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Abstract. Fencing composite structures with thin-sheet metal cladding and
effective thermal insulation are widely used. They are especially effective
in hard to reach, remote, seismic areas, in areas with harsh climates. There
is a problem of estimating the real random loading of snow, wind, ice,
temperature loads and others according to Roshydromet, when the
strength, heat engineering, dielectric, and other structural parameters are
random and changes in which from the allowable area lead to failures.The
paper provides an assessment of the reliability of enclosing structures of
buildings based on quantitative signs of impacts (wind, snow and
permanent), as well as the results of statistical evaluation of factory
acceptance tests. This paper discusses to exhaust the resource - the strength
of the middle layer of the structure during shear.

1. Introduction

On the basis of acceptance tests, we distinguish statistical quality control of products by
qualitative (suitable, defective) and quantitative characteristics (according to the values of
one or several parameters) [1, 2, 3].

Fencing composite structures with effective thermal insulation are multifunctional,
multi-element systems. Fiberglass, glass fiber laminates, aluminum, steel and various
nonmetallic materials such as asbestos cement, gypsum board, chipboard, cement
chipboards, etc. are used as outer layers for them. Perlitoplastbeton, polymeric foams,
basalt fiber plates, rigid and semi-rigid mineral are used as thermal insulation. The
connection of the outer layers with thermal insulation, as a rule, is carried out with polymer
adhesives. Depending on the constructive solution, they can be frameless, frame or with
discrete links along the contour. Designs can be bearing, self-supporting, mounted. The
scope of enclosing structures is extremely diverse. They are especially effective in remote,
seismic areas, in areas with a harsh climate, as well as in areas where specific indicators are
needed - radio transparency, bulk and surface electrical resistance, high resistance to
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aggressive media, increased resistance to pulsed electrical voltages, high efficiency
emissions, etc.

Special scientific problems arise in connection with the wide range of applications for
enclosing structures. The main one is the problem of estimating the real random loading, as
well as the resistance of stochastic loading in conditions when the parameters of structures
are random variables (accuracy, heat engineering, strength, dielectric, etc.). Resistance to
impacts are random processes, the change (emissions) of which from the permissible
quality area leads to failures [4, 5].

2. Literature review

As a result of variable loading, the impact of climatic factors and special loads during
operation, there is a gradual evolution of the properties of materials, including a decrease in
the bearing capacity of structures. Therefore, it is necessary to create design models for the
operation of enclosing structures, taking into account the random nature of loads, impacts
and the stochastic nature of the strength of materials and signs of indicators that lead to
failures of non-mechanical origin.

The problem of accidental loading brings to the fore the question of the normative
reliability of models of operation, safety factors, the reliability index. It should be borne in
mind that probabilistic calculations are expedient and demonstrative, with reliability within
P =0,99-0,999 [4, 5, 6].

In this study, an assessment of the reliability of quantitative characteristics, as for the
effects (loads), and for the strength. The essence of the scientific problem of assessing the
reliability of composite enclosing structures, which are characterized by mechanical failures
(Group I and I limit states) and failures of non-mechanical origin (partial), is considered in
detail. These include: the exhaustion of resistance to heat transfer, corrosive wear, as well
as the reduction of the standard values of sound insulation, increased moisture and air
tightness. Sanitary-hygienic and other indicators not considered in this work are subject to
separate consideration.

As practice has shown, none of the problems of probabilistic and deterministic
reliability (reliability, durability, maintainability and maintainability) cannot be solved
without fulfilling the main scientific thesis (triad) - reliability is laid during design, ensured
during manufacture, maintained and restored during operation, is at all stages of the life
cycle of structures. At the same time systematic work should be carried out to maintain and
restore reliability.

Thus, the assessment of reliability of layered structures, taking into account the random
nature of the effects and random response (carrying capacity), is an important scientific
practical problem [7].

This study with the use of dimensionless probabilistic parameters of load and strength is
a priority. The statement of its goals, tasks is based on the format of safety standards [8, 9],
EN standards [10], etc. It follows in its essence the provisions specified in these documents,
realizing them before practical engineering use. However, it cannot be assumed that
reliability calculations are exhausted by this study. Apparently, there is still a lot of
significant scientific work to be done to develop the probabilistic ideology proposed in this
study for capital construction projects - composite enclosing structures with effective
thermal insulation.
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3. Research Methods

The following sets out the basis for estimating the probability of failure-free operation of
walling structures with thin-sheet linings and effective thermal insulation, using
dimensionless parameters of impacts (loads) and strength.
The distribution of annual maxima of wind and snow loads is assumed by the double
exponential Gumbel law of the I-th type [5,6,11,12,13]
P.=exp [- exp ((o-q)/b)] (1)
Forwind load Past = exp[-exp((a-01)/b)] 2
forsnow load Pas1 = exp [- exp ((a-0s1)/0)], 3)
where g1, gs; - respectively wind and snow loads;
a and b - parameters of distributions, which are determined by the mean values of loads (x)
and their standard deviations (%) [12, 13]:

F=a+0577b (4
% =1,283b )
b="%/1283 (6)

a=x—0577b @)

In (7) the free parameter "a" is related to the Gumbel distribution mode [12, 13], the
parameter "b" (6) is related to the dispersion of distribution statistics. Note that the ratio b
corresponds approximately to the ratio Q/X

The value of loads [11, 12, 13], using (6,7), we obtain:

Qo =o-bIn(-InPy),  (8)
qm=q +b Inn, 9
where |y is the value of the annual maximum loads;
) — calculated value of loads at their repeated influence;
P4~ the security of loads when they are single exposure P,= 0,98 [8-10].

Procedure for carrying out annual maximum loads to dimensionless form.For example,
for VI wind region x =850 Pa; X =204 Pa from table.1, according to (6,7) have o= 758,26
Pa; b = 159 Pa.

The load gq by (8) is:qu) = @ — bIn(—InP,) = 758,26 + 159 - 3,9 = 1378,66 Pa.

In accordance with (1) carry out the procedure of bringing loads to dimensionless form,
using the values of Py;, by (2), and the parameters: o and b by (6,7).

The function of dimensionless load F, for VI region has the form [6, 11, 12]:

1378,66 ( 758,76
159 L' 137866

)D = exp(—exp[—8,67(q; — 0,55)])  (10)

After performing the above procedure for other wind regions, we obtain the distribution
function of the annual maxima Fy (4, in dimensionless values for areas I-V1I (table.1). The
data of different weather stations given in [12 , 14] are used for X, Xvalues.

Foyqm) = €xp (—exp [—

Table 1. Distribution functions of annual maxima F g, )
in dimensionless values for wind regions I-VII

Parameter values
Wir.‘d xX,Pa | %, Pa V\ﬁf]d a,Pa | b,Pa | P, Fyqm
districts 1 5 3 7 5 6 7
| 200 88 0,44 | 160,4 | 68,6 exp~€xP-624(q;=0375)]
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1 270 100 | 0,37 | 225,0 | 77,9 exp~expl-679(q;-0425)]
I 360 115 | 0,32 | 308,2 | 89,6 0.98 expexpl=7.34(q;=0,462)]
v 480 149 | 0,31 | 413,1 | 1150 exp~expl=746(q;=0477)]
\Y 600 156 | 0,26 | 529,8 | 121,6 exp~expl-826(q;i=0527)]
VI 700 189 | 0,27 | 665,0 | 147,3 expexpl-841(q;i=0536)]
VII 850 204 | 0,24 | 758,3 | 159,0 exp ~expl-8,67(q;i=055)]

Note: Cs is load variability

Similarly, we will perform the procedure of reducing snow loads to a dimensionless
form for snow regions I-VIII. The results are shown in Table 2, with the data for [12] being
used for the values x, £

Table 2. Distribution functions of annual maxima F 44, )
in dimensionless values for snow regions I-VI11

Parameter values
Npg dissr;l?ivcvts x, 1Pa Q,ZPa C35 a,4Pa b, 5Pa Fqéq 0
1 | 357 125 0,35 301 97 exp ~expl-7,58(q;=0,407)]
2 1 714 250 0,35 602 195 exp~e*P1-6:90(q;=0,445)]
3 1 1080 326 0,37 841 254 exp~e*Pl=7.21(qi=0,45)]
4 v 1400 528 0,38 1162 412 exp—exp[—6.72(qi—o,42)]
5 V 1790 752 0,42 1449 591 exp~expl-635(q;=0385)]
6 VI 2140 880 0,41 1780 623 expexpl-675(q;=0422)]
7 VIl 2500 1056 0,42 2025 823 expexPl-6:36(q;=0,38)]
8 VIl 2800 1200 0,43 2260 935 exp~exP[-632(4;=0,382)]

Note. In Tables 1 and 2, the same load security is assumed to be P, = 0.98 for single and multiple
exposures, which corresponds to an average repetition period of 50 years[10, 25] or P, = (1 — %) =
0,98 [14].

4. Results of Research, discussion

Next we give the calculation of the dimensionless snow load.

Procedure for bringing strength to dimensionless valuesFurther, the strength is
dimensionless according to the above algorithm when replacing the symbols &, xwith the
resistance R, R.

Based on the factory's mass acceptance tests, we determine the average strength value

(ﬁ) and its standard deviation (}?). Set a dimensionless value of 7 and #:

— R N R
In (11) R” is the calculated strength value determined by the following rule:
RP = f_ (12)
where: normative value R" equals R"=R(1 — x, Cg); (13)
Ym - material safety factor, y,,, = U-nclg). (14)
l_XZCR
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Cr - Variability of strength equal to Cr = %R; (15)
oy - Standard deviation;
X1, X2 - quantile values for normative and calculated resistances, respectively, accepted
depending on the given "security" (confidence probability). For example, in [8] the
"security" value for R" is set for all materials not less than P = 0,95 y; = 1,64 quantile. It is
not normalized for design resistances in [8]. According to the recommendations [11, 12]
"security" is entered equal to P = 0,995...0,99865, quantile values are equal toy; =
2,58;x, = 3,0 respectively. For steel, stone, aluminum and other building structures the
value of "security" is given in the corresponding codes of rules on the structure.

It should be noted that the value (size) of variability R?, y, in norms [8] is not defined
by introduction of coefficient. Authors gave offers on quantitative, economically reasonable
12 depending on the period of repetition of influences, the index of reliability and variability
in [15].When taking into account the duration of exposure and the environment should be in
the calculated value of RP to enter the coefficients of working conditions, taking into
account changes in the parameters of strength (bearing capacity), according to the special
recommendations of TSNIISK in accordance with (16).

R? = R "My~ Mg "My, - My (16)

The coefficients mg,,, ms, m,,, m; represent long-term strength (endurance), the
effect of temperature, humidity, resistance to aggressive media, and others.

The probability of failure-free operation according to [8, 15, 16, 17] is set as follows:

0 <R 17

Here Q,R are the average values of load and strength, respectively, which are
independent or correlated among themselves. That is, always the resistance R to impacts
should be greater than the load Q.

In the method of limit states, inequality (17) has the form:

¥Q° < RP, (18)
wherey,, is the reliability coefficient of responsibility, taken equal to 1.1; 1.0; 0.9 by [7].
The best proposals for the coefficient of responsibility are given in [18].
Dividing (17) into (18), we get
i- g<r (19)

Since the load and strength have different probability distributions, we bring them to the
standard normal distribution:

q" = FV[@qqp] (20)
whereF (=1 is the inverse function of the probability integral of the form

F= \/%_nf_t exp (—lxz) dx (21)

o 4 _T_1(4i_ &
r= ypt PP (yn T) (22)
The reliability index B is determined by the expression [6, 1018 = +/ (¢*)? + (r*)?.

Here, the values of g*,r* are calculated from (20) and (22).

Then the probability of failure-free operation according to [8, 10] is equal to
1+F(I;)

P = T, (23)
whereF(g) is the function of the normal standard integral distribution.
Or the probability of failure W:
wW=1-pP (24)
Impacts (loads) are determined according to the results of the assessment of real climate
observations of Roshydromet, submitted to TSNIISK [14, 19]. When assessing impacts, the
scientific thesis is often ignored that they are random temporal processes, as it is
extensively interpreted by the authors in their works, and not random variables. Adjustment
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of impact assessments (loads) is constantly going on sometimes because of volitional
decisions and aspirations to follow the provisions of the Eurocodes, 1SO, EN norms, which,
in fact, are not harmonized with the current norms in the Russian Federation. In some cases,
they have not been tested in the design of real buildings and structures.

In connection with the above, a refined scientific interpretation of the snow load for
region IIl is proposed, in contrast to [25], since its values are further used for the
calculation (Q= 1043,2 Pa). In accordance with [14], the snow load parameters for the Il
area based on the results of annual maximums for 94 years, according to Roshydromet
mean value Q = 1043,2 Pa, standard deviation Q = 358,3 Pa, coefficient of variation
(variability) Cq =0,343.

Using these data, the estimation of free parameters according to Gumbel [13] was
carried out a = 882 Pa, b = 365 Pa, (5 = 0,41 with “security” P, = 0,98, according to the
formulas (4-7).

The distribution function of the dimensionless load CDq(ql)for the source data

is equal to q¢;y = @ — bIn(—P,) = 882 + 279 - 3,9 = 1970 Pa,
Therefore:d, | = exp (—exp[-7,06 (j— - 0,447)]) (25)

A more accurate load value calculated by the double exponential Gumbel law with the

number of annual maxima N = 94 is equal to [14]:
Gos = Q+ -y =F): (26)

Gos = 1043,2 + %(—3,9 +0,5592) = 2038,019 Pa

In (26), the values y = 3,9; yy,, = 0,5592; gy = 1,203 were adopted according to [13].

In [25] given the calculated value of the snow load for the Ill area S,,=1500-1,4=2100
Pa, which differs from the values (26) by 3,04%.These deviations are caused by the fact
that the norms [25] reflect averaged information for snow region Il1. It was established that
the variability of the snow load for the Moscow region according to [14] is Cq = 0,26 +
0,33 (in the forest) and C, = 0,30 + 0,40 (in the field). C, affected by the protection from
external influences and openness of tracking stations.

The strength (bearing capacity) during shear of structures was established as a result of
a generalization of acceptance tests of 960 samples for the period 1976-2018. according to
Russian GOST21562-76,GOST 23486-79 and GOST 22695-77, developed, approved,
implemented by the authors.When testing panel samples with dimensions (1100 x 250 x H)
mm with, signs of destruction were failure due to resource exhaustion - shear strength (7).
Note that the failures of enclosing structures can be of mechanical and non-mechanical
origin, as was noted earlier. The samples obtained during acceptance tests were presented in
the form of a statistical variational distribution series (Table 3). It was the basis for the
calculation of experimental and theoretical laws and statistics of the distribution.

Table 3. Statistical variation range of strength distribution
when shifting the middle layer of polyurethane foam panels (PUR)

T; 1,1 1,5 1,89 2,28 2,68 3,07 3,46 3,86 4,25
n; 30 117 318 315 144 25 7 1 3

Note. ; - mid-range of shear strength, kg’ cm? (=10° Pa),
n; - frequency range

Distribution statistics are determined by the multiplicative method (products) using the
conditional zero, taken from the shear strength values in the middle of the intervals t =
2.28kgf/ cm? (=10° Pa) with n; = 315. It is useful as a conditional zero to take the values of
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a series of distribution with a maximum frequency (maximum density). It corresponds to
the distribution mode of M,: M, = 2,09 kgf/cm?(=10° Pa).

The main statistics calculated according to Table 3 and their parameters are given
below. The mean value is 7 = 2,1195 kgf / cm? (= 10° Pa); standard deviations * = 0,454
kgf / cm? (= 10° Pa); variability C, = 0,194; initial moments m; = -0,425; m, = 1,514;
ms = -1,13; m, = 8,189; central moments p, = 1,33, pz = 0,64; py = 7,84; main points rz =
0,415; ry = 4,38; asymmetry A = 0,415; kurtosis E = 1,38. They are used to calculate the
reliability (table. 5).

In work on the experimental results of shear strength (t), various probabilistic
theoretical models were studied [2, 4, 6, 12, 20, 21, 22], including

Gauss-Laplace:

f(© 1) = (‘L’\/_ ) exp[ (Té(;)‘? ]
L . (t; — 2,12)?
f(T, T) = (0,454 ' 2,505) exp [—W

(tj—2,12)?
0,412

£(2,12; 0,454) = 0,879 - exp[ ] 27)

Gram-Charlier (type A):
n (. —3)
(3) (4)
;fA(x) f(x) 1w
_ 960 0,415 @ (4 383-3)
= 0454740 T T T 24w
fi.=2fF  —0069f3 +0,057£Y(28)
77 /AW (€9) ’ (€3]
Pearson Type IV:
x2\ 1 x
fi; = i, (1 + 12) exp(_"ar“gT)

—5,284
X

i = 292,2 (1 + 94274) exp (P19 9tI555) (99

Logarithmically - normal:

M (lgri—0,736>
f@)=—exp 2
M (lgri—0,736)
- 0,072
F@) = 5150
_(lgri—0,736)
f(‘r) =2,28-exp \ 0072 (30)
Poisson distribution f(r) = Z—;exp‘f, (31)

where: T = 2.575 kgflcm? (=10° Pa).

The results of calculations of the shear strength of the PUR for various theoretical the
oretical models are shown in Table 4.
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Table 4. Summary table of the probability distributions of the shear strength PUR

Theoretical frequencies
T, Experi
No. | kgflcm? mental Gram- Gram- Pearson | Gauss-
(~10°Pa) | frequencies C.P;F:;ﬁr C#;pr(l;;r Type IV | Laplace | 1asson
o 0,71 0 0 0 2,46 0 0
1 1,11 30 15,85 13,46 19,86 27,62 73,11
2 1,50 117 109,51 160,73 120,74 | 130,86 | 188,25
3 1,89 318 347,32 303,56 331,50 | 292,95 | 242,37
4 2,29 315 326,67 278,87 310,43 | 309,89 | 208,04
5 2,68 144 101,28 151,92 126,84 | 154,90 | 133,92
6 3,07 25 35,61 48,73 34,92 36,59 68,97
7 3,47 7 15,43 5,49 8,68 4,08 29,60
8 3,86 1 2,50 2,66 2,24 0,22 10,89
9 4,25 3 0,15 1,19 0,63 0,01 3,50
) 960 954,31 958,91 958,29 957,11 958,66

Table 5 shows an example of determining the probability of failure-free operation with
a given security P, for layered structures with effective thermal insulation of polyurethane
foam.

Table 5. Estimation of probability of failure-free operation

Parameters Designation Formula Value

The coefficient taking into
account the possible damage Yn, 1
to human life and health

The coefficient taking into

account the possible material Yn, 1
damage

Coefficient of responsibility _ . 1
for the intended purpose n Yn = Yny " Y,

a parametervalue a a = 1.2825/R 311
u parametervalue u u=R-05772/a 1,93

The standard value of

strength, restored by the H P 1

double exponential law of Rryur Reumi =u = 2 [In(=1n(1 - 7,))] 1,49
Gumbel, 105 Pa

Weightratio (sensitivity) ag ar =R/ |R? + Q2 0,00115
Required Reliability Index erf 3

c coefficient value with c c=ag-erfpB 0,00346
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The standard value of

strength, restored by the X

double exponential law of F(e) 0,5014

Gumbel, 105 Pa

The value of the parameter g * q* q" = F®u] 2,054
1 .

The value of the parameter r * r* r*= 7 (% - f) -2,664

n

Estimated value of reliability

index B B =~(q@)?+ (r)? 3,364

Probabilityofuptime P P= % 0,9998

Renouncement W W=1-P 0,00019

According to the results of evaluations of factory acceptance tests, a high probability of
failure-free operation P = 0,9998 was obtained with a reliability index = 3,364.

5. Conclusion

The results of factory acceptance tests of layered structures with effective thermal
insulation were evaluated, and on the basis of them, procedures for determining
dimensionless loads, dimensionless strength (bearing capacity) were developed for the first
time. In the procedure of reducing loads to a dimensionless type, it was assumed that its
average value for snow region Il is Q = 1043,2 Pa, the value of the standard deviation of
the load Q = 358,3 Pa, load variability Cq = 0,343, “security” loads P, = 0,98. In the
procedure of reducing the strength to the dimensionless type, it was assumed that the
average strength value at the acceptance tests (N = 960 samples) R = 2,12 kgsem® (= 10°
Pa), the value of the standard deviation: R = 0,413 kgftm? (= 10° Pa), coefficient of
variation Cg = 0,195, "o carelessness "of the normative value of strength P () = 0,95.

Statistical estimates of effects and strength were obtained - the mean value, standard
deviation, variability, asymmetry, Kkurtosis and probabilistic of Gumbel's effects and
strength according to five probabilistic theoretical models.

In estimating a given reliability, the probabilistic load models according to Gumbel’s
double exponential type | law and the Gauss probabilistic strength (bearing capacity) are
taken as the basis. They were introduced on the basis of statistical studies of the authors,
taking into account the criteria of agreement according to Kolmogorov and Pearson.

The increased reliability of composite structures with thin-sheet linings and effective
thermal insulation when the resource is exhausted in the middle layer of insulation (shear
strength) is shown P = 0,9998 and the failure probability W = 0,00019.

Evaluation of acceptance tests by quantitative characteristics of materials, structures
showed that the adopted technological processes (continuous, bench) ensure the stability
(stability) of all quality parameters specified in [23]. At the same time, the quality
indicators exceed the best foreign analogues of the firms Hosch (FRG), Metekno (Italy),
Parock (Finland), Sekmer (France), etc., when used as thermal insulation polyurethane
foam polyuane foam, polyethylene foam PIR.

Conclusions, provisions, requirements, approved, stated in the article, can be extended
to other objects of research, where factory acceptance tests are carried out.

The study showed that at the preliminary design stage, it is possible to determine the
probability of failure-free operation of structures, having a priori results of dimensionless
loads determined from the data given in [25], as well as using the results of acceptance tests
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of the manufacturers of the structures, determining their dimensionless values. The
calculation should be based on the “security” of standard values of at least P = 0,95 and the
“security” of calculated values of at least P = 0,99.

To obtain minor failures, it is necessary to fully reduce the variation (variability) of the
carrying capacity, strength of materiafs and pre-set the safety factor for the average values
of annual maximums of loads and carrying capacity. Very important preliminary
deterministic calculations of the stress state of composite laminated structures.
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