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Abstract

In the article the practical questions of probabilistic calculation of sheets of the case of vertical steel tanks for storage
of grain are solved. The search for the reliability function is based on the general author's technique, which is to find
the characteristics of the random variable of the critical factor. In this case, the random maximum values of the
horizontal pressure of the bulk material are presented in two forms - taking into account the correlation connection of
its components (specific gravity, internal friction angle, ratio of lateral pressure and ratio of friction on the wall) and
for the case of completely independent variables. Possible ways to simplify the Jansen-Kenen reference curve for
horizontal pressure and to replace it with bilinear dependence are considered. In this case, two ways for obtaining
approximating curves are presented. The tangential method is based on the construction of tangent points at the top
and bottom of storage volume. For an alternative method, the construction of the ducts from these points to the
midpoint of the capacity is performed .Graphical comparisons and analysis of these methods with the following
argumentation of their application are presented .1t is shown that the method of tangents greatly overestimates the
value of horizontal pressure at the height of the capacity and leads to the greatest error in the region of the central
part, on the other hand the sieve method approximates the curve more correctly.

Keywords: silo; reliability; stochastic processes; particulate solids properties; coefficient of variation; coefficient of
critical factor

1. Introduction

Sheets of the storage silos work on tension and are
checked for durability from the horizontal pressure
of the bulk material. Deterministic calculation of
these elements is carried out using the finite element
method or analytically. However, it should be noted
that the calculation, which is based on probabilistic
principles, is a more logical and relevant approach
that contributes to increasing the efficiency of
design and increasing its economic feasibility while
maintaining the required level of reliability. For the
possibility of using it in the context of engineering
calculations, it is necessary that the algorithm of the
decision is as simple as possible and has an
analytical expression.

2. Statement of the problem

The calculation of the reliability of steel storage
tanks is a complex multi-stage process. It is
expedient to carry out a practical search for the
reliability function by using the boundary equation
with the use of critical factor. The stochastic nature

of the estimated values of this equation calls for the

use of methods of probability theory and
mathematical  statistics.  Therefore, for the
possibility of formulating the engineering

methodology for calculating reliability, it is
necessary to introduce a number of simplifications
that will allow simultaneously to obtain the solution
of the problem and will not significantly affect the
accuracy of the calculation. One such possible
approach is the application of approximated
dependencies for a number of functional
expressions. In particular, in the expression of the
horizontal pressure of loose material represented by
the Jansen-Kenen formula.

3. Analysis of the latest research

The presented paper is a continuation of the global
study of the reliability of steel silos for bulk
products performed by the author .The work is
based on the methods of the theory of probabilities,
which in the practice of engineering design are
widely covered in scientific sources [1-5]. Also note
the scientific work of recent years concerning this
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type of deterministic calculation for this kind of
structures [6-10] and behavior of bulk materials

[11].

4. Forming the aims of the article

In this work, the authors searched for an
approximated dependence to represent the Jansen-
Kenen reference curve to determine the horizontal
pressure of bulk material. Using this expression will
greatly simplify the definition of the random value
of the critical factor of the sheets of the steel in
vertical silo case and, accordingly, facilitate the
general procedure for the probabilistic calculation
of these elements.

5. General method of solution of the problem

The solution of the tasks of reliability of building
structures is a complex multi-stage process, which
requires taking into account a large number of
factors, including the random nature of external
loads and influences, the complexity of analytical
and computational nature, etc. In relation to sheets
of steel silos, it is necessary to take into account the
probabilistic nature of the horizontal pressure,
which is subject to the statistical distribution of
characteristics of bulk material in laboratory
studies. In addition, the final solution should have
an analytically simple look, so that it can be applied
in practical tasks. For the possibility of probabilistic
calculations we will apply the coefficient of the
critical factor K , which is characterized by the ratio

of the generalized value of the effort S to
generalized strength R

Kg=S/R<1.0, (1)
We will use the situation, according to which
any random variable can be expressed through
normalized random  variables  with  zero
mathematical expectations and mean square
deviations equal to one. For a random variable of a
critical factor, there will be a fair relation
mS'(1+77$VS):V_R 1+7sVs (2)
mMg-(I+7rVR) Vs Sl+7RVR ,
where 75 and y5—normalized values of generalized

Kr(7s:7r) =

strength and generalized effort; pg — correlation of
the standards of generalized effort and strength og,
or Vs and Vg — their coefficients of variation
Vs=0s/Mms, Vg=0r/ Mg, ps=0s/ 0%, 3)
The main type of loading for sheets of silos
container body is the horizontal pressure of the bulk

material. Its probabilistic nature is due to the
statistical spread of a number of characteristics -
specific weight 7, , the angle of internal friction ¢,

the coefficient of lateral pressure /ig and the
coefficient of friction on the wall j,. These

characteristics can be taken correlated or completely
independent.

In general, the horizontal pressure of the bulk
material p,(z) walls of the shell of round silage in
Z from the top of the

is given by Jansen-Kenen

diameter D, at the level
cylindrical portion
formula [12]

B(2) =8 Pu (l—eXP(—E#g/t ]J 4)
tg4 Dy
In the probabilistic approach we can represent
formula (4) in two forms - taking into account the
correlation of its constituents and for the case of
completely independent variables
my (+75VY9) D,

(2)=—2. 2. 2y
Ph m, (L+ygV,) 4

, (5)
x{l—exp{—#- m,-m, (I+ YGV;,) (1+ 7GVA):|}

- (470%) Dy

(6)

w

4z '
x{l—exp|:—D—-m# -my (1+}/ﬂv’u)(l+}/ﬂvﬂ,)i|}

where m m, and m, — mathematical

g > u
expectations of random values of specific

weight 7, , the lateral pressure factor /Tg and the
coefficient of friction on the wall fgs Vg, V; and
Vv, their coefficients of variation; yg — is a

normalized random variable with a normal

distribution law.
For an occasional magnitude of the critical factor

of the sheets of steel storage capacity, the
expression will be correct
-~ 1 p, DO, 1
KR:_.&D._W.__ (7)
2 R tW 7nao
D

where Pwand ' _ the diameter and thickness of the
sheets of the body (the thickness of the sheets in

height is variable); 7m0 — the coefficient of
weakening of the section through the bores
openings.
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Taking into account (4), and representation
R=mg(1+7rVg) formula (7) takes the form (for the

case of a correlation connection)
11 m (+76Vg) Dy

Yoeo Mg M, (1+76V,)(1+7VR) 8,

Kg =
4z ®
x{l—exp{—D—' m'u . mﬂ_ '(1+77GV,L1)'(1+77GV/1):|}5

w

Formulas (4), (5) and (7) have a complicated
mathematical structure in which the desired
function is nonlinearly related to its arguments.
Using such expressions when performing
probabilistic calculations is rather uncomfortable, so
the question is about simplifying procedures.

In the first place, you can use the replacement of
the standard Jansen-Kenen curve for horizontal
pressure. To do this, we apply bilinear dependence.
Approximating straight lines can be constructed in
two ways. First, the initial curve may be replaced by
two tangents, which hold at the top points
(z=0)and bottom (z=H,) of storage capacity. In
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the second case, we can build two secants from
these points(z=01 z=H,, ) to the point z=H,, /2.
For the first approach we apply the name of the
method of tangential, and for the second - the
Secant method.

In fig. 1 shows a graphical interpretation of both
methods. At the same time, it is possible to notice
that the first of them greatly overestimates the value
of horizontal pressure in the height of the container
and leads to the greatest error in the central part of
the area.

The cutting method approximates the curve (4)
more correctly, but somewhat underestimates the
value. Taking into account that the Jansen-Kenen
formula is the result of averaging a large number of
experiments on loose materials, the proposed
approximation may be considered acceptable. In
addition, it allows you to significantly reduce the
time when calculating loads in software products of
finite element analysis (SCAD, Lira).
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Fig. 1. To the approximation of the Jansen-Kenen formula: a — is a method of tangent; b — is the Secant method
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The bilinear analogue of the Jansen-Kenen formula will look like this

-2/Z
ph(z) _ ph,m H

where is the height 2z, change the angle of

inclination of the straight lines for the cutoff
method z,=H,/2, and for the tangential method it is

determined by the formula

-0.5
4y = ngg = Hw|:77g _M]: (10)

25h(0.57 )

where 1775 = HuA fg / ps — dimensionless storage
capacity parameter; p, — hydraulic radius.

Given the fact that the hydraulic radius pgfor
round capacities equals D,, /4, we get a new record
for the coefficient 77,

Ty =400 Ty, (11)

HW
D,
At the altitude which

corresponds to the bottom of the capacity will be
the value of the pressure will be determined by the
formula

where A, =

zyandz=H,,

I—exp|—wyn
Pom =7gps¥ (12)
¢}
1— _
P a0 (13)
g
Aph = ph,max - ph,m =
exp(—ng)—exp(—a)gryg) (14)

YgPs

fq
where @y =&; — for the tangential method and
@y =0.5 — for the secant method.

Since the application of the method is more
arguable, we will express the formula (9) in a

simpler form, applying dimensionless height
y=2z/H,
2ppmY if 0<y<0.5;
Pr(y) = § (15)

Pum[1-A4 (2y-1)] if 05<y<1’
where Ay — a parameter that can be calculated by

the formulas given below

1- -0,5
Ag _ 1=exp(=0,579) (16)
1= exp(—ny)

Phm+ AP -(2=24)/(Hy —2y) if

if 0<z<zy;

©)

z, <z<H,,

Ag ~0,5+0,12575 =0,5-(1+ A4 Ty ). (17)

Note that formula (16) allows to obtain exact
solution, and (17) allows approximated one.
Formula (17) is tangent to the desired function at
the point 77;=0and an acceptable result in

accordance with it can be obtained at values 77y <2.

Further  simplification = of  probabilistic
calculations is based on the construction of a
probabilistic model of the value of horizontal
pressure [, ,with averaged characteristics of the
coefficient and the use of expression for critical
factor of the sheets on a critical probability scale

gAY +Bey+Cy
R t

(18)

W

where coefficients A, By and Cgare determined

by the least squares method for a particular type of
storage product, storage geometry and steel class.
Relevant procedures for the justification of this
expression are indicated in previous author's
studies.

Probabilistic characteristics of pressure py, nare

calculated using the simulation procedure and are
standardized for different storage products.

6. Conclusions of this study and prospects for
further development in this provision.

1. The stated approach to solving the problem
of reliability of elements of steel storage tanks is
formulated by determining the characteristics of
random variable of coefficient of critical factor.

2. We have described the expression of
horizontal pressure of bulk material of the wall of
shell of a round silo in diameter in the probabilistic
version, taking into account the correlation
connection of its components and for the case of
completely independent variables.

3. The proposed representation of the Jansen-
Kenen reference curve for horizontal pressure by
bilinear dependence of two methods with the
subsequent graphic validation of the results is
proposed.

4. A simple formula dependence is obtained for
the approximated expression of Jansen-Kenen
formula in the exact and approximate form, which
can be used for probabilistic calculations of wall of
the body of vertical steel storage silos.
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H. O. Maxinbko

IMoBipHicHHI po3paxyHOK CTIHKH MeTaJIeBUX BEPTHKAJLHUX CHJIOCIB

HamionanpHuit aBiamifiauii yaiBepcurert, mp. Kocmonasta Komaposa, 1, 03058, Kuis, Ykpaina
E-mail: pasargadal 985@gmail.com

BupinryroTbcs MpakTHYHI MHTAaHHA IMOBIPHICHOTO PO3PaxXyHKY JIMCTIB KOPIYCY BEPTHKAIBHIX CTAJICBUX €EMHOCTEH IS
30epiranns 3epHa. [lomryk QyHKIT HamifHOCTI 0a3y€ThCs Ha 3aralibHii aBTOPCHKiM METOMMII, IO MOJATAE Y MOIIYKY
XapaKTEepPUCTUK BHUIAJKOBOI BEJIMYMHU KpuUTHYHOro (aktopy. [Ipy 1pOoMy BHUIAAKOBI BEIMYMHH MaKCHMYMIB
TOPU30HTAIBHOI0 THCKY CHIIKOI'O MaTepialy NpelcTaBiIeH] y IBOX BUMNIAAAX - 3 yPaxyBaHHSAM KOPEJLIHHOTO 3B 3Ky
Horo CKIafoBUX (MATOMOI Baru, KyTa BHYTPIIIHBOTO TepTs, Koe(ilieHTy OOKOBOTO THUCKY Ta KoedimieHTy TepTs 00
CTIHKY) 1 JJIsI BUIIQAKY ITOBHICTIO HE3aJEXHUX BEJIMYMH. PO3IIIAIarOThCS MOXIIMBI IIUISXHM CIIPOILEHHS €TaJOHHOI
kpuBoi SHceHa-KeHeHa &1 TOPM3OHTANBHOTO THCKY Ta 3aMiHOIO ii Ha OimiHIAHY 3anexHicTs. [Ipm mpomy
NIPEeNICTABIICHI JBa LIUISIXU OTPHUMaHHS allPOKCHMYIOYNX KPUBUX. MeTox NOTHYHHUX 0a3yeThcs Ha MOOYAOBI JOTUYHHX B
TOYKax BepXy Ta HU3y €EMHOCTI 30epiranHs. /i abTepHATHBHOTO METOY BUKOHYETHCS MO0y yBa CIYHHX 3 IIUX TOYOK
JO TOYKH cepeinHH eMHOcTi. HaBomutbesi rTpadiuHe NOpIBHSHHS Ta aHaNl3 JaHUX METONIB i3 HACTYIHOIO
apryMeHTalieio ix 3acrocyBaHHs. [loka3aHo, IO MeTOX JOTHYHHMX HA0Araro 3aBHUIIYE 3HAYCHHS TOPU30HTAILHOTO
THCKY 33 BUCOTOIO €MHOCTI Ta IIPU3BOJUTH /10 HAHOUIBIIOI ITOXMOKK B paliOHI LEHTPaJIbHOI YaCTHHH, a METOJ] CIYHUX
arnpoKCUMYy€ KpUBY OuIbIl KopekTHO. OTpumaHa mpocTa (opMysbHa 3aJIEKHICTh Uil alPOKCUMOBAHOTO BHPa3y
¢bopmynu SHceHa-KeHena B TOYHOMY Ta HaONIKEHOMY BHIUISAL, SKa MOXe OYyTH 3aCTOCOBaHE JUisi 3/1MCHEHHS
IMOBIpHICHHX PO3paxXyHKIB CTIHKU KOPITYCY BEPTUKAJIbHHUX CTAIEBUX €MHOCTEH 30epiraHHsl.

KurouoBi cjioBa: cwioc; HamiMHICTh; BUIMAIKOBUU TMpolec; KoediIlieHT KpUTHYHOTO (HaKTopy; KpHBa
SHcena-Kenena
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BeposTHOCTHBII pacyeT CTEHKH CTAJIbHBIX BEPTHKAJIBHBIX CHIIOCOB

HannonanpHBINA aBUAIMOHHBIA YHUBEPCUTET, Ip. Kocmonarta Komapoga, 1, 03058, Kues, Ykpauna
E-mail: pasargadal 985@gmail.com

Pemarorcs mpakTHdeckue BONPOCH BEPOSITHOCTHOIO pacyeTa JIMCTOB KOPITyCca BEPTUKAIBHBIX CTAJIbHBIX EMKOCTEH A
xpaHeHus 3epHa. Ilouck QyHKIMM HageKHOCTH OasupyeTcs Ha OOILIel aBTOPCKON METOAMKE, KOTOpas 3aKII04YaeTcs B
TIONCKE XapaKTEPHCTHK CIly4yalHON BEJIMYMHBI KpUTHUYECKOTo (axropa. [Ipn 3ToM cirydaliHble BETHYHNHBI MAKCHMYMOB
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TOPU3OHTAJIBHOTO JABIIEHUS CBIITy4Yero MaTepHalia MpeCTaBlIeHbl B AIBYX BUAAX - C YUETOM KOPPEJSILIMOHHON CBSI3U €ro
COCTABJIAIONIMX (YACIBHOTO Beca, yrila BHYTPEHHEro TpeHus, koddduiuenra 00KoBOro namieHus u koddduiueHra
TPEHHUS O CTCHKY) U IJIS CIIy4asl IIOJTHOCTHI0 He3aBUCUMBIX BENIMYHH. PaccMaTpuBatoTCsl BOMOKHBIE ITYTH YIIPOLICHUS
STaJIOHHOW KpuBoW SIHceHa-KeHeHa /i TOpU30HTAIBHOTO IaBJICHUS U 3aMCHOH ee Ha OWIIMHEHHYI0 3aBUCHUMOCTD. [Ipn
9TOM MPEJCTABJICHBI [1Ba IYTH IOJYYCHHUS AampOKCUMHUPYIOIIUX KPUBBIX. METO KacaTelbHBIX Oa3upyeTcs Ha
TIOCTPOCHUH KacaTeNbHBIX B TOYKaX BepXa M HU3a €MKOCTH XpaHeHHs. JJi1 albTepHaTHUBHOTO METOZa BBITIOTHSIETCS
MMOCTPOCHHE CEKYIIUX U3 3TUX TOYCK K BBICOTHOW OTMETKE CePEeIUHBI eMKOCTH. [IpuBOIUTCS rpad)uueckoe CpaBHEHUE U
aHAJIU3 JaHHBIX METOJIOB C MOCJENYyIoIIed aprymeHTanued ux mnpuMeHeHHUs. [lokazaHo, 4TO MeETOJ KacaTeJbHBIX
CWJIPHO 3aBBIIIAET 3HAYCHHE TOPHU3OHTAIBHOTO MABIECHUS TIO0 BBICOTE €MKOCTH M MPHBOJUT K HaWOOJBIICH
MOTPENIHOCTH B paiiOHE IEHTPAaJbHOH YacTH, a METOJ CEKYIIHX AallPOKCHMHUPYET KpPUBYIO Oollee KOPPEKTHO.
[Momyuenna npocrast GopMyJIbHAS 3aBUCHMOCTB JJIsl alllIPOKCUMHPOBAHHOTO BhIpaXkeHUs Gpopmyisl SHceHa-KeHeHa B
TOYHOM M MPHUOIIKEHHOM BHJIE, KOTOPasi MOXKET OBITh MCIIONB30BaHa U OCYIIECTBIICHHS BEPOATHOCTHBIX PAcyeTOB
CTCHKH KOPITyca BEPTUKAIBHBIX €MKOCTEH XpaHEeHUS.
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