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This paper deals with the study of reliability of quasi-homogeneous bolted joints of the body of thin-walled constructions of
the steel silos. Heterogeneity of this unit can be caused by number of reasons, in particular by presence of bolts of different
strength in joint. In such case the reliability of the system is determined trough the probability of trouble-free work of the
coefficient of the critical factor. The general conception of stochastic calculation consists in using the Monte-Karlo simulation
procedure for the samples of random values of the large volume. It was formed the system of conditions, under which the
reliability of joints is provided and analytical expressions for the value of coefficient of the critical factor is got, and also made
practical calculation example with the following graphic presentation on a special coordinate plane — a critical stochastic scale.
It was illustrated that random presence of bolts of less strength in field joint rapidly increases the risk of refusal.

Keywords: cylindrical silos, reliability, stochastic calculation, probability of the trouble-free work, quasi-homogeneous
bolted joint, coefficient of the critical factor.
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CratrTs NpUCBsSYEHA aKTyalbHIN MPoGIEMATHIIl TOCIIDKEHHS HaJIHOCTI KBa3i0AHOPITHUX OONTOBHX 3’€JHAHb KOPITYCY
OWIHAPHYHAX CTAJICBUX CHIIOCIB. Y 0arathoX BUIAKaX MPOCKTHA HAIIHICTh TAKHX CTHKIB BiAPI3HAETHCS BiJ (aKTHIHAX
MOKA3HHKIB X 6€3BiAMOBHOT poboTH. [)kepenoM Iboro € psij 00’ eKTHBHAX IPHYHH, JI0 YHCIIA SKUX MOXHA BiITHECTH HEO-
JIKM MOHT)XHUX OHNEpaIliif, 30KpeMa INpPHUCYTHICTb OONTIB PIi3HOr0 KJIacy MiI[HOCTI, BIJICYTHICTh JEKUTBKOX OOJTIB
3’€JHaHHs, PO3KPY4YyYBaHHs KPiIIeHHs: 00JTa B IPOLIECi eKCIUTyaTalil CIOPYIH Y1 HEAOKPYT HAa MOHTAXI M 1HIII YHHHUKH
TAKOro THIy. Y [[bOMY BHITAIKy HaJiHHICTh CHCTEMH BU3HAYAJACs Yepe3 iIMOBIpHICTh 6e3BiAMOBHOT pOOOTH 3 BUKOPUCTaH-
HM KoeQilieHTa KpuTHYHOTO (akTopa. BinMoBa 001TOBOTO 3’€THAHHS OJHO3HAYHO BU3HAUAJIACA SIK NEPEBUILCHHS BHIIA-
JIKOBUM HANPYKEHHSM BHUIIaJKOBOTO PiBHs IPAHMII TEKY4OCTi cTasli. 3araipHa KOHLEMLisl HMOBIPHICHOTO PO3PaxyHKY MO-
Jsiraja y BUKOPUCTaHHI iMiTamiiHOi npouenypu Monrte-Kapio ais BHOIpOK BHIAJKOBHUX BEIHYHH BEIUKOTO 00’eMy.
YBara KOHIIEHTPYBaJIacsl HA PO3PAXyHKOBIH CHTYyaIlil, KOJIM OONTH 3’ €JHAHHS CKIaJalOThCs 3 TPHOX HE3AISKHHUX BHOIPOK.
Byna copmynboBana cucteMa yMOB, TIpH SIKii 3a0€31e4yeThcsl HaAIHHICTE 3’ €AHAHHS i OTpUMaH] aHATITHYHI BHPa3H JUIs
BEJIMYMHY KoedinieHTa KpuTHIHOTo (hakTopa. HaBexeHo MpakTHIHMIA IPUKIIAN PO3PAXyHKY 3 HACTYITHUM TpadidHIM Ipe-
CTaBJICHHSM Ha CHeNialbHil KOOPIMHATHIH IUTOMMHI — KpUTHYHIN iMOBipHICHIH mkaii. [IpoimocTpoBaHo, 10 BUIIAAKOBA
HasBHICTh OOJNITIB MEHIIMX KJIACIB Mil[HOCTi B MOHTXXHOMY CTHKY CTPIMKO 301JbLIye PH3HK BiJMOBH. YCTaHOBJICHO, IO
MOKa3HUKU HMOBIpHOCTI 0€3BiIMOBHOI pOOOTH OIHOPIHUX Ta KBa3iOJHOPIAHMX OOJTOBUX 3’€JHAHb 3HAYHO Pi3HATHC
JIMLIE TIPH BEMKHUX 3HaYeHHAX Koe(illieHTiB Bapiawil 3HaueHb 3ycmiuisi. [lokazaHo, 110 HaBIiTh 3a BiICYTHOCTI MiHJIMBOCTI
3Ha4YeHb MIiIHOCTI OOJITIB BUIIaIKOBA BEIMYHHA KPUTHYHOTO (hakTopa Oyae 3pocTaTh IpH NOCTIHHOMY 3HaUCHHI IOKa3HUKA
HaJ(IAHOCTI.

KurouoBi ciioBa: numiHapuyHmil CHIIOC, HAAIHHICTD, IMOBIPHICHHI pO3paxyHOK, iIMOBIpHICTh Ge3BiqMOBHOT poOOTH, KBa3i-
oIHOpiaHe 60NTOBE 3’ €AHAHHS, KOS(iLiEHT KPUTHIHOTO (pakTOopa.
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Introduction

The problem of reliability assessment is one f the
most important scientific problems that arise in the area
of the building construction’s calculation. It is con-
nected not only with obtaining on its results more justi-
fied results from the economic point of view, but also
with general entity of the term reliability. Depending
from the chosen index, the reliability serves as a quali-
tative and quantitative indicator of the whole complex
of constuction’s properties. Considering the problem of
stochastic calculation of bolted joint of the elements of
steel silos, we need to pay attention to the problem con-
nected first of all with features of this class of construc-
tion — usage of thin-walled core and sheet corrugated
elements, high level of load, etc.

Also, due to the large number of accidents caused by
numerous mounting errors, the second most important
consideration when determining the level of reliability
connection is taking into account the most common
construction defaults that arise in the construction pro-
cess.

Review of the research sources and publications

The assessment of the stress-strain state and the prob-
lem of determining the strength of bolted joints of metal
structures, including thin-walled elements, remain ur-
gent, which often can be found in the scientific publi-
cations [1 —4]. We will note that among them there are
important applied problems of analytical and numerical
calculation of the bolted joints of the composite thin-
walled constructions with considering features of fric-
tion, corrugation, presence of sealing gaskets, etc. [5, 6],
and also numerical and experimental studies [7, §].
Traditionally, the area of stochastic calculation remains
less studied, which is certainly caused by the complex-
ity of mathematical transformations and the large
amount of theoretical knowledge in the field of
probability theory and mathematical statistics [9 — 10].
The modern studies of the outlined issues have repeat-
edly been raised in the works of Pichugin S.F. and stu-
dents of his Reliability Science School [11 — 14].

Definition of unsolved aspects of the problem

In the practice of designing units of thin-walled con-
structions of steel silos, the bolted joints of elements
became widespread. In many cases, the design reliabil-
ity of such joints differs from the actual indicators of
their trouble-free work. The source of this is a number
of objective reasons, which include the disadvantages
of installation operations — wrong tightening of bolts or
the use of fastening elements of the non-design class of
strength. In this case, the classic strength analysis of the
bolted joint, as in the analytical form, so in the applica-
tion of finite element apparatus, requires not only the
change of the initial data of the solved problem, but also
the correction of a number of influential factors. These
features are beyond the guidance of regulatory docu-
ments, and, accordingly, are overlooked in the process
of engineering calculations. As well as the stock values,
the reliability levels of bolted connections made with
mounting defects remain unknown. Their assessment is

an important task that requires thorough consideration
and detailed scientific analysis.

Problem statement

The main purpose of this study is the stochastic anal-
ysis of the heterogeneous bolted joint of thin-walled el-
ements of the steel silo body. The heterogeneity of such
a unit can be caused by a number of reasons, including
the presence of bolts of different strength class, the ab-
sence of several connection bolts, untwisting of the bolt
attachment during the exploitation period of the con-
struction or short of rotation during mounting and other
factors of a similar nature.

Basic material and results

The main structural elements of the body of the steel
silos are the thin-walled elements of the corrugated
sheets and the vertical stiffeners, which are intercon-
nected by bolts made with gap and pre-tightening.
The fasteners, which are used in the connection (fig. 1),
consist of bolts and nuts, which are zinc-coated, and of
sealing washers. Mostly, the structural units are de-
signed for bolts of strength of classes 5.8 for the roof
and 8.8 and 10.9 for the body of the capacity.
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Figure 1 — Fasteners (a) and arrangement

of bolted joint of the corrugated sheets
of the silo body (b)

For the basic indicator of the quantitative measure of
reliability when calculating the bolted connections, we
take the coefficient of the critical factor, which is equal

to the ratio of the random effort S and the generalized
strength R

Ky==<10. )

| T

The main models of the failure are the cut of the bolt
and the bearing of the metal of the connected elements
in the hole. In general, the bolted connection of the
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body sheet can be represented as a multi-element sys-
tem, the failure of each element of which leads to the
formation of a new design scheme of the joint and thus
provokes a change in the reliability of the whole con-
nection.

The general concept of a stochastic calculation will
be based on the use of the Monte-Carlo simulation pro-
cedure for samples of the random variables y . . and

75, of the large volume [15]. For the critical factor of

the basic metal of the sheets of the silo body, the fol-
lowing ratio will be valid

_ms 175 Vs _

Kgi =Mg VK 2

Ji

mp l+yp: Ve

where mg and m, — mathematical expectations of ran-
dom variables § and R ;
7z and 7¢ — the normalized random variables with a

given distribution law;
Ve and Vg — the coefficients of variation of strength

and load;
my — the expected value of a critical factor.

In the design case of a homogeneous bolted connec-
tion, when all bolts of the system are elements of one

sample, the critical factor of the metal of bolts Kb,i is

expressed by the following expression [14]:

- S 1+Vepg:
Kbi: _ Sl =m,- S?:S,z ; (3)
T Ry Ay I
1,273 m
my=—"5—— 4)
dy-n My

where Rbs,i — the random value of the strength of one
bolt per cut;

A, — the value of the area of the bolts;

d, — the diameter of the bolt;

n — the number of elements (bolts) of the sample;

mg, my and Vg, V,  — respectively the values of the
expected value and coefficients of variation of the ran-

dom variables §, and Rbs,i ;
7ps; — the normalized random value of the strength of

the bolt;
75, — the value of the normalized random value of max-

imums of the external force, which influence the con-
nection.

The problem of stochastic calculation of a quasi-ho-
mogeneous bolted joint, when the bolts of connection
consist of two independent samples n=n, +n,, has

been considered in studies of the group of authors [14].
We also should consider the design situation where the
bolts of connection consist of three independent sam-
ples n=mn+n,+n;.

This case will illustrate the change in system reliabil-
ity when there are coupled three types of fasteners in a
unit connection, such as bolts of different strength clas-
ses or different manufacturing plants.

The use of expression (3), taking into account the cor-
responding values of the expected value m, and the co-

efficient of variation ¥, , will be valid only in cases

K, <10, e., before the failure

- S
Ky=— = = : (6))
Ay - (Rygyj -1y + Rygp -1y + Ryyg3 - 13)

If there is a connection failure, a critical factor ex-
ceeded the single-level. This process can be imple-
mented according to different schemes, each of them
should be considered when calculating a random value
of the critical factor. For the simplest connection of the
three bolts, the random strength of which in the space
of effort is corresponding to §,, S,, and S, the relia-

bility of the connection will be ensured if the following
demands are made for the i-th sample element:

1) the value of the random strength of each of the
three bolts SOl,i VSOZ,i VSO3’,- will be bigger than the
force §,/3;

2) the strength of one of the bolts is less than §,/3

and it is ruined, but the strength of the remaining two
ones is bigger than §,/2;

3) the strength of two bolts is less than §,/3 , and of
the third one is bigger than g, ;

4) the strength of one bolt is bigger than §, /3 but less
S, /2 the strength of the second bolt is bigger than
S, /2 and of the third one is bigger than g, .

In this case, we will get a system of conditions for a
critical factor:
I — the strength of all bolts is less than §,/3 ;

II... IV — strength of one of the bolts is less than §, /3
’ V... VII — the effort §,/3 in both bolts simultane-
ously exaggerates their bearing capacity;

VIII — the bearing capacity of all bolts is less than
S, /3.

This system can generally be schematized by the ex-

pression (6), where for values KﬂZia K:B,i and Kb23’,-

we will apply the term «conditional» critical factors.
These random variables will be calculated just as for
the case of connecting elements from two independent
samples, which were described in the paper
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Also, in order to find the values of conditional critical
factors, based on the general expression (3), we can ob-
tain the following formulas:

1+Vs7s,
14+ V1 Vst

()

Kbl,i = Mb,l :

1+Vsys,
:Mh,2'¢- (8)

KhZi ~
’ 1+ VszbeZ,i

The magnitudes of the expected value and the coeffi-
cient of variation of the critical factor, when calculated
by formulas (7) and (8), will acquire a new presenta-
tion:

1

my; =M, - —————— ©)
: Qi+ By Ty ’
212 27,2 2
V. o= \/ab,iVbsl +ﬂb,iVbs2’7bs (10)
bs,ji —
i+ By Mns ’
MpsaTy

where 7, = — the ratio of the characteristics

Mps 1M
and the number of bolts.

The values of the coefficients «, , ,which

appear in (9) and (10) will be determined from the fol-
lowing conditions

Loif
i
> i
i

and 4,

kbl,,. <2A kbz,,. <2;
Ky <2nKy ;22
Ky 228Ky, <2;
Ky 22nKy,;22.

a, = (11)

— o —

=

Ky <2nKyy ;<2
15,)1‘,. < 2/\15,)2’,- >2;
15,,1‘,. > 2/\15,)2’,. <2;
Ky 22AKp, 22.

=
<

Byi = (12)

=

To illustrate the calculation procedure for the search
of the coefficient of the critical factor of a three-element
bolted joint, we will do a practical example of calcula-
tion with the following graphical presentation. The cal-
culation will be performed accordingly to the following
initial characteristics of the system — the bolted joint
receives the action of a random force, with the expected
value mg =200 kN and with one of the three values

of the coefficient of variation Vg =0,2v0,4v 0,6 .

The distribution density of the probabilities is assumed
as a double exponential law. The bearing capacity of all
three bolts is determined by a normal law, but with dif-
ferent statistical characteristics: for the first bolt —
=250 kN, for the second one — mg , =200 kN,

mg o3 =150 KN. The range of

Mg o1
and for the third one —

S:1 801, <3AS8; /Sy <3AS8; 185, <3;

81801 <3781 800, <3AS 1803, 23;

S/ 801 <3AS8; 1800, 23N 8,/ Sp5, < 3;

8180152378/ S0 <3AS 1 83, <3; 6)
S 18015 <3758,/ 80,

2378180523

S; 1802378,/ 80; <3818y, 23;

3AS /802308180, <3

8§,/ 80123/ 8,150, 2378,/805,23,

the coefficients’ changing of the bearing capacity of all
bolts is accepted as ¥, =0,05v 0,1v 0,2 .

The reliability assessment will be performed on a spe-
cial coordinate plane — the critical probability scale, on
the y-axis of which we put the values of a random var-
1able of a critical factor, and on the x-axis — the double
natural logarithm of the probability of the failure-free
work

(13)

— the probability of a failure-free work,

y=-In[-In(F,)],

where F,

which is calculated using the formula [14, 15]

F, =exp {—exp[

where «,, a; and o, — dimensionless coefficients,

ay ok —4a(1-acV 1/mK)ﬂ 14

2a

which consider the influence of the coefficient of vari-
ation of the bearing capacity and the law of maximums’
distribution of a random load. For the load distribution,
accordingly to the normal law of distribution
a,~-0,02, ap 0,65, o ~0,18 , and for the dou-
ble exponential Humbel law a,~0, ay~0,84,
ac-=~0,57.

This allows comparing data across a wide range of a
failure-free work.

The resulting curves of change of the critical factor
are shown on the fig. 2, which have the graphs of three
kinds on the coordinate plane.

The curves plotted with a solid thick line correspond
to the reference functions of the critical factor.

The graphs, which are illustrated by dots, are the
functions that are constructed by formula (6) without
considering the calculations of conditional critical fac-
tors, i.e., it is considered the process of failure of one
bolt in joint with the two others, but the mechanism of
failure of one bolt of the joint is not taking into account.

Dotted curves are the values of the critical factor cal-
culated in case of absence of any sequence of failure of
the bolts in the joint.

Observing the nature of the change in the curves
(fig. 2), we can see clearly an error, which arises in case
of fully neglecting the sequence of the bolts’ failure in
the joint.

It is logical that the greatest differences occur be-
tween the solid and the dotted curves.
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Figure 2 — Probability of a failure-free work
of the joint of three bolts on a critical
probability scale:
A= Vpo1=Vro2 =Vgo3 =0,05; Vg =0,2v0,4v 0,6 ;

b= Vo1 =Vros =Vios = 0,25 Vs =0,2v 0,4V 0,6

The difference between solid and pointed curves is
not so significant and does not increase in case of insig-
nificant variability of the bolted strength, even if there
are large values of the coefficient of variation of the
external force. This is especially noticeable when com-
paring the behavior of the curves not in the entire coor-
dinate plane, but only in the vicinity of the ordinate
Ky = 1, for value of which the probability of a failure-
free work is calculated.

Figure 2 also shows that the curves Kb,i have three

inflection points. However, the smaller the variability
of the strength of the bolt is, the clearer the given point
could be tracked and the greater is the angle of the
curves to the horizontal axis. At large values of the co-
efficient of variation of the strength the curves of the
critical factor are smoother in nature, and the points of
inflection of the curves are almost imperceptible.
Considering this, it can be assumed that the dependence
of the critical factor from the logarithmic reliability in-
dex will always have as many inflection points as the
bolts of different statistical characteristics, which are
included in the joint. It should only be noted that the
random values of the strength of the bolts must be in-
dependent.

Also, we consider that with small coefficients of var-
iation of the force values and the different coefficients
of variation of the strength of the bolts, the index of the
probability of failure-free work of the joint is very close
and differs only when V> 0,5. Of course, the biggest
role plays also the ratio of expected value, but for
highly reliable systems we can also use this tendency.

When there is the absence of variability of the strength
values of the bolts on the critical probability scale, the in-
clined sections of the curves between the points of inflec-
tion turn into vertical segments (fig. 3).

Thus, we can state that the random value of the criti-
cal factor increases when there is the constant value of
the reliability index.

If the expected value of the bolt strength is equal, then
the curve of the critical factor must be constructed ac-
cordingly to the formula (3).

L5&,, [
Vg =02
K, ’\g
mor |
1,0 - _
[ i =
[
- = ,.-/
0,5 /f’:;//
—
Ve =0,2
~0 2 4 6 8 10

Figure 3 — Probability of a failure-free work
of the joint of three bolts on critical probability
scale in case of absence variability
of the strength of the bolts

Conclusions

1. As part of the study, it was further developed the
method for assessing the reliability of multi-bolt joints
of the body sheets of steel cylindrical silos for situations
when bolts in the mounting joint can belong to the three
strength classes.

2. It was obtained the system of conditions and ana-
lytical dependencies for the calculation of the critical
factor coefficient.

3. Using the example of graphical construction of the
curves of the coefficients of the critical factor for dif-
ferent cases of failure sequences, it was illustrated that
accidental presence of bolts of smaller strength classes
in the mounting joint rapidly increases the risk of fail-
ure.

4. It was found that the index of probability of failure-

free work of the homogeneous and quasi-homogeneous
bolted joints begin to differ only when the coefficients
of variation of the force value Vs> 0,5 increase.
5. Even if there is the absence of variability of values
of the bolt strength, the random value of the critical fac-
tor will be increased accordingly to a constant value of
the reliability index.
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