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The article presents a theoretical analyss of existing conceptsto evaluate the non-failure of RC
structuresin operation. To perform the analysis, the authors considered a number of scientific works
of both Ukrainian and foreign researchers. The main focus was on works in which the mode of the
sochagtic nature of the RC gtructure operation included random parameter s of acting loads, aswell asthe
reserve of its bearing capacity and serviceability (geometric dimensions of cross sections of congructive
members, srength and deformation characterigtics of materials, etc.). Among others, according to the
authors, important problemsin terms of analysis of a single work werethe volume of gatistical selection of
random parameters, their number and impact on the study result, aswell asrationality of the adopted
method of calculating the probability of failure (or non-failure work) of RC structure in operation.
Based on the processing of a number of scientific works, the authors highlight the relevance, advantages
and disadvantages of the concepts of non-failure assessment proposed there, as well as the formulate
the conclusions and recommendations for further experimental and theor etical research in thisarea.
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Introduction

Reliability is the main measure of the quality of structural members and systems in general. The
introduction of the concept of reliability in national (System for ensuring the reliability and safety of
building objects, DBN, 2018) and foreign (Basis of structural design, Eurocode, 2002; General principles
on reliability for structures, 1SO, 2015) building codes provided a single criterion for RC structures
design (based on the use of the apparatus of probability theory and mathematical statistics) and identified
the direction of improving existing calculation methods, focused on improving safety. In turn, probabilistic
analysis of non-failure, as a basic characteristic of rdiability, is now an extremely important and relevant
scientific and technical problem both in Ukraine and in the world, as it guarantees the non-approach of
limit state of a particular structure with a certain probability — the probability of non-failure work. Thus,
having previously set the required (minimum) probability of non-failure-work (or failure probability),
possibleto determine the cross-sectional dimensions (or the reinforcement percentage) of the constructive
member, corresponding to the specified probabilities.

The design of any building structures always takes place under uncertain conditions: geometric
dimensions, strength and deformation characteristics of materials, acting loads and impacts are random
variables (or functions). Today, the rdiability of RC structures in the design is ensured by calculation by
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the semi-probabilistic deterministic method of limit states (Concrete and reinforced concrete structures,
DBN, 2011), because in the existing probabilistic (stochastic) calculation methods (including non-failure
assessing) there is no single objective criterion for calculation due to insufficient regulatory base, which
currently has an auxiliary (recommendatory) character (at present, most of the random parameters —
acting loads, operating conditions, bearing capacity reserve and serviceability of structures — are not fully
investigated and require a much larger volume of the statistical selection).

Based on the above, as wdl as the adaptation of national standards for the RC structures design
(Concrete and reinforced concrete structures made of heavy concrete, DSTU, 2011), in terms of their
application in the reliability theory (probabilistic calculation methods), it becomes obvious: the topicality
of the problem of developing of such a methodology for ng the non-failure of RC structures, which
makes it possible to take into account the complete picture of the stochastic nature of their work, is
undeniable. Moreover, based on the review of recent studies of the stress-strain state of RC structures —
with damages (Voskobiinyk, 2010; Klymenko, Antoniuk & Polianskyi, 2019), under the action of an
aggressive environment (Faye, 2017; Khaghanpour, Dousti & Shekarchi, 2017; Chen, Sun, Hu & Shi,
2021), taking into account the influence of RC nonlinear work (Sakhno, Lyulchenko, Yanova &
Pyshchykova, 2020) or its rheological properties (Bashynska, 2019; Heraskin, Rotko & Uzhehova, 2020),
aswell as actual climatic loads (Pashinsky, 2015) —thereis a need to devel op their stochastic models.

The article target

The article target is a theoretical analysis of existing concepts to evaluate the non-failure of RC
structures in operation, as well as the formation of actual tasks and recommendations for future
experimental and theoretical research in this area.

The problem of regulatory support

As of today, the general principles of ensuring the reliability (including the non-failure) and structural
safety of both buildings and structures as a whole and their single constructive members are of a
recommendatory (formal) nature, and are described in national norms (System for ensuring the reliability
and safety of building objects, DBN, 2018) and European standards (Basis of structural design, Eurocode,
2002; Genera principles on rdiability for structures, 1SO, 2015). The main disadvantages of all these
regulatory documents are the following: 1) there is no clear methodology for assessing the rdiability of
structures in operation (incompleteness of mathematical apparatuses for probabilistic calculations with
minimal error); 2) there is no algorithm for determining the variation coefficients of those or others
stochastic variables of working capacity functions (most of the variation coefficients, described in
handbooks, are outdated and need to be updated through new studies, as well as collection, processing and
synthesis of statistics — especialy in terms of actual climatic loads, taking into account corrosion and
mechanical damages of structures, as wel as the RC rheological properties); 3) there are no clear
recommendations regarding use, in one case or another, of the distribution law of random variables of the
working capacity function and the method of calculating the structurefailure.

Theworld today is extremely turbulent. Over the last 20 years, despite a certain decreasein reliability
problem interest, a number of Ukrainian and foreign scientists have made a significant contribution to the
devdopment of reiability theory in general and methods of reliability assessment in particular. Below we
will focus on the analysis of studies, which, in our opinion, most fully and systematically reflect the trends
in the development of concepts for assessing the non-failure of RC structures in operation.

Recent studies: existing conceptsto evaluate the non-failure

To solve the problem of developing statistical approaches of the risk evaluation of corrosion
initiation due to chloride ingress, the authors (Kiesse, Bonnet, Amiri & Ventura, 2020) used sensitivity
analysis to identify the influence of input parameters on critical length of time before corrosion initiation
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predicted by developed chloride diffusion model. In this work exceedance probabilities of corrosion
initiation time given that input parameters exceed certain thresholds were also calculated. The article
results showed that the corrosion initiation time was most sensitive to: 1) chloride effective diffusion
coefficient in concrete (that is a parameter controllable by relevant stakeholders); 2) surface chloride
concentration (that is a non-controllable parameter depending on surrounding conditions). And if
reducing the chloride diffusion coefficient (controllable parameter) enables to postpone the maintenance
of structures (as analyzed in the article), then, in turn, the interaction between controllable parameters and
noncontrollable surrounding conditions was also revealed here, influential on the results reiability (the
article disadvantage). Among the article undeniable advantages, in our opinion, are the following: 1) the
accordance of input parameters (including the technological parameter of the position of stedl rebar in
concrete) to the European Union norms; 2) parameters statistics related to the materials property (chloride
diffusion, porosity) was calculated on the basis of alarge number of experimental data.

The work (Pellizzer, Leonel & Nogueira, 2015), which is of great practical importance, was
devoted to studying the mechanical effects of reinforcement corrosion in hyperstatic RC beams. The
research results showed that reinforcement corrosion changes the failure scenarios modes of hyperstatic
RC beams. Therefore, as the article authors emphasize, unimportant failure modes in the design phase
become important after corrosion start. The work advantages, we think, are the following: 1) the focus is
the probabilistic determination of individual failure scenarios change as well as global failure change over
time 2) the applied limit state functions analytically describe for both bending and shear resistance of
beams cross-sections as a function of steel and concrete resistance, and section dimensions (Fick's law
here also models the chloride penetration into concrete pores); 3) the high precison Monte Carlo
simulation method was used, which, in turn, assesses each single failure probability. Among the article
insignificant disadvantages, in our opinion, are the following: 1) serviceability limit states were not
counted in this study; 2) only hyperstatic continuous two-span beams of rectangular cross-section (the
same type) were considered; 3) the evaluation of RC members strength, considering simple bending and
shear cases, was performed based on classical hypotheses and models according to only the Brazilian
standard (was accepted the plastic depth simplification, allowed by the parabolic-rectangle diagram for
compression concrete (given here by y = 0.8x), which, in turn, is also a random variable and depends on
many factors); 4) most of the parameters accepted here in the probabilistic analysis (except for the random
parameters for both concrete and sted strength, as well as permanent and accidental loads) are deterministic
(including important parameters of water-cement ratio, chloride concentration for reinforcement depassivation,
and on the beam surface, as wdll as the chloride diffusion coefficient in concrete).

In the works (Bastidas-Arteaga, Bressolette, Chateauneuf & Sanchez-Silva, 2009; Conciatori,
Bruhwiler & Morgenthaler, 2009) were presented, accordingly: 1) thereliability analysis of bridge girders
located in various chloride-contaminated environments (based on a proposed new model to evaluate the
lifetime of RC structures, subject to corrosion-fatigue deterioration processes); 2) the developed example
using a nonlinear transport model to simulate the chloride ion penetration into RC and to predict the
development of corrosion in the structure (based on the use of the Rosenblueth method for stochastic
parameters analyzing in a numerical model). Despite the systematic nature of the material presented, as
well as the results validity in both papers, including that the coupled effect of corrosion fatigue on RC
structures strongly affects their performance, leading to a significant reduction in the expected lifetime
(the 1% case) or that the chloride ion exposure degree affects in a dominating way the apparition of
structural damage (the 2™ case), they have such disadvantages as use for the reliability analysis only
bridge girders structure (the 1% case) or use to analyze stochastic parameters in a numerical model the
simplified Rosenblueth method (the 2™ case).

The article (Krasnoshchekov & Zapoleva, 2015) is devoted to studying the problem of the probabilistic
design of structures by the given level of reiability. The calculation model of a random safety factor is
proposed here, as well as the example of RC dlab calculating for a given reiability is developed. The
problem of this work is that it is used here the two-moments method (or the statistical linearization
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method) doesn’t fully reflect the real picture of the stochastic nature of the RC structures work (not all
random parameters of materials strength, their deformability, or actual loads can be described by the
normal distribution law) and can only be used for approximate reliability assessment.

In both articles (Khmil, Tytarenko, Blikharskyy & Vegera, 2021), the authors, based on the
probabilities theory fundamental principles (Ventsel, 2018), presented the new probabilistic calculation
models of RC beams, strengthened under load (accordingly, by tensile stedl reinforcement increasing and
RC jacket). The undoubted advantage of these works is the accounting in the models of a stochastic factor
of an acting load level on the structure at the moment of strengthening, but, in turn, here, in our opinion,
there are also several disadvantages: the imperfect (see above) statistical linearization method is used, as
well as, that is more important, the debatable authors statement about structures reliability (without taking
into account the random values of permanent and temporary loads, we proceed to the analysis of the
structures non-failure rather than their reliability).

Conclusions

1. As of today, many works are devoted to the study of the impact of aggressive environments on
RC structures, the development of probabilistic models of their failures and life cycle, but there are
practically no works where there is an analysis of the reliability (including non-failure assessment) of RC
structures with mechanical damages of reinforcement or concrete, including under the load action.

2. With the development of the general reiability theory, for the most objective assessment of the
RC structures reliability, there is a need to consider a large number of the random parameters of such
systems work. Therefore, in our opinion, the best method to evaluate the non-failure of RC structures is
the Monte Carlo method, which is based on the random number generation principle.
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P. 0. Tutapenko, P. €. Xmins, L. I1. JlankeBuu
Haunionanshuii yHiBepcuret “JIbBiBChKa MoOMiTEXHIKA”
kadeapa OyaiBENbHUX KOHCTPYKIIIH Ta MOCTIB

TEOPETUYHUI AHAJII3 ICHYIOUMX KOHIENIIIN OIIHIOBAHHSI
BE3BIJIMOBHOCTI 3AJII30BETOHHUX KOHCTPYKIIIH,
IO 3HAXOJATHCSI B EKCILTY ATAIIII

O Tumapenxo P. FO., Xmine P. €., Jauxesuu I .11., 2021
[pencraBneHo TEOpPETHYHUI aHANI3 HASBHUX KOHIIEINIM OI[iHIOBaHHS 0€3BiIIMOBHOCTI 3aJ1i300€TOH-
HHUX KOHCTPYKIIiH, MO nepe0yBaloTh B ekcruryaTtamii. [yt MpoBeeHHsT aHajli3y aBTOPU PO3IJISIHYIH HU3KY

HAYKOBHX Mpalpb K YKpaiHCbKUX, TaK i 3apyOiKHUX JOCHigHUKIB. OCHOBHY yBary 3BepHyTO Ha poOOTH, B
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SIKMX MOJIENIb CTOXACTUYHOI MPHUPOAHM POOOTH 3a1i300€TOHHOI KOHCTPYKINT MICTHIa BUIIAIKOBI MapaMeTpu
MIIOYMX HaBaHTaXEHb (MOCTIHHUX W 3MIHHHUX), & TAKOXK pe3epB ii Hecydol 3AaTHOCTI Ta EKCIUTyaTalliitHoi
OpUIaTHOCTI (FeOMETpUYHI PO3MIpH MOMEPeYHHX Mepepi3iB KOHCTPYKTUBHUX EJIEMEHTIB, MIIHICHI Ta
nehopMariiiiHi XapaKTepUCTHKKA MaTtepiaiiB Tomio). Cepen iHIIMX, HA TyMKY aBTODIB, BXIMBUMHU Mpobiie-
MaMH Ui aHali3y OKpeMoi mpaii Oynu oOcsr CTaTUCTUYHOI BHOIPKM BHIAJKOBUX IapaMeTpiB, IXHS
KIJIBKICTh Ta BIUIMB Ha PE3YJIBTAT JOCIIIKEHHS, 4 TAKOXK PAIOHAIBHICTD (32 KOHKPETHUX YMOB) IPHHHITOTO
METOy PO3paxyHKy #MoBipHOCTI BimMoBH (ab0 Ge3BimMOBHOI poOOTH) 3aTi300€TOHHOI KOHCTPYKIIi, IO
nepeOyBae B eKcIuTyaTanii. Ha OCHOBI ompaioBaHHsS HU3KH HAayKOBHX Ipallb, aBTOPU BUIUISIOTH aKTyallb-
HICTh, TepeBard Ta HENOJIKM 3alpOIOHOBAHMX TaM KOHIEIIH OI[iHIOBaHHS OE€3BIIMOBHOCTI, & TaKOX
(hOpMYJTIOIOTH BUCHOBKU Ta PEKOMEHAI] 1010 MOAAJBIINX EKCIIEPUMEHTATLHO-TEOPETHYHUX TOCIIHKEHb Y
upoMy Harpsimi. KpiM Toro, aBTOpu BUSIBHIIH, 1110 3HAYHHUI BIUIMB Ha HMOBIPHICTH 0€3B1IMOBHOI pOOOTH Ti€l
YW IHIIOI 3aJ1i300€TOHHOI KOHCTPYKIIi, IO mepedyBae B eKCIUTyaTallii, MalOTh CTOXACTHYHI IapaMeTpu
3MIHHUX KITIMATHYHHUX HABaHTaXEHb (TEMIEPaTYpHOro, CHIrOBOTO, BITPOBOIO Ta OXKEJIETHOIO — BiMOBIIHO
JI0 aKTyalbHHX METEOPOJOTIYHHX TaHUX), arPeCHBHOTO cepenoBHia (KOpo3is 3ami300eToHY), MeXaHiYHUX
MOIIKO/DKEHb OCTOHY Ta apMaTypH, a TaKOXX PEOJIOTIYHHX BIIACTUBOCTEH 3aji300€TOHY SK KOMIIO3UTHOTO
Matepiany. HacamkiHelb y CTaTTi BCTAaHOBJICHO, IO 3 MOMVISAIY BIOCKOHAJICHHS THX YH IHIIMX KOHIICTIIIIH
OIIIHIOBAaHHS OC3BIIMOBHOCTI, YHCEJILHE MOJCIIOBAHHSA 3ali300€TOHHUX KOHCTPYKIL#, 1o nepeOyBae B
eKCILTyaTallii, a TaKo)X HEeNiHIHHWI pO3paxyHOK MapMeTpiB iXHBOTO HaINpyXeHO-Ae(OPMOBAHOIO CTaHY
JOIITbHO BUKOHYBaTH B cydacHuX IIK (tumy JIIPA-CAIIP, ANSYS, SCAD Office, Femap with NX Nastran
TOIII0) METOJOM CKIHYEHHUX €JIEMEHTIB.

KirouoBi ciioBa: ouinka 0e3BigMoBHOCTI, HMOBIpHiCTL 0e3BiIMOBHOI po00TH, 3aJ1i300€TOH, Oil0ue
HABAHTA’KEHHS Ha KOHCTPYKIIi0, BUNAJKOBUI MapaMeTp, CTATUCTHYHA BUOIpKa, YHceIbHEe MOIETI0-
BaHHs, MeTOJ po3paxyHky, Metox MonTe-Kap.Jio.



