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Abstract

The paper deals with the technique of assessment of the reliability function of the construction of vertical cylindrical
silos under the seismic influence. The developed approach is based on the theory of the static seismic stability, which
was worked out by V.V. Bolotin. The random character of geotectonic excitation and stochastic features of the material
is considered. The introduced technique could be used both for direct stochastic calculations of constructions of the silo
capacity and for the general normalization of seismic influences on buildings and constructions. The assessment of
conditional probability of construction’s failure is received in two variants: accordingly to the model of absolute
maximums and on the basis of the exponential model, which was based on the Poisson classification. Mentioned
convenient practical formulas to determine full reliability functions represent analytical complex expression, which
combine different parameters: the proper frequency of the construction, the duration of intense phase of the earthquake,
the parameter of repeatability of the earthquake, stochastic characteristics of the charging effect of the construction,
useful life of the construction and others. The finiteness of the expounded material is the use of the described approach
only for constructions, which works linearly. But, if the non-linearity of the construction is rather small we could use
statistic linearization method, which is widely used in general theory of building construction’s reliability and could be
successfully used in this case.

Keywords: cylindrical silo; aerodynamics; membrane theory of shells; wind loads; internal forces; radial
displacements
1. Introduction was developed in the work [6] and partially
developed in works about theory of random
vibrations, including nonlinear [7, 8]. Some aspects
of the static theory of the seismic stability are
partially represented in the fundamental monograph
[9] and work [10].

Defining of the unsolved aspects of the
problem. One of the main problems of the static
theory of the seismic stability is the calculation of
the expected useful life of the construction and the
development of methods of design of such
constructions, which probability of ruining will be
not more than preassigned value during the
established useful life. Since, it is universally

The problem statement in general and its
connection with important scientific or practical
tasks. The natural and the man-made seismicity of
the region is an important factor, which should be
considered when calculating constructions of the silo
capacities. This problem is topical, since every year
the overall dimensions of the given constructions
and the number of additional equipment, which is
connected to it, grow in the industry of the silo
manufacturing.

Analysis of recent research and publications.
The main rules of the seismic stability design of
silos were put in UNSS (Ukrainian national

standardization system) N B EN 1998-4:2012
Eurocode 8 and ambiguously studied in research
papers [1, 2, 3, 4]. But the analysis of the systems’
reliability goes beyond the given normative
document. The static theory of the seismic stability,
based on the introducing an earthquake as a
nonstationary random process, was firstly examined
in the work of V.V. Bolotin [5]. Later this theory

recognized that seismic influences have clearly
defined random character, then methods of
probability theory and random processes theory
should be put in the basis of stochastic methods of
constructions’ calculation at the seismic stability.
The purposes formulation of article. On the
basis of static theory of seismic stability, which was
formed and worked out by V.V.Bolotin, in the
given paper authors give stochastic approach to the
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assessment of the reliability function of building
constructions, which were affected by seismic
random loads. In addition, the experience of the
proper researches in the area of constructions’
reliability is considered [11, 12].

2. General problem solving method

In the given active zone earthquakes is forming a
stream of random events, which are caused by slow
geotectonic processes in the heterogeneous and the
heterogeneously strained crus. Every earthquake is
characterized by series of random parameters, such
as coordinates of the epicenter, the depth of the
focus occurrence, released energy and others. On the
given area seismic quakes are the result of seismic
waves, which come to the area from the epicenter.
These quakes are also forming stream of random
events £, which characterized by random macro
seismic parameters: intensity, maximum acceleration
of the basis, duration of the earthquake, parameters
of its spectral analysis. According to V.V. Bolotin
[6], random events E we will divide into classes
D,0,,...P,,..0 which differ, for example, by

the level of intensity of seismic influences. Let’s
assume that events of every class j is forming at the

m

period of time [0,7] independent fixed streams E
with intensity A4, . Probability of the event E'€ @,
at the given period of time & times is defined by
using O, (CDJ-|T ) . Let I, (q) j) is the probability that
the breakdown (construction’s failure) will not
happen when the event Ee ®; appear. Then,

neglecting the influence of damages, which are
caused by previous events, and considering the
independence of streams of events of different
classes, let’s calculate the reliability function as
probability that the emergency situation will never
appear at the period of time [0,7] [6]

PU<T>=1§[QO(<I>,-;T>+ §1P§(<I>j)Qk<cbj;T)}, (1)

where Q) (®;;T) is the probability that the event
Ee @; will never appear at the period of time [0,7].

If the stream of random events E is Poisson’s,
then the probability O, (CI) j‘T ) of appearing of &

events at the period of time [0,7] could be

expressed by formula [13, 14]

o@,my=— 1 &)
K\E L )=
k'exp(-A;T)
When substituting (2) into (1) after the series of
algebraic transformations, we will receive more
concise expression

B, (T>=exp{—,"z_zlx,<TQU (cb,-)} 3)

where O (P;)=1-F;(®,) is the probability that

the breakdown (construction’s failure) will happen
when the event £€ @ appear.

If A,TQ,(®,)<<1 when all ; and all 7, then

the expression (3) results in simple formula for the
reliability function

R(D=1-3MT0/@). (&)

Since, the supporting ability of the construction
in designed stochastic calculations at the seismic
stability is set with an accuracy of random value R,
then full reliability function of the construction is
denoted by using the method of conditional
reliability functions [2, 4] in the form of

P(T) = IP (R|T) f(R)dR =

. . )
= [ fu(RR =] [y(R)S. ). TOy (@, | )R

where fp(®) is the density of distribution of the
supporting capability of the construction; Oy (®; | R)

is the conditional probability of the construction’s
failure, i.e. the probability of failure, calculated in
assumption that the supporting capability of the
construction is determined and defined by the value
R; L 1is the left border of integrity (certainly L =0,
but in some cases, for example, for the model of the
absolute maximums of loads L >0).

In the next reasoning we will take §;(s) as one-

dimensional random processes, which have identical
physical content and act as a unique parameter, with
accuracy to which is given the seismic influence.
The example of this is the acceleration a,(r) from

earthquakes at some area or proportional to it efforts,
moments or strains in the construction S ;@) . In

addition, the class of seismic influence @ ;

characterizes focal, while acceleration (and
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accordingly internal efforts Sj(t)) is considered in

calculation, regardless of the origin of the
earthquake. In most of the practically important
cases seismic influences G,(¢) (and correspondingly
to them internal efforts) could be introduced in the
form of fixed ergodic random processes with the
medium duration T, [6].

The assessment of conditional probability of
construction’s failure in the formula (5) could occur
in two ways. The first approach, which was offered
by V.V. Bolotin and entitled as “the model of
absolute maximums”, consist identification of
medium amount of the positive intersections
N, (®; |R;T;) of the random process of the internal

effort S’j(t) of some equation R with probable
intersections of this level O, (®,[R;t;) , 1 e
Oy(P; |R;t;) =N, (P, |R;T) , when

N (D, |R;Tp) <<1. (6)
In addition, there is always an equation:
Oy(@; | R;t) SN (D) [Rste) . (D)

Consequently, the formula (6) will always make
for the probability O, (®; | R;T;) a strict assessment
from above. How precise the given assessment will

be, depends from frequency structure of the
particular earthquake and how far the level R from

the level of expectation of the process S (@)

The second approach, which was entitled as “the
exponential model”, is based on the Poisson’s
classification and in the case of fixed random
process determines probability Oy, (@ [R;T;) in the

form of

Ou(@; [Ritp) =1—exp[-N (@, |R;1z)].  (8)

The precise of the assessment of the probability
Oy (®; |R;T;) depends from the type of the stream

of ejections of the random process 5_/(t) over the

level R. If the positive intersection of the process
S.(t) of the level R could be interpreted as an event

in the Poisson stream, then expression (8) gives the
ability to find precise solution for conditional
probability of failure O, (®,|R;T;). In the other

case, the assessment will be made with some error,

the value of which will be depended on how the
stream of ejections is different from the Poisson’s.

Let’s substitute (6) and (8) into the formula (5) to
receive full reliability function. We consider every
case apart.

3. The model of absolute maximums

P(D)= ] fu(R)R -
v )
_.[ ZXTN ((D |RTE)fR(R)dR

S()//1

where S, is the characteristic maximum of the

random process; S (@) is the level to which the

equation N, (@[S, ;;T;)=1 is satisfied.

The first constituent of the given formula
determine the probability that supporting ability of
the construction R is higher than the level of the
characteristic maximum of the random process of
the internal effort S, . The second constituent

could be extended by writing down the expression
for the medium amount of positive intersections as

the random process 5(, (t) of the level R [10, 12]

N, (@, |R; S, Do _Ss@®) ,(10
(@[ RTp) = Bw,j\/ﬁfS( )= 72 (10)
where o, Bo. i S ; and fs(®) are

correspondingly effective frequency, the coefficient
of widebending, the standard and the law of

ordinate’s distribution of the random process 5_/ )

from the @, class of seismic influences (for

simplicity it is received that the density of
distribution of the random process Sj(t) have the

same analytical form of recording for all the classes
of seismic influences).
If substituting (10) into (9), we will have

P@—Jﬁ@w—fm’ﬁu

50, S0, /=1 S( o,)

o Vr(B)AR . (11)

The final formula for assessment of the reliability
function of construction will be received by passing
to standardized form and considering that value R
mostly obey the normal law of distribution



60 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2018. N4(77): 57-63

P(T)= \/—ZI exp(—0.5Z )dZ——\/;_nx "
JusE(2)] 2
7\, I7Tr— —-0.5Z°)dZ,
Z({/!Zl{ Jaus (Y o,j) i o )

where  f,5(¢) and 7y,; are correspondingly

standardized density of the distribution and
standardized characteristic maximum of the random

-1 ~17,-1 -1
2o =Yo;P; +0; Vs =V
inferior boundary of
_ -1
Ej(Z)—ij +ijR

process S;(¢) ; 1S an
integrity;
—VS”} is a non-dimensional
argument of the function f,s(®) ; ¥ and V ; are

coefficients of variations of the supporting ability

R . )
3 is the relation of

J

and process S,(1) ; p;=
standards.

4. The exponential model

0

P(T)= Jexpl=S L, TN.(®, | Rt )/ (R)R . (13)

By  substituting the formula (5) for

N.(®, [R;T;), we will receive:

$ M5 (R) A TS5 (R )

P(T)=]
(T) (j)exp|: =R

}fR(R)dR. (14)

The transition to standardized form makes the
expression more convenient for the practical usage

_L T ]]j(nS{E (Z)}
P(D_\/Z'Wj‘l P % Jus (Y o,j)

Jexp( )dZ (15)

Apparently, formulas (12) and (15) were
proposed by authors for the first time and are the
further development of the general procedure of
assessment of the reliability of the steel
constructions’ elements, which was worked out in
works [5-7, 11, 12]. They allow considering time-
and-frequency structure of geotectonic excitations,
actual laws of the distribution of silo influences in
constructions (efforts, strains) and solving the
problem of constructions’ reliability within this
work.

5. An example of the calculation

As the example we will consider partial case m=1%*
of behavior of the capacity’s construction (one-mass
system). We will take the model of the earthquake,
according to which the acceleration of the basis a(f),

at which the silo capacity is placed, is the segment of
realization of the fixed normal random process with
expectation, which is equal to zero and with standard
a (Fig. 1).

The reaction of the construction at the action of
the seismic load we will introduce in the form of
differential equation (the linear system with one

level of freedom is considered)
(1) + 2Bwyti(t) + wpu(t) = —a(t) ,

(16)

where ), is the proper frequency of construction’s

oscillation; [ is the coefficient of damp; the
operation of differentiation is shown by points.
Let’s admit that the proper period of

construction’s oscillation, the main period of the
quake, and also characteristic time of correlation of
the process da(f) is rather small, comparing to the

duration of the intense phase of the earthquake 7.

Let also the damp is rather small, so B* << 1

Then, in the expression (16) we could receive
a(t)+i(t) = —(z)éu(t). We will introduce -efforts,
which appear in the construction, proportionally to
the construction’s acceleration using proportionality

constant k — S(¢) =k - oju(t).

v+
0 X
g >
—
at)
Fig. 1. The system of coordinates, which is moving
with the basis



61 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2018. N4(77): 57-63

Within the given remarks the formula (10) will
be in the form of (in standardized form)

N (@, |v;t5)=exp[0.5(7; =¥, (17)

where standardized characteristic maximum is
determined from the expression:

T
Yo = fZIn{ B, } .

Considering that the standard of acceleration of

(18)

the construction is @ = ;i (# is the standard of the
u(t) ), for formulas (12) and (15)
correspondingly we will receive formula to assess
the reliability function

L

process

P(T) = -0.5Z2%)dZ -
(T) \/%z{)eXp( ) o)
_ AT [ expl0.5[Y2 — EX(Z)]} exp(~0.522)dZ.
271: ZO
1 oo
P(T)=—— AT exp{0.5] 72 —
™ \/ﬁl/IVR explATexp 03] 1 (20)

~EX(2)] }]exp(—o.szz)dz,
where Z, =v,p ' +p V5 =V,
E(Z)=Zp+ pV;' —V' relation of standards is

A

found in the form of p=—— .
wyitk

Formulas (19) and (20) in connection with the
expression (18) have a special interest, since there is
a multipurpose expression in their right parts, which
combines different parameters: the proper frequency

of the construction ,, the duration of the intense

phase of the earthquake T,, the parameter of

repeatability of the earthquake A, probable
characteristics of  the charging effect of the
construction, useful life of the construction 7
stochastic features of the construction’s material.
These parameters are characterizing the stochastic
nature of geotectonic excitation, on the one hand,
and determined and stochastic features of the
construction, which is affected by seismic
influences, on the other.

6. Conclusions
To summarize, we consider that modified in the

paper approach to assess the reliability function of
constructions, which are affected by seismic

influences, not connected with significant
mathematic and computational difficulties, and
consequently it could be used directly at practice.
The described technique could be used not only for
direct stochastic calculations of constructions at the
seismic stability, but also for creating simple by
form normative calculations. The finiteness of the
expounded material is the use of the described
approach only for constructions, which works
linearly. However, if the nonlinearity of
constructions is rather small, then static linearization
method, which is widely used in general theory of
building construction’s reliability, could be
successfully used in this case.

References

[1] Butenweg C., Rosin J. and Holler S.: Analysis
of Cylindrical Granular Material Silos under
Seismic Excitation. Buildings, 2017, Vol. 7, Issue 3,
61, p 1-12. (in English).

[2] Younan A., Veletsos A. Dynamics of Solid-
Containing Tanks. I: Rigid Tanks. Journal of
Structural Engineering, 1998, Vol. 124, Issue 1, P.
52-61. (in English).

[3] Bauer E. Zum mechanischen Verhalten
granularer Stoffe unter vorwiegend odometrischer
Beanspruchung. Karlsruhe, 1992, 172 p. (in
German).

[4] Silvestri S. Ivorra S., Chiacchio L., Trombetti
T a.o.: Shaking-table tests of flat-bottom circular
silos containing grain-like material, Earthquake
Engineering and Structural Dynamics, 2016, Vol.
45, Issue 1, P. 69-89. (in English).

[5] Bolotin V.: Statisticheskie metody v
stroitelnoj mehanike. Moscow: Strojizdat, 1965, 279
p. (in Russian).

[6] Bolotin V. Prognozirovanie resursa mashin i
konstrukcij. Moscow: Mashinostroenie, 1984, 312 p.
(in Russian).

[7] Bolotin V. Sluchajnye kolebaniya uprugih
sistem. Moscow: Nauka, 1979, 336 p. (in Russian).

[8] Svetlickij V.A. Sluchajnye kolebaniya
mehanicheskih sistem. Moscow: Mashinostroenie,
1991, 320 p. (in Russian).

[9] Augusti G., Baratta A., Kashiati F.
Veroyatnostnye metody v stroitelnom proektirovanii.
Moscow: Strojizdat, 1988, 584 p. (in Russian).

[10] Pichuhin S.F., Makhinko A.V. Chyselno-
analitychna  metodyka  rozrakhunku  nadiinosti
elementiv  budivelnykh  konstruktsii. Budivelni
konstruktsii. Kiev: NDIBK, 2005, P. 242-251. (in
Ukrainian).



62 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2018. N4(77): 57-63

[11] Makhinko A.V. Nadiinist elementiv [13] Ventcel E.S., Ovcharov L.A. Teoriya

stalevykh konstruktsii pry vypadkovykh rezhymakh sluchajnyh  processov i  eyo  inzhenernye
zavantazhennia. Visnyk DonNABA. Makiivka, prilozheniya. Moscow: Vysshaya shkola, 2000, 383
2004, Ne3(45), P. 75-78. (in Ukrainian). p. (in Russian).

[12] Pichuhin S.F., Makhinko A.V. Vetrovaya [14] Sveshnikov A.A.: Prikladnye metody teorii
nagruzka na stroitelnye konstrukcii. Poltava: ASMI,  sluchajnyh funkcij. Moscow: Nauka, 1968, 463 p. (in
2005, 342 p. (in Ukrainian). Russian).

H.O. Maxinbko

IMoBipHicHI MeTOAM PO3PaXyHKY CTAJeBHX KOHCTPYKUi CHJIOCHUX €EMHOCTEH Ha celicMOCTiiiKicTh
Hauionanbhwmii aBianiiianii yHiBepcutet, M. Kuis, np. Kocmonasra Komapoga, 1, 03058, Ykpaina

E-mail: pasargadal985@gmail.com

HaBoauThcst MeToIuKa OIIHKK (DYHKITIT HAAIHOCTI KOHCTPYKIIl BEPTUKATBHUX [UIIHAPUYHUX CHIIOCIB TIPU
nii celicMiYHMX BIUTHBIB. P03po0ieHMI MiAXim TPYHTYETHCA HA TeOopil CTATHYHOI CEHCMOCTIHKOCTI,
po3pobiieHoi B.B. BonoTinnm. BpaxoByeTbcss BUIaIKOBHH XapakTep TeOTEKTOHIYHMX 30Y/KEHb Ta
CTOXaCTHYHI BJIACTUBOCTI Marepiaiy. 3alpolOHOBaHAa METOAMKAa MOYKE 3aCTOCOBYBAaTHCA K U MPSIMUX
IMOBIpHICHUX PO3paxyHKiB KOHCTPYKIIIM CHIIOCHOI EMHOCTI TaK i JJIs 3arajlbHOTO HOPMYBaHHS CEHCMIYHHX
BIUTMBIB Ha OyxiBii Ta crmopymu. OImiHKa yMOBHOI IMOBIPHOCTI BIIMOBH KOHCTPYKIIi OTpHMMaHa B JBOX
BapiaHTax — BIAMOBIAHO 10 MOEJi a0COMIOTHUX MAaKCUMYMIB Ta Ha OCHOBI €KCIIOHEHI[IATbHOT MOJIE, sIKa
0azyetncs Ha posnoaii [lyaccona. 3a3HaveHi 3py4Hi MPaKTU4HI (GOPMYIIH JJIsl BU3HAYEHHSI TOBHOT (DyHKIIIT
HaIIHHOCTI, SKi SBJISIOTh COOOI0 aHANITUIHNN KOMIUICKCHHI BUpa3, IO TMOETHYE Pi3HI MapaMeTpH: BIIACHY
4acTOTY KOHCTPYKIIii, TPUBAIICTh IHTEHCHUBHOI (Da3u 3eMyIeTpyCy, MapaMeTp MOBTOPIOBAHOCTI 3eMIIETPYCY,
IMOBIpPHICHI XapaKTepUCTUKU 3aBaHTaXXyBaJIbHOTO e(eKTy KOHCTPYKIii, CTPOK eKCIuTyaTamii KOHCTPpYKUil Ta
iH. OOMEeXEeHICTIO BUKJIaIEHOTO MaTepially € 3aCTOCYBaHHS OMMCAHOTO MiAXOy JIUIIE IS KOHCTPYKIIIH, sIKi
NpaIo0Th JiHiHO. [IpoTe SAKIIO HENMiHIHHICTh KOHCTPYKIIM JOCHUTH HEBEIMKA MOMIIMBE BUKOPUCTAHHS
METOAY CTaTHCTHYHOI JIiHeapHu3arlii.

KarouoBi cioBa: ¢GyHKIS HaIiHOCTI; IMOBIPHICTh BiIMOBH; CEHCMIYHUI BIUIMB; CTAaTHCTUYHA TEOPis
CEHCMOCTIMKOCTI; BUTTAAKOBHUH TIPOIIEC

H.O. MaxuHbko0

BeposiTHOCTHBIE METObI PACYETA CTAILHBIX KOHCTPYKIHH CHJIOCHBIX €eMKOCTEll HA CeliCMOCTOIKOCTh
HarmmonaneHe1it aBHalMOHHBINA yHUBEpcuTeT, T. Kues, mp. Kocmonasta Komaposa, 1, 03058, Ykpanna

E-mail: pasargadal 985@gmail.com

[IpuBoguTCST METOMUKA OLEHKMA (YHKIMH HAJCKHOCTH KOHCTPYKIMU BEPTUKAIBHBIX IWIMHIAPUICCKIX
CHJIOCOB TP JEHCTBUHM CEMCMUYECKHX BO3JeicTBHil. Pa3spaboTaHHBIN MOIXOJ OCHOBEIBAaeTCS HAa TEOPUHU
CTaTUIECKOW CeHCMOCTOWKOCTH, pa3pabortanHoil B.B. BomoTWHBEIM. YUuTHIBaeTCS CIy9alHBIN XapakTep
re0TEKTOHUYECKON BO30YXAEHUH M CTOXaCTHUECKHE CBOMCTBA MaTepuaia. [IpeaioxkeHHas METOANKAa MOXKET
NPUMEHATHCA KaK ISl MPSMBIX BEPOSTHOCTHBIX PAacyeTOB KOHCTPYKIUN CHJIOCHOW €MKOCTH, TaK W HJs
00IIero HOPMHPOBAHUSA CEHCMUYECKUX BO3ICHCTBUN Ha 3maHuA W coopykeHms. OIICHKa YCIIOBHOM
BEPOSITHOCTH OTKa3a KOHCTPYKITUH TOTy4YeHa B ABYX BapHAHTaX - B COOTBETCTBUH C MOJIEIHIO a0COIIOTHBIX
MaKCUMYMOB U Ha OCHOBE OJKCIOHECHIIMAIILHONM MOJENN, OCHOBaHHOM Ha pacmpeaeneHuu Ilyaccona.
VYka3zaHHbIe yIOOHBIE MpakTHIecKHue (HhOPMYIIBI TS OTpeAeNieHHs MOTHON (YHKIUN HaIeKHOCTH, KOTOPBIC
MIPENICTABIIAIOT COOOW aHATMTHYECKOE KOMIUIEKCHOE BBIpaKeHHE, OOBEANHSIONIEe Pa3InIHbIe IMapaMeTphl:
COOCTBEHHYIO YaCTOTY KOHCTPYKIIMH, MPOAODKUTESILHOCTh MHTEHCUBHON (Da3bl 3eMJICTPSCCHUS, TapaMeTp
MIOBTOPSIEMOCTH 3E€MJICTPSICEHHS, BEPOSTHOCTHBIE XapaKTEPHCTUKU 3arpy304Horo 3¢ddexra KOHCTPYKIHH,
CPOK PKCIUTyaTalliy KOHCTPYKIHH U Ap. OrpaHUIeHHOCTHIO N3II0’KEHHOTO MaTeprala sSBJseTCs IPIMEHEHNE
OMUCAHHOTO TMOAXO0JIa TOJBKO JJIsi KOHCTPYKIUH, paboTaromux juHeHHO. OIHAKO €CIIU HEIMHEHHOCTh
KOHCTPYKITUH IOCTATOYHO HEOOJbIas BO3MOXHO UCIIOIh30BAHUE METOA CTATUCTUYCCKON JIMHEAPHU3AIIHH.

KaroueBble ci1oBa: QyHKINS HAIEKHOCTH; BEPOSITHOCTh OTKA3a; CEHCMUYECKHH BIMSHUE; CTATUCTHYECKAs
TEOpUs CEUCMOCTOMKOCTH; CIIy4YaHbIA Mpouecc
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