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RELIABILITY OF ENCLOSING STRUCTURES ACCORDING TO
A GIVEN CRITERION OF THERMAL PROTECTION
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Abstract: The requirements of thermal protection, along with the requirements of mechanical strength and
stability imposed on enclosing structures, are among the key requirements that must be taken into account, taken
into account and monitored not only when developing building projects, but also after their construction, since it
is these indicators that will determine the energy efficiency and cost-effectiveness of the construction projects
being implemented. These requirements are presented in the current regulatory documentation of the Russian
Federation and are described by certain mathematical models consisting of a set of parameters. When using these
models, the expert (or the designer) can conclude whether the enclosing structure meets a certain requirement, for
example, the requirement for reduced heat transfer resistance, or does not meet this requirement, however, he (the
expert) cannot say and assess how reliable this structure is by one or another criterion of thermal protection or by
a set of criteria. This article presents specific methods for determining the quantitative indicator of the reliability
of thermal protection of enclosing structures and proposes to reduce the reliability assessment to a value or range
of values that will range from 0 to 1. This approach will allow for a multifactorial assessment of the energy
efficiency of enclosing structures and allows experts, based on the results obtained, to draw conclusions about
reliability. enclosing structures according to various criteria of thermal protection.

Keywords: reliability, enclosing structures thermal protection, climatic parameters, resistance to heat transfer,
possibility, probability, probability of uptime, the need for trouble-free operation

HAJEKHOCTD OTPAXKIAIOIUX KOHCTPYKIHUW 11O
3AJIAHHOMY KPUTEPHUIO TEIJIOBOM 3AILIUTHI

H.JI TI'anaesa

HarwmonanbHeii nccnenoBaTenbekuii MOCKOBCKHIA TOCYTApCTBEHHBIN CTPOUTEIBbHBIN YHUBEPCUTET, T. MockBa, POCCHUS

AnHotanusi: TpeOoBaHMsi TEIUIOBOH 3allMTBl HAa PAAY C TPeOOBAHUSIMHU MEXAHWYECKOH IMPOYHOCTH U
YCTOHYMBOCTH, MPEIBSIBIIIEMBIC K OIPAXKIAOIIAM KOHCTPYKIUSM SIBIISTFOTCSI OJHUMU M3 KITFOUCBBIX TPEOOBaHUH,
KOTOpBIC HEOOXOJMMO MPHHUMATh BO BHHMAHHE, YYUTHIBATH U KOHTPOJIMPOBATH HE TOJBKO TPHU pa3padoTke
MPOCKTOB 3JIaHWi, HO M IIOCIC WX BO3BCACHUS, T.K. UMCHHO OT 3THUX IIOKa3aTelicii OyneT 3aBUCETh
SHEProdPPEKTUBHOCTh W SKOHOMHUYHOCTH OJKCIDTyaTalldd PEalM3yeMBIX CTPOUTCIBHBIX OOBEKTOB. JlaHHEIC
TpeOOBaHMUS MIPECTABICHEI B ICHCTBYIOIICH HOPMAaTUBHON JOKyMEHTAIu Poccuiickoit @enepaliuil M OMUCAHEI
OTIpeIeIICHHBIMI MaTEMAaTHICCKIMHA MOJICIISIME, COCTOSIIIMMH M3 Ha0opa mapaMeTpoB. [Ipu CIONb30BaHUN 3TUX
MoJIeel AKCIepT (WA MPOSKTHPOBIINK) MOYKET CIETATh BBIBOJ COOTBETCTBYET JIM OTPAKIAIONIAs KOHCTPYKITHS
OTIpe/IeIICHHOMY TpeOOBaHUIO, HAIPHMEP, TPEOOBAHUIO K MPUBECHHOMY COTPOTHBIICHUIO TEILIOTICPEIAYH, UITH
HE COOTBETCTBYET ATOMY TpeOOBaHHIO, OJTHAKO, OH (PKCIEPT) HE MOXKET CKa3aTh M OLICHUTH HACKOIBKO JaHHAsS
KOHCTPYKLMS HAJEXkKHa 110 TOMY WJIM MHOMY KPUTEPHIO TEIIOBOM 3aILUTHI WM 110 COBOKYITHOCTU Kputepues. B
HACTOSILIEH CTaTbe IMPENCTABIEHBl YAacTHbIE METOIMKH JJsl ONPENENICHUs KOJUYECTBEHHOIO IOKa3aTelst
HAJE)KHOCTH TEIUIOBOM 3alIUThl OrPakIAIOIIMX KOHCTPYKLUUHN U MpeaiaracTcs NpUBECTH OLEHKY HAJEKHOCTH K
3HAYCHHUIO WJIM MHTEpBATy 3HAUEHUH, KOTOopbie OyayT HaxoauThcs B nuamnazoHe or O mo 1. Taxoi moaxon
MIO3BOJIUT MTPOBOANUTH MHOTO(AKTOPHYIO OLIEHKY SHEPreTHYECKOH A(PPEKTUBHOCTH OrPayKAAIOIINX KOHCTPYKIUH
U JaeT BO3MOXHOCTb 3KCIIEpTaM, Ha OCHOBE IIOJIyYEHHBIX PE3YyJIbTaTOB, JEJaTh BBIBOABI O HAJEKHOCTH
OTpaXkIAIOIIMX KOHCTPYKIIUK TIO Pa3IMYHBIM KPUTEPUSIM TEIUIOBOH 3aIlUTHI.

KaroueBble ciioBa: HaJIC)KHOCTD, OTpaXKJA0IINE KOHCTPYKIUH, TCIIJIOBas 3allUTa, KIMMAaTUYCCKNUEC NMapaMETPhI,

CONPOTHBJICHHE TEIUIONEepeaye, BOSMOKHOCTb, BEPOSITHOCTh, BEPOSITHOCTh OE30TKa3HOM padoTHl,
HEOOXOANMOCTh OE30TKa3HOW PabOTHI
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Reliability of Enclosing Structures According to a Given Criterion of Thermal Protection

INTRODUCTION

The current regulatory documents of the Russian
Federation, the requirements of which must be
taken into account when designing enclosing
structures forming the heat-protective shell of
buildings to provide thermal protection, establish
a certain set of requirements, including a
requirement for the value of the reduced
resistance to heat transfer [1]. At the design stage
of the building, design engineers, based on the
initial data obtained in the terms of reference,
develop design solutions for enclosing structures,
which are confirmed not only by appropriate
engineering and technical calculations, but also
by the results of modeling temperature fields in
various specialized software packages, in
particular, it can be the Elcut software package,
which allows to accurately simulate the
distribution of temperatures along the thickness
of various types of enclosing structures [2-4,
etc.]. After the implementation of the building
project under development, its construction, or
after a certain period of time, after the facility is
put into operation, it is possible that the entire
enclosing structure or its individual fragments do
not meet the thermal engineering indicators
stated in the developed building project (i.e., the
values may be lower than those set by the
project), as well as the requirements stated in
current regulatory documents, which In the
future, the operation of the building will lead to
increased energy consumption. Such
discrepancies can be caused by various factors: a.
deviation from the accepted design decisions, for
example, the use of analog materials during the
construction of a building (in particular, external
enclosing structures), the thermal properties of
which may not correspond to the design values;
b. violation of production technologies during the
installation of facade systems; c. deterioration of
thermal engineering properties of external
enclosing structures as a result of exposure to an
aggressive environment, including atmospheric
influences, duration of operation of the enclosing
structure, etc. If the first two (a, b) of the above-
mentioned causes of deterioration of the thermal
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engineering properties of the enclosing structure
may arise as a result of the “human factor” and
can be eliminated by introducing stricter control
over the materials and structures used, as well as
the process of building construction, then the
third (c) possible cause may be the result of
natural deterioration of thermal engineering
properties resulting from: 1. wear and aging of
materials and components of the facade system,;
2. various possible adverse effects on the exterior
enclosing structure, i.e. natural processes occur
that occur during the entire period of operation of
the enclosing structure, leading to irreversible
changes in the properties of materials, in other
words, natural wear of the enclosing structure
occurs, which is not always possible to stop. At
the design stage of the enclosing structure, a
certain level of its thermal reliability is laid, the
value of which will change over time as a result
of changes in the properties of materials. It is
known that reliability is the property or ability of
an object, building element, or building structure
to maintain its functions that ensure its normal
operation over time. The existing regulatory
documents do not contain information on how to
quantify the reliability of thermal protection of
the enclosing structure. The issues of evaluation
and development of reliability calculation
methods are presented in a fairly large number of
scientific papers [5-12, etc.]. However, in most
cases they are aimed specifically at finding
methods for determining reliability and
evaluating it according to criteria such as
strength, stability, etc. From the point of view of
decision-making, a building or a certain structure
can be considered as a system that consists of a
certain set of elements, each of which will have
its own impact on the overall reliability of the
entire system. when assessing the overall
reliability, for example, of a building as a whole
or its individual external enclosing structure, it is
necessary to identify a list of criteria, including
not only criteria for mechanical strength and
stability of system elements, but also criteria
describing the requirements for their thermal
protection. In the proposed article: 1. the methods
of determining the quantitative indicator of the
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reliability of a fragment of an external enclosing
structure according to one of the criteria of its
thermal protection are shown (an element-by-
element requirement is considered), using the
provisions of mathematical statistics, probability
theories and fuzzy set theory; 2. it is proposed to
reduce the assessment of the thermal reliability
of enclosing structures to a value or range of
values that will range from 0 to 1.

METHODS

In the framework of this work, particular
methods for calculating the reliability of the
enclosing structure are considered according to
the criterion of meeting the element-by-element
requirement for thermal protection established by
the regulatory document SP 50.13330.2024,
respectively, for two variants of the initial data
set for controlled parameters. The mathematical
model describing the condition of the element-
by-element requirement in relation to the thermal
protection of a fragment of the enclosing
structure can be written as follows:

R,>RE, (1)
where R, and R/’ are the values of the reduced and
normalized heat transfer resistance, respectively,
m?°C/W. For a thermally homogeneous
fragment, condition (1) can be written as R,>R*.
To calculate a quantitative indicator that will
characterize the thermal reliability of a fragment
of the enclosing structure, it is necessary to
conduct a preliminary examination, during which
the following must be performed: 1. identification
of the enclosing structure according to the
available design documentation (installed: the
type of enclosing structure, the number of layers,
their compositions, components, for example,
which were used to attach thermal insulation
boards to a load-bearing base, etc.); 2. preliminary
thermal imaging examination in order to identify
thermal inhomogeneities; 3. assessment of the
multiplicity of room air exchange. Based on the
results of the survey, the expediency and

Natalya L. Galaeva

possibility of conducting field tests of the selected
fragment of the enclosing structure is established
in order to collect the necessary information on the
controlled parameters. One of the options in
which a fragment of the enclosing structure cannot
be used for conducting field studies is the case in
which there are defects caused, for example, by
infiltration of the enclosing structures, etc. A
preliminary examination of the building's
enclosing structures in order to select the
fragments under study is an important step in
assessing their reliability, which helps to obtain
the most reliable calculation results. Since the
parameters included in equation (1) may be
variable, equation (1) can be written as:

Ri=R, (or Ry=R,"), )
where  R=(a((tyy-tn)zn)+b)m, (a, b are
coefficients taken depending on the building group;
m,=1 is a coefficient that takes into account the
specifics of the construction region) in the problem
considered in the article can be considered as a
deterministic value, because all the parameters
included in the formula for its determination can be
taken strictly in accordance with the requirements
of the current regulatory documentation, but it is
likely that it may be necessary to determine the
value of the parameter r/¢ for a certain location of
the construction site for which official statistics on
the required climatic parameters are not available,
in particular in this case, the parameter R, can be
considered as a random variable or a fuzzy
variable, for example, the parameters: a, b and ¢,
can be taken as deterministic quantities, and ¢#,, or
z, can be taken as a random variable or a fuzzy
variable, depending on the completeness and
quality of the initial set of information, according
to controlled parameters that can be used in
calculations. For example, in [8-11and et al.], the
issues of probabilistic and statistical modeling of
climate data arrays, including using artificial
intelligence, are raised and a conclusion is given on
the applicability and expediency of such an
approach. In other words, the parameter R, in
some cases can be represented as a certain set of
values: {R)S; RS, ..., Ry*} m*°C/W. Let's assume
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that there are no official climate data for the
geographical location on which the construction
object is located, while the specified object is
located at approximately the same but sufficiently
large distance from the nearest settlements for
which official climate statistics are available and
these data have a significant (for a certain situation)
difference in temperature values and may further
affect influence on the decisions made based on the
results of calculations, it is necessary to analyze the
available information, Mathematical data modeling
can be used. In some cases, fuzzy set theory can be
used to enable data description. To determine the
set of statistical information for the parameter %,
(or Ry), it is necessary to conduct field studies, as a
result of which a certain set of values will be
determined: for a thermally homogeneous
fragment — {R;;; Rz ... » Ry} m*°C/W or for
thermally homogeneous — {R;;; Ry ... , Ry}
m?-°C/W. For this purpose, depending on the task,
enclosing structures oriented to N, N-W or N-E are
selected in accordance with the requirements of the
national standard GOST R 59939-2021. As a result
of the research, sets of statistical data are obtained
on the following parameters: temperatures (1.
internal (#in/) and external (Zev) air; 2. internal (Zn)
and external (zew) surfaces of the surveyed
enclosing structure); actual heat flux density (q).
For a thermally homogeneous fragment of the
enclosing structure, the parameter R, can be
determined for each set of the above parameters

according to the equation:
E(): (;int:%int) + (%int'%ext) + (%ext‘;int) — (;int:;ext), mZ,OC /W

q q q
(written R, because the thermally homogeneous
fragment); for a thermally inhomogeneous

fragment of the enclosing structure — Rf = A/
(X A;/ Ry, m*>°C/W, where A4 is the area of the
enclosing structure under examination, m?; 4; is the
area of the characteristic isothermal zone, which is
determined by the results of thermal imaging of a
fragment of the structure under examination, m?;
R, is the heat transfer resistance of the
characteristic zone, m? °C/W. R, (or R,), depending
on the completeness obtained as a result of field
tests, statistical information about the parameters
Eints Lexts Tint> Texe and g can be represented as
random variables or fuzzy variables. Next, it is
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necessary to analyze the data on the parameters R,
and R! and, depending on the completeness of the
information received, methods of probability
theory can be applied to determine the reliability of
the enclosing structure (or its fragment) according
to the criterion of fulfilling the piecemeal
requirement for thermal protection. or fuzzy set
theory. Let's consider two options for calculating
reliability using the mathematical model (2):

1. Let the parameters K, and R, be used to obtain
complete statistical information, according to
which the law of their distribution (the normal
distribution law) and its parameters were
established: my;, mye, Spr, Spe= — i.e. K, and R,*
are random variables. In this case, the reliability
of the fragment under study will be characterized
by an indicator of uptime according to a given
criterion and a safety characteristic can be used:

m R -m R{r]eg

4 /SIZ?Z +S§reg
probability of uptime according to criterion (2)
can be determined using tables of normal
distribution functions:

, according to which the value of the

PRZRE)=D()), 3)

2. Let's assume that there are limited statistical
data available for the parameters R, and R, *, i.e.
the statistical information turned out to be
incomplete. In this case, R, and R,® are
considered as fuzzy variables that will be
characterized by the same opportunity

distribution function (ODF) of the form:

7r(R) :e-[(R-aR)/bR]2 4)
where az=R,ut Ryin)/2y br=Roax - Ryin)/(2N-In 1),
a€[0;1], a — the risk level. The use of this function
(ODF) to describe uncertainty and determine
reliability indicators (the possibility method) was
shown in the works of Doctor of Technical
Sciences, Professor V.S. Utkin, as well as in the
works of his students [13-15 et al.] applied to
building structure elements.For the case
considered in the article, for fuzzy variables R,
and R, we will have:
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Graphically, the functions s (RS) and mz (R,) can
be represented as shown in Fig. 1.

e (Ro)

e (RG®)

agr RT ay RCE, R
Figure 1. Graphical representation of functions:
e (R®) and Ty (R))

According to Fig. 1, if ay > ay«, then the
possibility of trouble-free operation will be equal
to R=1 (not to be confused with the designation
of heat transfer resistance). The value of the
possibility of failure can be found by finding the
abscissa of the intersection point R* ODF:
mpe=(Ry) and my (R;) and substituting this value
into any of the values specified in equations (4),
for example, Q=my (R° ):e-/ﬁ?*'”RZ)/bRZj . The need

for uptime: N=1/-0 and, therefore, the reliability
interval will have the form: [R;N].

RESULTS AND DISCUSSION

As an object of research, we will take a fragment
of the enclosing structure, which is a fragment of
a blank exterior wall of a building with a hinged
facade system (type FTCS, facade thermal
insulation composite system). Let it be that, as a
result of a preliminary thermal imaging
examination of the fragment, the possibility and
feasibility of field tests were established, no
temperature anomalies were detected. The
geographical location of the construction site is
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Moscow, Moscow region. We will take the initial
climatic parameters based on the data from the
weather archive of the meteorological station No.
27612 (Exhibition of Achievements of National
Economy, Moscow) for the period from 2014 to
2023. The results of the analysis of the arrays of
climatic data obtained from the weather sensor for
the specified period are summarized in Table 1.

Table 1. Climatic parameters

the average Duration

temperature of of the

Ne Year the period at period,
text < 8 °C day
1 2014 -1.5 195
2 2015 0.17 198
3 2016 -1.9 195
4 2017 -0.32 210
5 2018 -3.28 183
6 2019 0.035 186
7 2020 1.11 192
8 2021 -1.93 203
9 2022 -0.9 194
10 2023 -1.33 181

In table 2, the values of the parameters are
determined based on the climatic data and the
data in table 1.: 1. degree-day of the heating
period (Da); 2. the normalized value of the heat
transfer resistance R,* for a given location of the
studied enclosing structure (Moscow).

Table 2. Parameter values: Da and R

° R,

Ne Year Da, °C-day m2oC/W
1 2014 4197.32 2.87
2 2015 3926.05 2.77
3 2016 4278.02 2.90
4 2017 4266.66 2.89
5 2018 4260.68 2.89
6 2019 3713.51 2.70
7 2020 3626.33 2.67
8 2021 4451.58 2.96
9 2022 4047.24 2.82
10 2023 3861.35 2.75
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Thus, the parameter R is represented as a certain
set of values.: {2.87;2.77;2.90; 2.89; 2.89; 2.70;
2.67; 2.96; 2.82; 2.75} m*°C/W. Let's consider
it as a random variable distributed according to
the normal distribution law, with distribution
parameters: my« = 2.82 m*x°C/W; Sp= = 0.091
m?-°C/W. Let's assume that in order to collect
statistical information on the parameter R, (or
R,), field studies were conducted, during which
arrays of data on the parameters were obtained:
1. the temperatures of the outer (%) and inner
surfaces (#inr) of the fragment under study; 2. the
density of the heat flux passing through the
fragment (¢) under natural conditions. Let's
assume that the period during which the changes
were carried out is 10 days. After the formation
and processing of the obtained arrays of
statistical data on the controlled parameters, the
sets of values of the parameter R, are determined.
For a more visual representation of the problem
being solved, we will generate a data array
consisting of 100 values of the parameter R, . For
the resulting set of values {R}; Ry, .- » Rb100}>
we carry out statistical processing and analysis of
data, after which we accept the parameter R:as a
random variable distributed according to the
normal distribution law, with distribution
parameters: my = 3.06 m?-°C/W, Sgr = 0.07
m?-°C/W. A fragment of the array will look like
this: {3.15;2.97; 3.13; ... ; 3.07; 3.12} m?-°C/W;
maximum value: R, ,. =323 m?°C/W;
minimum value: R;, ,,;, = 2.89 m*°C/W. Then, the
probability of trouble-free operation under the
condition of equation (2) using equation (3) will
be equal to

PR.=R)=d()=d (2222 )—0.9817. Let's
RZR)=2 (1) V0.07+0.0912

consider the same example, but let's take both
parameters R, and R,* as fuzzy variables that will
be characterized by a set of the form (4). The
parameters of the set are: 1. y (R,) — ag=3.06
m>°C/W; br=0.10 m>°C/W; 2. myes (RYS)

ap==2.82 m?2-°C/W; bp==0.11 m2-°C/W. The
possibility of trouble-free operation will be equal
to R=1, because a,=3.06 m>°C/W > ap==2.82.
The value of the abscissa of the intersection point
R*ODF: mes (R) and i (R)) will be equal to 2.95

o
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m?°C/W, then the value of the possibility of
failure is substituted by R* in any of equations
(5), and will be equal to Q = 0.27, and the need
for trouble-free operation will be equal to N=1-
0.27=0.73. The reliability of the studied fragment
of the enclosing structure under the condition of
fulfilling the piecemeal requirement for thermal
protection will be characterized by the interval
[0.73;1]. The value of the reliability indicator
P=0.9817, obtained using methods of probability
theory, is more convincing for experts from the
point of view of decision-making, since it is
unambiguous, compared with the value of the
reliability indicator in the form of an interval
estimate [N=0.73; R=1], obtained using fuzzy set
theory. In this case, the value of P=0.9817 falls
within the range [0.73; 1], i.e. the true reliability
value was inside the obtained range. The
example considered in the article shows that
when calculating reliability according to the
criterion described by equation (2) for a fragment
of an enclosing structure, some useful statistical
information was lost when using the probability
method. At the same time, one rather important
point should be noted: the use of this method may
be advisable in the absence of complete statistical
information on controlled parameters from
experts.

CONCLUSION

The proposed work presents methods for
determining the quantitative indicator of the
reliability of the enclosing structure according to
the criterion of fulfilling a piecemeal requirement
(requirements for reduced resistance to heat
transfer), using the provisions of classical
mathematical apparatus, namely the provisions
of mathematical statistics, probability theory and
theory of fuzzy sets. Depending on the amount of
information available to experts about the
controlled parameters obtained as a result of
technical inspections and monitoring studies, a
methodology is selected for calculating the
reliability indicator. The presented approaches to
calculating the quantitative indicator of thermal
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reliability make it possible to bring the reliability
estimate to a value that will be in the range [0; 1],
which facilitates a multifactorial assessment of
the energy efficiency of various types of
enclosing structures.
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