2012), a methodology containing various new algorithmic procedures for chang-
ing geometry was presented for analysis. Through validation tests, comparison with existing literature, and
benchmark tests, a methodology for the analysis of arbitrary cross-sections was proposed, including ge-
ometry and material definition, integration scheme, limit state derivation, and solution strategies, limited to
an object-oriented implementation, which shows a very satisfactory result in terms of performance and
speed of determination. Various extensions of this method are currently being investigated, in particular in
the area of assessment of reinforced concrete elements under load. In constructing a three-dimensional
fracture surface, the occurrence of bi-axial bending in asymmetric areas is depicted (Fig. 6).

The proposed methodology for analyzing arbitrary sections, consisting of determining the geometry
of the material and integrating schemes has the following novelty: a self-correcting centroid for asymmet-
ric sections and derivation of limit state criteria. Regulatory documents (distinguish four technical states. In
article (Klymenko et al., 2012) author proposes a system that will determine certain parameters of building
structures and compare them with permissible values, assess the consequences of the structure’s transition
to another state, and determine the residual bearing capacity.

Calculations are performed in one or two stages. In the first stage, the sections’ bearing capacity, the
crack opening width, and the deflections of the structure are determined. If the reinforced concrete struc-
tures are not damaged, they can be calculated according to the regulatory codes that existed during the
facility’s design. The residual bearing capacity of damaged reinforced concrete elements was determined
in (Klymenko et al., 2014). The paper analyses different types of damage to I-beams. The results of ex-
perimental studies of the stress-strain state of reinforced concrete beams of rectangular cross-sections with
damage in the compressed area were modeled using the LIRA software (Klymenko et al., 2019). It is rele-
vant to conduct theoretical and experimental studies at the LIRA Research Software to determine the actual
work and residual bearing capacity. The authors investigated the residual bearing capacity of reinforced
concrete beams; the load was applied as a concentrated force, and 15 different test beams were created
according to the plan. Fig. 7 shows the geometric characteristics of the damage to the samples. The failure
criterion was the achievement of one of the following limit states: yield stress in the longitudinal or trans-
verse reinforcement; achievement of the ultimate stress in a significant group of finite elements of com-
pressed concrete at the point of sample support or above the top of a shear crack; achievement of extreme
displacement values.
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Fig. 7. Geometric characteristics of the prototypes (Klymenko et al., 2019)

When obtaining theoretical data, the results of the residual bearing capacity in comparison with the
experiment varied from 3.23 % to 21.46 %.

Results and discussions

The result of article is to find out various studies and experiments related to the stress and strain
state, residual bearing capacity, and damage of reinforced concrete elements under loads. Also emphasized
the importance of finding accurate experimental and theoretical values, improving calculation methods,
and conducting further research on the development of new methods for assessing the stress and strain of
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reinforced concrete elements under different conditions of loading. The review article also discussed that it
is necessary to analyze scientific sources that describe the impact of defects and damage under load and
require improved methods, developing new techniques for monitoring the condition of reinforced concrete
structures over time under load. The results of the obtaining theoretical data in comparison with the ex-
perimental are discussed and highlithed.

Conclusions

Investigating the types of damage and defects, the stress-strain state, and the bearing capacity of re-
inforced concrete elements, we conclude that the most important factors are finding accurate experimental
and theoretical values, determining the residual bearing capacity of unevenly damaged reinforced concrete
elements, improving calculation methods, analyzing theoretical values by the finite element method in
several calculation programs to select the optimal model, It is also essential to conduct further research on
the development of new methods for assessing the stress and strain of reinforced concrete elements under
different conditions of loading, as well as determining the effect of time and environment on their bearing
capacity and longevity.
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Haunionanshuii yHiBepcutet “JIbBiBChKa MoOMiTEXHIKA”,
kadeapa OyaiBENbHUX KOHCTPYKIIIH Ta MOCTIB

O1'JIA 1 BINIUBY NNOIIKOIKEHDB 3AIIBOBETOHHUX BAJIOK
HA MIIHHICTBb TA TE®@OPMATUBHICTH
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BiamnoBiHO 10 Cy4acHUX YMOB, JJOBOJIUTHLCS 3MIHIOBATH MIPU3HAUYEHHS OYy/iBEIb 1 CIIOPY/, Y SKUX eKCILTY-
aTyeThCsl BEJMKA KiJBKICTh 3ai300€TOHHUX E€JIEMEHTIB, 10 3a3HAIOTh CKIAJHUX HalpyKeHO-Ae(hOpMOBaHUX
craHiB. BoHM 3a3HalOTh Pi3HHUX BIUIMBIB HAaBKOJHIIHHOI'O CEPEIOBHINA, HEPIBHOMIPHOTO 3aBaHTa)KEHHS, MOII-
KOJ/DKEHHS Ta Ae(eKTiB, BHACIIIOK HOTO 1X CKJIaJHUI HANpPY)XeHO-I1eOPMOBaHH CTaH Bipi3HsAEThCs. [Tomko-
JOKeHHs1 Ta nedektn cniff knacudikyBaTh 3a PI3HUMH XapaKTEPUCTUKAMH Ta KPUTEpPISIMH, OCKLIBKU MHUTaHHS
TIOIIKO/DKEHb € JIOCUTh CKJIaJHUM. 3a/auero JUisl JOCTIJHUKIB € BU3HAUSHHS 3QJIMIIKOBOI HECydoi 3JaTHOCTI
€JIEMEHTY 3 HepPiBHOMIPHUMH ITTOLIKO/DKEHHSIMH, SIKi O HaJlajii 3MOry BUOpaTH HAMOLIbII ONTUMAITBHUMN BapiaHT
PO3paxyHKy, IiAiOpaTh 3 BUIIO TOYHICTIO MaTepialiy IS MiJICHICHHS, 30ePEeKESHHS MIITHOCTI Ta JOBTOBIYHOCTI
KOHCTpyKIIii. Takok 0CoOIMBY pojiib 3aliMa€e JOCIIHKCHHS BIUIMBY IOIIKOKEHB 1 Je(eKTIB, SIKi BUKIUKAIOTH
HaIpyXeHo-eOpMOBaHUI CTaH, HenepeadadyBaHUi MpoekToM. JlociipKyoun poOoTy 3a1i300eTOHHUX erne-
MEHTIB, JIOBOAUTHCS CTUKATHCH 13 TPYAHOIIAMH ITiJ1 Yac OIMKCY HaIlpyXeHO-Ie(opMOBaHOro cTaHy ix mepepisis,
TOMY 4YacTO INPHUBOJSTH IO CHPOIIEHb, IO CHPHYMHSE CIIOTBOPEHHS AIHCHOrO CTaHy poOOTH KOHCTPYKIIi i
3MEHIITY€E JOCTOBIPHICTh OTPUMAaHHX IaHHMX Y XOHi €KCHEPUMEHTY. 3a3BH4ail Taki BiJIXHWJICHHsS BHHHKAIOTH 3a
PI3HUX BHIB 30BHIIIHIX BIUIMBIB Ha 3aJ1i300€TOHHI €JIEMEHTH, 1110 MalOTh BIUIMB Ha (PaKTOPH ITi/I 4ac pO3pPaxyHKY
Ha MIIHICTh Ta BU3HAUYEHHS METOJOJIOTIT U1l BAKOHAHHS JIOCIiKeHHs. [IpoBeseHo onuc 1ociimkeHb OCHOBHUX
TUITIB Ie(EKTIB Ta MOIIKOIKEHb, 1110 BHHUKAIOTH Y 3a1i300€TOHHUX eJIeMEeHTaX. PO3IIIsIHyTO MeTOAM BU3HAYECHHS
3aJIMIIKOBOI HECYYOi 3[aTHOCTI 3a1i300€TOHHMX EJIEMEHTIB 3 PI3HUMHU THUIIAMH TOIIKOKEHHS. [IpoBoAMTHCS
aHali3 OCHOBHMX Je(DeKTiB Ta IIOUIKO/KEHb, sl SKUX IMPU3BOAMUTH JO 3MIHM XapaKTEPUCTHK MIIHOCTI Ta
MOXJIMBOI 3MiHH CKJIa[IHOTO HAIIPY>KEHO-1e(hOPMOBAHOTO CTaHY.

KuiouoBi ciioBa: 3aimizo0eToHHa 0ajika, MOMIKOMKEHHS, e eKTH, Hecy4ya 31aTHICTh, KOCUI 3TMH,
HANpY:KeHo-1e( opMoBaHNii cTaH.



