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The paper deals with the influence of the harmonica’s parameters of the unsymmetrical load,
which is represented by trigonometric cosine-series. The analysis is based on the results of practical
calculations of the silo capacities’ constructions by using the moment theory on the influence of the
changeable wind load. The model of the silos construction is schematized in the form of orthotropic
cylindrical shell of revolution with different thickness of the wall in meridional and circular
directions, which allow approximately, considering the existence of vertical stiffeners.
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Introduction. The deflected mode of the cylindrical shell, which is
strengthened by vertical stiffeners in conditions of the unsymmetrical radial load,
is characterized by pretty difficult processes of internal efforts’ changing and
processes of deformation in its separated elements. The detailed analysis of all
calculation’s aspects of such construction allows using received results for real
construction projects in the future.

Problem statement and its solving. A cylindrical shell is the classic model
of vertical steel capacities for grain storage. The main changeable load for the
given type of construction is the wind pressure, which is well approximated by
the series of cosines. The non-uniform distribution of the wind load is considered
by the function of aerodynamic coefficient which in its turn is factorized into the
finite trigonometric series [1]. Practical calculations of silos is limited by using only
first 5-6 terms of series, but the sufficient argumentation of this fact is not given.

The analysis of recent research and publications. The classic problem of
calculation of cylindrical shells of revolution by using moment or momentless
theories is well described in works of famous native researchers [2, 3, 4, 5]. With
respect to the real constructions of silo capacities it should be mentioned works
of foreign scientists [6, 7, 8, 9]. Defining the internal efforts in elements of steel
cylindrical capacities under the axially symmetric load is analyzed in the
authorial research [10].
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Formulation of the paper’s purpose. The procedure of factorization of
external unsymmetrical load is simplifying determination of the functional
connection between parameters of the load and the deflected mode [1], since
consequently calculation could be used to every constituent of the load separately.
Probably in this case the parameter of the load’s harmonica is the main factor,
which influence deflected mode of the construction. Besides, the given value is
influence the body of the shell differently, depending on the relation of its overall
sizes, thickness and invoice of the wall (in real capacities of storage the body could
be made of flat or corrugated plates of different thickness).

If terms of series of aerodynamic coefficient’s factorization of wind load are
growing, then, correspondingly, the accuracy of calculation for vertical
cylindrical silos is growing, but the complexity of calculations is also growing.
Consequently, there is a natural question about sufficient and minimum possible
number of terms of series, and, correspondingly, the reaction of the construction.

The main research material. For the solution of the formulated purpose it
were conducted calculations of the silo capacities, which differed in height

(H,, =10..30m) and in thickness of the main elements, such as wall and ribs,
(¢, =t, =2..6 mm) at the unsymmetrical wind load by using the moment theory.

The model of the silo’s construction was schematized in the form of the orthotropic
cylindrical shell of revolution, which is hardly clamped near the basis.
The constituent of the wind load was presented in the form of

W, = 4, cos(kp), (1
where 4, is the amplitude value of thek constituent; ¢ is the corner of the

attack, which consider wind direction. The non-uniform distribution of the wind
load around the perimeter of the capacity was considered through the function of

aerodynamic coefficient C,,, (@)
C,.,. (@) = ay +a, cos(p) +a, cos(2p) +... + a; cos(kp) +...+ a,, cos(mp), (2)
where a, are coefficients of factorization of the aerodynamic coefficient

C,er () into the trigonometric series [1].
The unknown internal efforts and displacements expressed through the
function &, (x), which was found by solving the linear differential equation [1]
d*g(x)
—k4 +An (& () =410 o A3)
dx
where 773,1{ is the value, which considers rigid characteristics of the shell in
predetermined conditions of 4 harmonica of the load; &, , is the coefficient of
proportion, which has dimension of the function &, (y) and considers the
character of the harmonious load W, .

Total deflected mode of the capacity is defined by the way of adding separate
deflected modes of the & influence

RD(y,go)=ZakRk(y,go), “4)
k=0
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where R is the generalized parameter of reaction R =o ,VIVWVYVU; o,

and 7 are normal and contacting loads, correspondingly; u,w, v are the main
displacements (longitudinal, radial and circular); y=x/H, is the non-
dimensional height, which is equal to the relation of the coordinate x and the
height of the capacity H,,.

In the common procedure of defining internal efforts and displacements we
will denote the next moments. Zero term of series (4) corresponds to the axially
symmetric load, and, consequently, it does not cause any efforts in ribs. The
second constituent ¢, R, causes an ordinary bend of the capacity. The other terms

of series (4) when k >2 is expressed by the formula

Ry(3,0) =Y. rp(»)coskp), v Rp(y,0) =Y rp,(»)sintkp),  (5)
k=1 k=1

where 75 () is the value, which is corresponding the reaction of the capacity in

the point (y;¢ = 0) on the function’s cosine (sinus) of reaction’s changing by ¢ .
The received values of reaction were reflected in the non-dimensional polar
system of coordinates (see fig. 1) in the form of dependence
Pp (@) =Rp /max(Rp) . (6)
Results of the capacities’ calculation in the form of the scheme of the body
displacements of capacities are partially given in fig. 2.
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Fig. 1. Introduction of the capacities’ reactions in the non-dimensional polar coordinates

The analysis of calculations showed that differences are shown not only
quantitatively, but also qualitatively, depending on values of elongation A4,

(relation of the height and the diameter of the capacity), the thickness of the body

t,,» the thickness of the vertical ribs 7, and their number 7,,.

For low capacities with relatively small index of rigidity ribs and covering of
zero direction, adjoining to them, could be not pressed into the middle of the
capacity, but buckled outside.

Actually, the first four terms of factorization of aerodynamic coefficient (2)
except for zero ay have additional meanings (see table 1), which corresponds to
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the pressure of the covering in the middle of the capacity. Accordingly, they are
enough to describe the distorted condition near zero direction.

( 1, =1, =2MM '
(b)
Fig. 2. Displacements of points of the capacity’s body under the wind load by different elongation
4, = H,, /D, and the thickness of the covering ¢, andribs 7,:(a) 4,=1,(6)4, =3
Table 1
Values of coefficients when factorizing C,,.(¢) into the series by cos(k¢)
Nel a 4 G ) ay ds g @ ag
51-0,380 (0,326 |0,686| 0,478 | 0,040 H H H H
6 1-0,380(0,337)0,686| 0,489 | 0,040 | -0,114 H H H
71-0,378 10,337]0,690| 0,489 | 0,044 | -0,114 | -0,048 H H
81-0,378 {0,338 0,690| 0,490 | 0,044 | -0,113 | -0,048 | -0,016 | =
91-0,377 (0,338 0,692| 0,490 | 0,046 |-0,113 | -0,046 |-0,016 |-0,021

But to describe in this place reciprocal form of deformation (see fig. 1 (a)),
which is characterized by buckling the covering outside, we need higher terms of
series (2), which are having negative values. Such characteristics of the deflected
mode could not be described without them. So, when we do calculations of short
capacities or constructions, which do not have sufficient local bending rigidity,
the assessment of parameters of the resulting reaction must be necessarily done
at such number of terms in the series m, in which not less than two of them must
have negative coefficients of factorization a, . When calculating relatively high

or pretty rigid capacities the assessment of the reaction could be limited by terms
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of series, which have additional coefficients of factorization a, . Besides, this

conclusion is confirmed from the point of view that the character of deformation
of such capacities is smoother, than the capacities of small elongation. And there
is no need in trigonometric cosine-functions of higher harmonics to describe the

function, which is gradually changing (see fig. 3).
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Fig. 3. The spatial character of capacities’ deformation by
using different harmonics of the trigonometric cosine
factorization (2)

It is good to denote that
sensitiveness of capacity’s
reaction to the described
above moments is rather
different. The most sensitive
to the number of series are
capacity’s displacements,
which are directly participate
in perception of wind loads,
and efforts are less sensitive,
since the character of theirs
deformation is little changed
under the load, when
parameters of harmonica are
growing.

Conclusions

1. The most sensitive to
the number of series are
capacity’s displacements,
which are directly participate
in perception of wind loads.

2. Internal efforts in
elements of the capacity are
less sensitive, since the
character of theirs

deformation is little changed under the load, when parameters of harmonica are

growing.

3. When we do calculations of short capacities or constructions, which do not
have sufficient local bending rigidity, the assessment of parameters of the resulting
reaction must be necessarily done at such number of terms in the series m, in which
not less than two of them must have negative coefficients of factorization.

4. When calculating relatively high or pretty rigid capacities the assessment
of the reaction could be limited by terms of series, which have additional

coefficients of factorization a .

REFERENCES

1. Makhinko A., Makhinko N. Analysis of the deflective mode of thin-walled barrell shell.
Academic journal. Industrial Machine Building, Civil Engineering, 2018. — P. 69-78.

2. Viasov V.Z. 1zbrannyye trudy v 3 t. - Moskva: Izdatelstvo Akademii nauk SSSR. 1962-1964. —
T.1: Ocherk nauchnoy deyatelnosti «Obshchaya teoriya obolochek». Stati. — 1962. — 528 p.;
T.2: Tonkostennyye uprugiye sterzhni. Printsipy postroyeniya obshchey tekhnicheskoy teorii
obolochek. — 1963. — 507 p.; T.3: Tonkostennyye prostranstvennyye sistemy. — 1964. — 481 p.



ISSN 2410-2547 51
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

3. Korobov L.A., Zharkov A.F., Shernik A.O. Dymovye i ventilyatsionnyie truby vysotoy 200-500
metrov, kak prostranstvennye sooruzheniya (Smoke and ventilation pipes with a height of 200-
500 meters, as spatial structures). - Moskva : KompaniyaSputnik+,2006. - 246 p.

4.  Kan S.N. Stroitelnaya mehanika obolochek (Structural mechanics of shells). - Moskva:
Mashinostroenie, 1966. - 508 p.

5. Kan S.N., Byirsan K.E., Alifanova O.A. Ustoychivost obolochek (Stability of shells). - Harkov,
1970.-153 p.

6.  Kolkunov N.V. Osnovy raschyota uprugih obolochek (Fundamentals of elastic shells analysis). -
Moskva:Vyisshaya shkola, 1972. - 296 p.

7.  MalekiS., Mehretehran A.M. 3D wind buckling analysis of long steel corrugated silos with
vertical stiffeners. Engineering Failure Analysis, 2018, Vol. 90, 156-167 pp.

8.  Caoa Q.S., Zhaob Y., Zhanga R. Wind induced buckling of large circular steel silos with various
slenderness. Thin-Walled Structures, 2018,Vol. 130, 101-113 pp.

9. Chen L., Rotter J.M. Buckling of anchored cylindrical shells of uniform thickness under wind load,
Engineering Structures. — Elsevier, 2012. — Ne41. — P. 199-208.

10.  Rotter J.M., Sadowski A.J. Cylindrical shell bending theory for orthotropic shells under general
axisymmetric pressure distributions // Engineering Structures. — Elsevier, 2012. — Ne42. — P. 258-265.

11.  Makhinko N.O. Rozrakhunok yemnostei z ploskym dnyshchem, yak obolonok obertannia zminnoi
zhorstkosti (Calculation of tanks with flatbottom as evolution shells with variable stiffness). Visnyk
Odeskoi derzhavnoi akademii budivnytstva ta arkhitektury. - Odesa: Zovnishreklamservis, 2018. -
Vol.70. - P.68-74.

Cmamms naoditiwna 10.07.2018

Maxinvko A.B., Maxinvko H.O.
JESIKI ACIEKTU PO3PAXYHKY BEPTUKAJIBHUX CTAJIEBUX CHUJIOCIB HA 11O
BITPOBUX HABAHTAKEHb

B nawiii cratTi OyB KOCHIIKEHHI BIUIMB TApaMeTPiB rAPMOHIKH HECHMETPHYHOIO HABAaHTAXKEHHSI,
IPEACTABICHOTO TPHUIOHOMETPHYHUMH KOCHHYCHUMH psigamMu. AHami3 0a3yeTbcs Ha pe3ysbTaTtax
HPAaKTHYHHUX PO3PAXYHKIB KOHCTPYKIIH CHIIOCHUX YCTAHOBOK 3 BUKOPHCTAHHSIM TEOpil MOMEHTY Ipo
BIUIMB 3MIHHOTO BITPOBOr0 HaBaHTa)XKEHHSI. MoJeIb KOHCTPYKLIT CHIIOCIB CXeMAaTH3Y€EThCS y BUIILII
OPTOTPONHOI LIUIHAPUYHOI OOONOHKM OOEpTaHHS 3 PI3HOI NPHBEICHOK TOBIIMHOK CTIHKH B
MEpHIIOHAIIBHOMY 1 KpYyroBOMY HampsIMKax, IO JO3BOJISIE NMPHUOIM3HO, BPaxOBYIOYM HAsBHICTb
BEPTHKAIBHUX pebep xopcTkocTi. HepiBHOMIpHMH pO3MOIin  BITPOBOrO HaBaHTaKEHHS 3a
HEePHMETPOM €MHOCTI BPaxOBYBABCs LIUIIXOM PO3KJIafaHHs (QYHKII aepomuHaMivHOro KoedilieHTy B
CKIHYCHHII TpHrOHOMETpHYHMH psix. OTpuMaHi 3HAa4YeHHs peakuiil BigOuBamucs B Oe3po3MipHil
HOJISIpHIKA  cucreMi koopauHaT. UucenbHE AOCHIDKEHHsS Ta rpadidydHi cXeMH MepeMillieHb Tij
MO0Ka3ajiM, W0 MapaMeTpd KOHCTPYKLii (BiAHOLICHHS BHCOTH Ta JiaMeTpa €MHOCTi, TOBIIMHH
KOpIIyCy Ta iX KUIBKOCTI) BIUIMBAIOTh HA Pe3y/bTaT PO3PAaXyHKIB SIKICHO Ta KUIbKicHO. J{yis BifHOCHO
BHCOKHMX 200 JOCHTb )KOPCTKHX CHIIOCIB OLHKA peakiii Moxxe OyTH OOMe)KeHa WICHAMH PsIy, sKi
MaloTh JofaTHi KoedimieHTH po3kiagaHHs (mepuri 4oTHpH WwieHH). Xapaktep Aedopmarii Takux
KOHCTPYKLIi JOCUTh rIagKuil i HeMa€e NOTPeOH B TPUTOHOMETPHYHUX KOCHHYCHUX (DYHKIISIX BUIIMX
rapMOHIK AJ1s1 omucy (YHKII, ska MOCTYIOBO 3MiHIOETbCS. HU3bKI CHIIOCH, SIKI MAlOTh BiXHOCHO
HEBEJMKHH 1HIEKC XKOPCTKOCTI pebep 1 HOKPHUTTIB, HE MOTJIM OyTH MPUTHUCHYTI 10 CEPEIHHH EMHOCTI,
a BUTHYTI 30BHI. Pennnpouna ¢popma gedopmarii, sika XapaKTepH3y€eTbCsl BATHHOM IIOKPUTTS 30BHI,
BHMarae OUIbII BUCOKI WICHH PsAY, SIKI MaroTh Bix’eMHI 3Ha4deHHs. OTKe, JUIs CHIIOCIB, SIKi HE MAlOTh
JIOCTAaTHBOI JIOKAIBHOI JKOPCTKOCTI Ha BUI'MH, OLIHKA aPaMETPIB OTPHUMAHOI peakiii NOBHHHA OyTH
000B'I3KOBO MPOBEACHA HA TaKii KiJIbKOCTI WICHIB psioy, B SKHX HE MEHIIE ABOX MAIOTh Bil €MHI
KoeQilieHTH PO3KJIaJaHHs. AHalI3 Yy TIMBOCTI PeaKiii CHIIOCIB MMOKa3aB, IO HAHOIIbLI Yy TIMBUMHU
JI0 YKCJa PSIiB € 3MIIIEHHS CHIIOCY, a 3yCHJUISL MEHII YYTJMBI, OCKIJIbKM XapakTep iX 3MiHM Mif
HABaHTAXKCHHSM MaJIo 3aJIOKUTH BiJl 3pOCTAHHS [IAPaMETPiB TapMOHIKH.

Karo4oBi cioBa: muwiiHaApuYHa 000JIOHKA, HECHMETPUYHE HABAHTAXKEHHS, CHUJIOCHA EMHICTb,
pedpa KOPCTKOCTI, BITPOBHIA BILIMB, FApMOHIKA HABAHTaXKCHHSI.

Maxunvko A.B., Maxunvko H.A.
HEKOTOPBIE ACIIEKTbI PACYETA BEPTUKAJIbHBIX CTAJIbHBIX CUJIOCOB HA
JEUCTBUE BETPOBOU HAT'PY3KH

B naHHO# craThe OBUIO HCCIICIOBAHO BIMSHHE MapaMeTPOB TapMOHHKH HECHMETPHYCCKON
Harpy3ku, IpEACTaBICHHOH TPUIOHOMETPUUYECKUM KOCHHYC-PSIIOM. AHaJM3 OCHOBBIBAJCS Ha
pe3yibTaTax MPaKTHYECKHMX PacyeToB KOHCTPYKLMH CHIIOCHBIX €MKOCTEH COIrJIaCHO MOMEHTHOMH
TEOPUH Ha JICHCTBHME MEPEMEHHOrH BETPOBOW HAarpy3ku. Mojenb KOHCTPYKLHMH —CHIIOCA
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CXeMaTH3apoBajach B BHAE OPTOTPONHONW IMIMHAPUYECKOH O0OOYKM BpalleHUs C pasHOH
HPHUBEACHHON TOJIIMHON CTEHKH B MEPEJAMOHAJIBHOM Ta KOJbLEBOM HAIPABJICHUH, YTO IO3BOJIUIIO
HPUOTVDKEHHO ydIeCTh HAIMYHE BEPTHKAIbHBIX pebep jkecTkocTH. HepaBHOMepHOE pacmpenencHue
BETPOBOH HArpy3ku 110 IIEPUMETPY €MKOCTH YUUTHIBAICA IIYTEM pa3JIOXKEeHUs (QYHKLUH
A’POANHAMHUYECKOr0 KOd(pdHUIMEeHTa B KOHEYHBIX TpPHUroHOMeTpuueckuil psia. IlomydenHble
pe3yibpTaThl MMOKa3ajiu, 4TO Haubosee BOCIHPUHAMYEBBIMHA K KOJIMYCCTBY YJICHOB psda pa3iOoXKCHU
SBJIAIOTCA HEPEMELICHUsT KOpIyca eMKOCTH. [[jii OTHOCHTENbHO BBICOKMX CHJIOCOB IOCTaTOYHO
OrPaHMYUTCSI TONBKO IOJIOKHTEIbHBIMY 3HaYCHMUSIME KO3 duirenTa pasnoxenus. s KOpoTKuX
eMKocTei HeOﬁXOL{l/lMO Y4YUTHIBATH 60.]'[66 BBICOKHUEC YJICHBI psaa.

KiroueBble ciI0Ba: LIWIMHApUYECKas 000JI0YKA, HECHMMETPHYECKas Harpyska, CHJIOCHAs
€MKOCTb, pedpa )KEeCTKOCTH, BETPOBOE BO3/ICiCTBIE, TADMOHHKA HATPY3KH.
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