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Recently, the optimization issue relevance of reinforced concrete (RC) structures design solutions
through the maximum use of their bearing capacity resource has increased significantly; in turn, solving
this issue depends on a fundamental understanding of the reliability and durability concepts. Because
any loads, impacts, or bearing capacity reserve parameters are random variables, there is a need to
build stochastic models, which can become the “reliability design” concept base shortly.

Among other things, this review article is devoted to the Monte Carlo methods features analysis
in terms of their use in the RC members’ reliability assessment tasks. Based on a modern literary
sources review, recommendations for further studies of the RC structures’ reliability and durability
(including damaged ones) under the conditions of the combined action of loads and a corrosive
environment (using Monte Carlo methods) were also formulated.

Keywords: Monte Carlo methods, distribution function, stochastic model, probabilistic analysis,
reliability assessment, reinforced concrete (RC) member.

Introduction

According to the Structural Reliability Handbook (2015), there are different levels of performance
specifications (see Fig. 1): from prescriptive (that includes a detailed description of process completion) to
pure performance (that permits greater freedom degree in achieving the same goals). In turn, verification
methods of reliability of any building structures, in particular, reinforced concrete (RC) ones, are
predominantly performance-based solutions (Structural Reliability Handbook, 2015); nevertheless, they are
prescriptive in determining actions to provide comparable indicators and ensure a safety level, for example,
according to the requirements of current Ukrainian DBN V.2.6-98:2009 and American (ACI 318-19)
regulations. Moreover, taking into account the reliability assessment problem complexity (Tytarenko et al.,
2023), even the profile Ukrainian and international normative documents such as DBN V.1.2-14:2018, EN
1990:2002, ISO 13823:2008, and ISO 2394:2015 contain only recommendations, without a clear
methodological base for various operational cases.

Based on Fig. 1 (see below), it becomes explicit that the reliability probabilistic analysis (including
non-failure, durability, and residual life) is a highly relevant issue nowadays due to the global need to
achieve maximum efficiency and economy in both new construction and reconstruction. In turn, the
probabilistic calculation of RC members consists of finding the probabilistic characteristics of
displacements, forces, or stresses from the probabilistic characteristics of loads and impacts, the strength
(deformability) of materials, and the geometric parameters (Ditlevsen et al., 2005; Raizer, 1998; Tytarenko
et al.,, 2023). In sum, the probabilistic approach to the calculation (probabilistic analysis) is that all
characteristics of structures, which determine the so-called “load-bearing capacity reserve”, as well as all
actions on them, are random variables (processes).

Therefore, the main goal of our theoretical research is a complete analysis of the statistical modeling
methods features (so-called “Monte Carlo methods™) according to well-known theories in terms of their
use in the RC members’ reliability assessment tasks. Based on a modern literary sources review, an
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additional goal of the work is the development of some recommendations for future studies of the
reliability and durability of RC structures (including damaged ones) under the conditions of the combined
action of mechanical loads and a corrosive-aggressive environment.
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Fig. 1. Levels of performance specifications

Materials and Methods

The simplest is a probabilistic calculation of structures whose operation can be described by a linear
function; however, in practice, there are frequent cases when the stochastic variables function is not strictly
linear but differs little from it — and while solving the specific problem, it can be approximately considered
linear (Raizer, 1998). This assumption is possible when input parameter values random changes — X, X,

.., X, — are insignificant (in the range of 20 %); in turn, the statistical variability of values of RC members’
operational parameters often meets these requirements (Khmil et al., 2021). To calculate the statistical
characteristics of such functions, they are linearized by expanding in a Taylor series around the random
arguments distribution center — at the point of function mathematical expectation (Raizer, 1998).

Nonetheless, no stochastic variables function is strictly linear — and when it comes to minimizing the
values of the structures’ future failure probabilities — the assumption given in the above paragraph may not
work. Furthermore, some parameters that must be considered during the construction of reliable stochastic
models of the operation of RC members have random changes in values, which highly exceed the limits of
20 % (for example, the variability of some types of climatic loads and aggressive environmental impacts
can be up to two times). At the same time, due to increasing values of input parameter variation
coefficients, the probability of structure failure also increases, and, as a result, their overall reliability
decreases. This problem is especially significant for RC members of the CC3 consequence class buildings
by DBN V.1.2-14:2018 and EN 1990:2002, for which reliability analysis is required in many cases.

In addition to the above, since the error permissible value in the nonlinear systems failures
calculation depends not only on the number of input variables but also on the volumes of their statistical
samples — the search for an analytical solution using the statistical linearization method will be
problematic. Thus, there is a need to use universal methods for calculating probabilistic problems — Monte
Carlo methods (Ditlevsen et al., 2005; Raizer, 1998).

The mechanism of solving integration tasks by Monte Carlo methods is based on the fact that the
probability theory (among its few interpretations) is interpreted as a mathematical theory of the sample
means behavior with the tendency for their stabilization as the sample volume increases (Ditlevsen et al.,
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2005). In turn, the reliability of RC structures, in the general case, can be quantified — by the failure
probability or the probability of non-failure operation (P), which are also connected with the reliability
index (f) through the well-known error function (Khmil et al., 2021).

The reliability index (f) takes actions and resistances (Structural Reliability Handbook, 2015). Then,
it represents these as random variables in stochastic models (see Fig. 2), in which: Q,,, Vp, O, — the average
action, the variation coefficient relative to the action, and the nominal design action in accordance; R, Vz,
R, — the average resistance, the variation coefficient relative to the resistance, and the nominal design
resistance in accordance. The distance between the two curves in Fig. 2 (see below) is the under-question
parameter performance (Structural Reliability Handbook, 2015).

P
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Fig. 2. Action and resistance models

The distribution curves of the models described above are assumed to follow a log-normal (or often
normal) distribution (Structural Reliability Handbook, 2015). However, the assumption about the random
variables log-normality (or normality) is relevant only if they are statistically independent. Moreover, some
weighty parameters of RC members’ operation often do not obey the normal distribution law; for example,
according to Schiessl (2005) and Van Coile et al. (2014), the concrete cover (¢, mm) is beta-distributed.

Thus, in our opinion, the disadvantages of almost all methods for calculating the failure probability
(the two-moments method, the hot spots method, etc.), based on the normal distribution law only (Khmil et
al., 2021; Raizer, 1998; Structural Reliability Handbook, 2015), are the following:

o significant calculation errors due to an approximate description of stochastic variables distribution;

o the functions that define failure (or non-failure operation) areas must be differentiable everywhere.

Unlike others, the Monte Carlo methods are more efficient since they give a smaller spread in
assessing the failure (or non-failure operation) probability (Ditlevsen et al., 2005; Raizer, 1998). The
central idea of these methods consists of the sample (based on the statistical distribution) construction for
each stochastic variable involved in the task, and as these methods deal with the simulation of the limit
state function, the larger the sample is taken, the more accurate the probability of failure (or non-failure
operation) (Ditlevsen et al., 2005; Nogueira et al., 2012).

The Monte Carlo methods term describes a widely used class of approaches (Ditlevsen et al., 2005),
but these approaches mostly use a single template:

o the area of possible input data is determined;

e the input data from the area defined above using some given probability distribution are randomly
generated (the so-called “pseudo-random number generator” is used);

o deterministic calculations on the input data are performed,

e intermediate results of individual calculations are reduced to the final result.

The general expression for finding the failure probability (), according to Ditlevsen et al. (2005)
and Raizer (1998), can be represented as Eq. (1):

Pr=m” SFR(Q)), (1)
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in which: m is the number of tests; Fr(Q;) is the distribution function value of the R parameter
(load[Jbearing capacity) at the QO argument (loading effect); O; is the simulated realization of the Q
parameter on the i-test.

The Monte Carlo methods’ main disadvantages are the following (Ditlevsen et al., 2005; Nogueira et
al., 2012; Raizer, 1998):

e one of the distribution functions of the R and Q parameter values must be predetermined in the
multidimensional case;

e many simulations m are required to calculate the failure probability accurately.

We consider the last point in more detail. Usually, to estimate the failure probability of 107"
accurately, the number of simulations must be higher than 10" or 10™ — it means that for civil
engineering structures (including RC), where the failure probability is within 107°...107° (refers to Ps
established values by DBN V.1.2-14:2018), from 10’ to 10’ realizations of the limit state function are
required. In the case when complex numerical models are involved (which leads to high computational
work), these methods may not be reliable — theoretically, it leads to an actual failure probability by a
sampling range, that approaches infinity (Nogueira et al., 2012).

Several method modifications are also known, increasing its efficiency by reducing the assessment
variance (Raizer, 1998). One way to reduce the variance is to stratify the simulated sample (only on the
required class intervals and with the given volumes of class samples) — for example, the O; value sample,
when using Eq. (1).

Results and discussion

The issues of probabilistic analysis of non-failure, durability, or residual life of structures (as the
main parameters of their reliability both at the design stage and during operation) have always been the
least studied and, therefore, the most relevant. Thus, in recent years, they have become sufficiently widely
covered in the studies of Ukrainian and foreign scientists. However, in not many works, Monte Carlo
methods are the main ones in terms of their use in reliability probabilistic analysis of RC members. For
example, according to Khmil et al. (2021), the statistical linearization method is used for probability
evaluation of the failure-free operation of RC beams strengthened under load; Schiessl’s (2005) research
summarized the design algorithm and identified the information (that is required to realize a calculation of
probability-based service life), but only based on the generalized normal distribution of all input variables;
in turn, the study of Van Coile et al. (2014) is devoted to a review of improved technique examples for
modeling the flexural resistance of a concrete slab during fire via a mixed log-normal distribution
(including one of the Monte Carlo methods used).

In many works (Nogueira et al., 2012; Conciatori et al., 2009; Guo et al., 2023; Pellizzer et al., 2015;
Sengiil, 2011; Yuan et al., 2023), among others, the following issues were studied using the Monte Carlo
simulation: 1) corrosion occurrence and influence on RC members; 2) reliability algorithms during
probabilistic durability assessment of RC structures in aggressive (chloride-containing) environments;
3) time-dependent seismic reliability; etc. In addition to the reliability analysis in the above works,
Conciatori et al. (2009) also compared the Monte Carlo and Rosenblueth methods in simulating the
penetration of chloride ions into RC and predicting the development of corrosion.

The RC (including prestressed) member strengths variabilities have been based on the results
interpretation of the Monte Carlo simulations in the research of MacGregor et al. (1983); the structural
reliability (durability) concepts of RC structures (including taking into account a seismic safety, an
environmental action, etc.), in turn, were proposed in the works of Hosseini et al. (2023), Jitao et al.
(2019), Votechovska et al. (2017), and Wang et al. (2016). The eco-friendly design optimization of
intermediate RC moment frames, the concrete failure analysis, and optimization of the RC beam life cycle
support strategy, based on the Monte Carlo simulation, were carried out in the studies of Akhavan Kazemi
et al. (2023), Huang et al. (2016), and Wang et al. (2022). Finally, according to the results of Badal et al.
(2023), Wang et al. (2023), and Zhang et al. (2023), several applied (seismic resilience) and new
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approaches (based on the third-moment method, etc.) for RC structures reliability assessment were
presented.

But nowadays, despite some basic studies described above, issues of constant data monitoring
(representativeness and reliability of samples), deployment of Internet of Things (I10T) systems, and taking
into account all factors of the environment RC members’ operation have not been sufficiently studied.

Conclusions

o Nowadays, the issues of assessing the reliability (including non-failure, durability, and residual
life) of RC structures have become especially relevant due to the global need to achieve maximum
efficiency and economy of both new construction (design stage) and reconstruction (operational stage). In
turn, the probabilistic approach to these issues allows us to get the failure (or non-failure operation) indices
with high accuracy and prognosis of the durability (residual life) of different RC members.

o Among the methods for assessing the failure probability, the statistical modeling methods (so-
called “Monte Carlo methods”) show themselves in the best way due to the possible work with any sample
ranges and distribution laws of stochastic variables distribution.

Prospects for further research

e Based on the review of several new and improved approaches to the RC members’ reliability and
durability assessment, which are based on the use of Monte Carlo methods, it becomes clear that in the
future, to create objective calculation methods and increase the reliability of results, besides the warranty
of stochastic data samples’ necessary volumes, the urgent task also will be to ensure continuous monitoring
of these data.

e So, we recommend using the Monte Carlo methods for future studies in the field of RC structures’
reliability and durability assessment (including damaged ones) under the conditions of the combined action
of mechanical loads and a corrosive-aggressive environment.
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katenpa Oy/iBeTbHUX KOHCTPYKIIH Ta MOCTIB

OI'JISI]] OCOBJIMBOCTEM BUKOPUCTAHHSI METOJIB MOHTE-KAPJIO
P OIL[IHIOBAHHI HAJIIMHOCTI 3AJII30BETOHHUX KOHCTPYKIIIA
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OcTaHHIM YacoM 3HAYHO 3pOcia aKTYyaJbHICTh MPOOJEMU ONTHUMI3allii MPOEKTHUX pillleHb 3aili30-
OETOHHHUX €JIEMEHTIB 3a paXyHOK MaKCHUMaJIbHOrO BUKOPUCTAHHS PECypCy iX Hecydol 3JIaTHOCTi; CBOEIO 4ep-
T'OI0, BUPILIEHHS Li€1 TPOOJIEeMH 3aJIeKHUTh BiJl (pyHIaMEHTAIFHOTO PO3YMIHHS TAKUX MOHSATD K «HAIHHICTBY
Ta “OBTrOBIYHICTB”, @ OCKUIBKU TTapaMeTpH OyAb-sIKUX HaBaHTaXXEHb, BIUIMBIB 400 pe3epBy HECYYOl 31aTHOCTI
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€ BHUNAJKOBUMH BEJIMYMHAMH, NOOYJOBA MaKCHUMaJbHO JOCTOBIPHHX CTOXaCTHYHUX MoAENeH poOOoTH
KOHCTPYKIIi! He3a0apoM Ma€e CTaTH OCHOBOIO ITUPOKOT KOHIENIT “HaiiHICHOTO IIPOEKTYBaHHS.

Pazom i3 TuM Ha#OLIbII pOoCTUM (IIPY HE3HAYHIN MIHJIMBOCTI JaHWX) € IMOBIPHICHHMH aHaIi3 KOHCT-
PYKILIH, poOOTY SIKUX MOX@XHA HAOJIMKEHO OMHUCATH 32 JOMOMOTO0 JIiHIHHOI QyHKIIT; OfHAK HacIpaBi JKOAHA
(YHKIISI BUIIAIKOBUX BEJIMYUH HE € CTPOro JiHilHOM0. Binbiie Toro, 31 3011bLIEHHSM 3HaUYeHb KOE(Iilli€HTIB
Bapiallii BXiJHAX 3MIHHUX, MiJBUIIYETHCS 1 WMOBIPHICTH BIJIMOBH €JIEMEHTIB, 1[0 BHUKIIOYAE€ MOXIIUBICTh
3aCTOCYBaHHs OIJBIIOCTI METOJIB Ti OIHIOBAHHS; TAaKUM YHHOM, BUHHMKAa€ HEOOXiMHICTH BUKOPUCTAHHS
YHIBEpCaJIbHUX METOJIB PO3paxyHKy HEJTIHIHHUX CUCTEM — TaK 3BaHUX ‘“‘MeToniB MoHTe-Kapio”.

Cepexn iHIIIOr0, METOIO JAHOI OTJISIZOBOI CTATTi OYIIO MPOBEEHHS aHalli3y ocoOIMBOCTEN METOIB MOH-
te-Kapno 3 Touku 30py iX BHKOpHUCTaHHS B 3ajJadyax OIliHIOBAaHHS OE3BiJIMOBHOCTI, IOBI'OBIYHOCTI Ta
3aJIMIIKOBOTO pecypcy (SK KIFOUOBUX MapaMeTpiB 3a0e3leueHHs HaJIHHOCTI) 3a1i300€TOHHUX CJICMCHTIB B
YMOBaX €KCIUTyaTallii; KpiM TOro, B poOOTi Oyau BUKIAICHI OCHOBHI IEpEBard Ta HEIONIKH IUX METOIIB
BIJIMIOBITHO JIO 3arajIbHOBIIOMHX TEOPiii.

HacamkiHelb, Ha OCHOBI OIJISIy Cy4acHUX JITEPaTypHUX JpKepen Oynu chopMyaboBaHI peKoMeH Al
IIOJI0 TOAANBUIAX JOCTIKEHb HAaJIHHOCTI Ta JOBIOBIYHOCTI 3ai300€TOHHUX KOHCTPYKLIHM (B T.4. ITOLIKO-
JOKEHHX) B yMOBaxX CyMICHOI il HA HUX MeXaHIYHUX HaBaHTAXKEHb W KOPO31HHO-arpeCMBHOIO CEpeIOBHIIA 13
BHUKOPHCTaHHIM MeToniB MonTte-Kapo.

KurouoBi caoBa: meronu MonTte-Kapiio, ¢gyHkuis po3mogiiy, croxacTuuHa Mojejb, iMOBIip-
HicHMii aHami3, oWiHKA HANIIHOCTI, 321i300e TOHHUIA eJIeMEeHT.



