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CBOBOJHBIE U BBIHYKJIEHHBIE KOJIEBAHUSA OBOJIOYEK
PA3JIMYHOM ®OPMBbI C YYETOM IEPEMEHHOCTH
TOJIIHUHBI U3 HEJIMHEUHO-YIIPYTI'OI'O MATEPHUAJIA

AHHOTAIUSA: B CTaThE PACCMOTPEHBI BOIPOCH KoeOaHmii 00071049eK, KOTOPbIE HAXOAAT MIHUPOKOE IPUMEH CHHE
B Pa3IMYHBIX OTPACIAX MPOMBIIUICHHOCTH, CTPOUTENbCTBA. OOONIOUKH CITY’KAT 3JIEMEHTaMH CTPOUTEIHHBIX KOH-
CTPYKLUH, MOKPBITUSIMA U TIEPEKPBITUAMHU COOPYKEHHH ¢ OOoNbIIMMHU mponeramu. B pasmene «Beenenue» pac-
CMOTpEHBI BOIIPOCHI, CBSI3aHHBIC C MPUMEHEHHEM 000J109eK BO BCeX 00JACTSAX MPOMBINUICHHOCTH, B aBUa U PaKeT-
HO-KOCMHUYECKOW TEXHUKE, )KEIE3HOIOPOKHOM TPAHCIIOPTE, B HE(TEra3oBoil MPOMBINUIEHHOCTH, PUBEICHBI TPH-
Mepbl 000JI0YEK, JUTS MPUMEHEHUS B MEPEKPBITHSIX IIUPKOB, BOK3aJI0B, aHTAPOB; B IPOMBIIUICHHOCTH: 000JOYKH
BpallleHUs1, MPUMEHSEMbIE B KaUeCTBE PE3EPBYapoOB, EMKOCTEH, CEnepaTopoB, KOJOHH, peakToOpoB  Ap. B pa3uene
«Marepuaibl 1 METOJBI MCCIEJOBaHUS» PACCMOTPEHBI CBOOOIHBIC U BBIHYXKJICHHBIE KONeOaHus 000I0UEK Iepe-
MEHHOW TOJIIMHBI, BHITIOTHEHHBIE U3 HEIWHEWHO-YNpyroro marepuana. [Ipu pacuere 00OJIOYKH HCIONB30BaHA
runore3a Kupxroga-Jlssa. YcranosieHo, 4To, pu KOJIEOAHUSX, 0OOOYKH UCHBITHIBAIOT OTHOCHTENBHBIEC Nedop-
MalH yUTHHEHUS ¥ CIBUTa MTOBEPXHOCTH KOOPJMHATAMH (X, Y), @ Takxke AedhopManuy u3ruda u KpydeHusl.

YcraHoBNeHO, YTO KojeOaHUs B 000I0YKE MPUBOJAT K MOBOPOTY TJaBHBIX HATpPAaBJICHHH YIIPYrOCTH OTHOCH-
TENFHO TPUHSATHIX OCel KOOPJMHAT Ha Yroi 0, a ynpyrue nocTossHHbIe MaTepHralia 3aBHCAT OT YIMPYTUX MOCTOSH-
HBIX Biy— OCHOBHBIX HanpaBieHuil HenuHeHHO-ynpyroi o6onouku. IIpy pelmennn cucTeMsl ypaBHEHHH JABUKEHHs
000JI0YKH OTHOCHTEIILHO BO3HUKAIOIINX B HEH MPU KOJIEOAHUAX MEPEMEICHUH OCHOBAaHBI Ha TEOPUH R (PYHKIUH
M BapHallMOHHBIX MeTojaX. [lomydeHsl 3HaUEHHUS Oe3pa3MEepPHOro 4acTOTHOTO mapamerpa i chepuueckoi 000-
JIOYKH € Y4ETOM U3MEHEHHsI €€ KpUBU3HBI, TIEPEMEHHOCTH TOJNIIHHBI U YIPYT'HX CBOHCTB.

KarwueBble ci1oBa: koneOaHus 000J04KH, KpUBU3HA, CBOOOJIHBIE M BHIHYKJICHHBIE, IIEpEMEHHas TONIIIHA, He-
JUHEHHO — yIpyras, aMIUIUTY/a, COOCTBEHHbIE (PYHKIIUH, YACTOTA KOIEOaHNH

BBeaenue
B Hacrosiee BpeMs BO BceX 00JIacTAX MPOMBIIICHHOCTH, B aBMa M PAaKETHO-KOCMHUYECKOH TEXHUKE MPUMEHSI-
I0TCS Tella, Ha3biBaeMble 000a0ukaMu. OCOOCHHO PaclpOCTPaHEHbl 000IOYKH B CTPOUTENILCTBE 3AaHHUM U COOPY-
xeHui. OHM CIy’)KaT 3JIEMEHTaMU CTPOUTENBbHBIX KOHCTPYKIHM, MOKPHITUAMU M MEPEKPBITUIMHU COOPYKEHUHU C
OonmpimMu niposieraMu. [IpumMepoM Takux 000JI0UYEK SBISIOTCS MEPEKPBITHS IIUPKOB, BOK3aJIOB, aHTapoB (CM. pHLC.

).

o =8 e o .
a) KpbIIlla TOPTOBOTO 0) cTposIIIUIiCS adporopT B) KpbIIIa TPHOYHBI
naccaxa (r. Mocksa) (r. Mexuko) craanona(l epmanmus)

Puc. 1. O60movky — mepekphITHsI 31aHUH
Fig. 1. Covers are Overlappings of Buildings

B ’xene3HomopoxKHOM TpaHCHOPTE 000JI0UKaMH SBIISIFOTCS Ky30B JIOKOMOTHBA M CTEHKH LUCTepH. B Hedreraso-
BOW MPOMBIIIZICHHOCTH ITUPOKO UCIIONB3YIOTCS 000I0UKH BpallleHUs], IPUMEHsIEMbIE B KAUeCTBE PE3EPBYapOB, EM-
KOCTEH, CernapaTropoB, KOJIOHH, PEaKTOPOB.

OOGonoukoif Ha3bIBaeTCAd TaKOE TENO, y KOTOPOrO OJUH pa3sMep 3HAYMTEIbHO MPEBBIIIAET OPYrHE pa3Mephl.
OO60104YKHM MOTYT OBITh Pa3IMYHBIX PA3MEPOB U (HOPM, OTMHAKOBOW U Pa3IMYHON TONIIMHBL, C peOpaMU KECTKOCTH
Y C HAKJIaJHBIMH DJIEMECHTaMH.

B mporecce skcruryatanum Ha 000JIOYKY OKa3bIBalOT BO3JCHCTBUE BHEIIHUE (DAKTOPBI: BETPOBBIC U CHETOBBIC
HArpy3KH, BeC IPYTUX Tel, KOJNIeOaHUs IPYTuX MAllliH ¥ MEXaHH3MOB; BHYTPEHHHUE: W30BITOYHOE JaBIICHUE, TEM-

70



Cmpoumenvhvle mamepuansl u uzoenus 2020, Tom 3, Nel
Construction Materials and Products 2020, 3 (1)

nepaTypa, BeC BHYTPEHHHX YCTPOWCTB M KOHCTPYKIIMA. DTHU BO3AEHCTBUS MOTYT NMPUBECTH K PACTSDKEHHIO 000-
JIOYKH, ee e opMaIisIMH U MOCIEAYIONIEMY Pa3pylIeHHIO ¢ KaTacTpOQHUECKUMH MTOCTICICTBHAMHU.

MeToabl U MaTepHAJIbI
Paccmotpum cBOOOJIHEIE U BBIHYKACHHBIE KOIeOaHHs 000IOUKY M ITePEMEHHOM TONIIUHBI, KOTOPask BHIMOTHEHA
W3 HEIMHEHHO — ynpyroro mMarepuana. OG0I0YKa HMEET TONLMHY, KOTOpas 3aBUCUT OT ABYX KOopauHaT: h(x,y).
Pacuer ocHoBan Ha runorezax Kupxroga — JIsBa.
[Tpu konebaHUsAX 000IOYKA HMCHBITHIBAET OTHOCUTENbHBIC AchOopMallK YAJIHMHEHHS M CIBUTA MOBEPXHOCTH C
KOOpAWHAaTaMHU (x, y):

T
5:(511’522’512) ) (D
a Takxke gedopMaruy N3ruda U KpydeHus:
T
8:()(11’)(22’%12) ) )
OTH mapaMeTphl COCTABJICHBI M3 CIICAYIOIINX BhIPAKCHHUI:
2
wow
&, =u, +—+—, 3)
11 x Rx 2
w W,
Ep =0, +—+—, 4)
22 y Ry 2
Ep=u 0, +w +w, Q)
0w
X = P (6)
o*w
Xn = ? > (7
0w
-2 , ®)
X2 oxdy

rae u (x, y); 9] (x, y); w (x, y)—(byHKupm TepEeMENICHUs] TOYEK, PACIIONOXKEHHBIX Ha CPEAUHHON MOBEPXHOCTHU
000JI0YKH BIOJIb COOTBETCTBEHHO OCeH X, V, Z;

[Ipu ykazaHHBIX BBIIIE BO3NEHCTBUSX, ycuuns N = (N 115Ny N ]2), JIEWCTBYIOMIME Ha 00OJIOYKY, U MOMEHTBI

M = (M oM, M ]2) MOXXHO Hal{TH C IPUMEHEHHEM IIPUBEACHHBIX JKECTKOCTHBIX Kodpduumentos C, 5 D, [1].

OHH QYHKIIMOHAIBHO 3aBHCAT OT KOOPIUHAT (x, y) W MOTYT OBITh OIPEAEIICHBI 10 CIEAYIOMUM (OopMyTam:

C, =B,h(x.7). ©)
n’ (x,y)
=8, (10)
B =—L (11)
(1 ViV )
E
B,=—2 (12)
7oy
By =Cys, (13)
B]2 — V2 El — Vl E2 , (14)
I=v,-v, 1=v v,
B, =B, =0, (15)
rnei=1,2,6;
E, , — Monynb ynpyroctu marepuana, u3 KOTOporo u3rorosiena obonouka, MIla; v — xoadduunent Ilyacco-

Ha.
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PaccmoTpum BeIpakeHHE YCHIIMH 1 MOMEHTOB B 3aBHCUMOCTH OT JKECTKOCTHBIX KO3 PHUIIMEHTOB Cij; Dl.j :

-l il =

rae
¢, C, C]
[C]: ¢, Cy Cze > (17)
_Clé C26 C66_
D, D, D, |
[D]=|D, D, D, | (18)
_D16 D26 D66_

Konebanust B 0007104Ke MPUBOIAT K MOBOPOTY TIJIABHBIX HANpPAaBICHUH YIPYroCTH OTHOCHTEIBHO MPHHSATHIX
oceii KoopaMHAT Ha yroil 6. A ynpyrue nocTOsSHHbIE Marepuaia 3aBUCAT OT YIIPYTHX OCTOSHHBIX Bl.j — OCHOB-

HBIX HampaBJICHUN HEJTMHEHHO — YIIPYTol 000I0YKH.

PesynbTathl U 00cy:x1eHus
Paccmorpum cuctemy ypaBHEHWH JBHKEHUS 00ONOYKH OTHOCHUTEIHHO BO3HUKAIONIMX B HEH MpH KOieOaHUIX
nepeMeIleHni:

82
L+ Lo+ Lyw=—NLw+m, a—z’,
t
o’v
L21u+L220+L23w:—N12w+m1W, (19)
0w

Lyu+L,v+Lw=~-NLw+m, o
t

Pemenne aToli cucTeMbl ypaBHEHHI OCHOBAHO Ha Teopud R QYyHKIMHM M BapualMOHHBIX Meronax [2]. [Ipu
9TOM JKECTKOCTHBIC XapaKTEPUCTUKU OOOJIOYKU 3aBHCAT OT KOOPAHMHAT MCCIECAYEMOH TOYKH, PAacIOIOKEHHOH Ha
obomouke. OHM BBIYMCISIOTCS JUIS KaXIOTO 3aKOHA M3MEHEHHs TONIMHBI 000oukn. Takum oOpa3om, BHadaje
pemaercsi TUHEHas 3a7jadya O CBOOOJHBIX KOJEOAHHSX paccMaTprBaeMoOil 0OOJIOYKH, B KOTOPOW MPOU3BOIUTCS
MMOMCK COOCTBEHHBIX (DYHKIMM, COOTBETCTBYIOIIUX (hopMe koneOaHuil. C IeNbl0 pelIeHUs HETUHEHHON 3a1ayH,
nporu® 000J0YKH IIPH KOJICOAHMSX OMPEEIIeM 10 CICIYIOIICH 3aBUCHMOCTH:

2
W=y(t)-w (20)
Ecnu BEIMOMHUTH MOCTAHOBKY 3TOT'0 BBIPAXKEHUS B MEPBBIE 2 YpaBHEHHUS HEIMHEHHONW CUCTEMBI ITepeMeIleHuit

TOYKH HA MMOBEPXHOCTH 00OJIOYKH, U TIPH 3TOM IIPEHEeOpeyb CHIIaMH BO3HUKAIOIISH WHEPIIMH B CPEANHHOMN TIOCKO-
CTH, TO IIOJIyYUM CJIEAYIOLLYI0 CUCTEMY:

Lu+L,v+ y(t)LBwC = —yz(t)Nl1 (wc (x,y)l
Lyu+Lyv+ y(t)Lch = _yz(t)le (WC (X,J’))

u(x, y,6)= A (Ol (x, )+ 72 (e (x, ), (22)

u(x, y.t) = Ao (x, )+ v (0o, (x, ). (23)

[pu 5ToM yHKUMH: U, (x, y); v, (x, y)— SABIISIIOTCS PEIEHUEM CHCTEMBI Jlame:
Lyu+ Lo = NI, (w),
Loyt + Ly,w = NI (w*)

21

IIpu »TOM, €cii ydecTs, 4TO:

24)

VYpaeHenus (19) OyayT yIoBIIeTBOpEHBI TOXKICCTBEeHHO. Bennunna A B ypaBHeHusx (22) u (23) mis 0060104ex
paBHa 1.
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[Tocne moncranoBku ypapHenwuit (20), a Takxke (22), (23) mis u(x, y,t), u(x, y,t), w(x, y,t) B 3-¢ ypaBHEHHE CH-

ctemsl (19) u, npuMeHuB mpu 3ToM, mporenypy byonora—T anepkuna [3], moay4dum ciieayromiee HeauHeHHOe aud-
(depeHImanbHOE ypaBHEHHUE:

E () +&@)+ BE @)+ & (7) =0, (25)
rae:
T =wt, (26)
o)
§ = P (27)

OHyCKaH PEHICHUEC 3TOr0 YPaBHCHU A, B UTOI'C IIOJYydacM JJId ONPEACIICHUSA aMHHHTYHHO-qaCTOTHOﬁ XapaKTepu-
CTHKU:

E(t)= Acosw, T (28)
[Mpumensis meron byOHoBa-I"anepknHa, Ha IPOMEXKYTKE, KOTOPBIH paBeH % nepuoja KoneOaHuii 00O0IOUKH,

HalieM 3aBUCHMOCTb MKy HauOOJbIICH aMIUIMTY 10N KojieOaHu A M OTHOLICHMEM HEJIMHEHHON YacTOTBI KO-
nebanuii K TMHERHON U = 0, /o), :

u=\/1+ﬁﬁA+§yA2 (29)
kY1 4

[Ipu HCXOIHBIX rapamMeTpax E =476 Illa, E, =20,7 I'lla; G12=5,31[1la;
v12=0,149 I'Tla;h = h, - (l + 0{(6x2 —6x+ l)) , TIe O — TIOCTOSIHHBIN KOA((UIMEHT, U3MEHEHUE KOTOPOTo IpouC-
xoauT B uaTepsaie [-0,5; 0,5];

h, — TommuHa 0601104KH, KoTopas coorBercTByer & = 0.

[Tpu 3TOM reoMeTpuvecKre mapaMmeTpbl 000IOUKH OYAYT CIeAYIONIHE:

h
—2=0,008,

a
b
—=1,0.
a

XapakTepucTrKa KoJieOaHui 000IOUKH MPUHSATA M0 3HAYCHHUSIM 0e3pa3MepHOro rmapaMerpa:

A, =2,(2a)’\|ph, /D, (30)

D, =E, hg/(l2(l _012021))- (31)

rae

Ha puc. 2 npeacrasieHbl (opMbl KoieOaHU 0007109KH, KOTOpast KMEET JKECTKOE 3aKpeIieHHE B CPEPHUICSCKYIO
(hopmy 1pu crenyronmx 3HaveHuUAX nepeMenublx @ = 0,3k, =k, =0,08;0,32; 0 =45°:

B Ta6in. 1 npexcraieHbl 3HaUeHHs O€3pa3sMEPHOro 4acToTHOro mapamerpa A, s chepryeckoil 000I0UKH,
KOTOpasi UMEET JKECTKOE 3aKPEIICHNE C KBAIPATHBIM IJTAHOM, OPHEHTHPOBAHHBIM M0 KOOPIMHATHOM CETKE.

Tabauua 1
3HaveHus Ge3pa3MepPHOro YaCTOTHOrO mapamerpa A, .
Table 1
Dimensionless Frequency Parameter Values A, .
k, = ky -0,5 0 0,5
0,08 42,89 45,83 48,94
0,32 109,5 112,8 114,4
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Puc. 2. Konebanus cheprudeckoii 000I0YKH C YIETOM
M3MEHEHHUS ee KpUBM3HBI (11 k= ky =0,08; 0,32;0,64)
Fig. 2. Oscillations of spherical shell taking into account
changes in its curvature (for k = ky =0,08; 0,32;0,64)

B tabu. 2 npuBeeHbl 3HaYCHHs Oe3pa3MEpPHOro YacTOTHOrO apaMerpa /A, B 3aBUCHMOCTH OT KPUBH3HBI 000-
JIOYKH, €€ TOJIINHEI, YTiIa TIOBOPOTa M U3MEHSIOIIMXCS YIIPYTUX CBOMCTB.
Tabauna 2

3HavyeHus Ge3pa3MePHOro YaCTOTHOIrO mapamMerpa /A, B 3aBHCHMOCTH OT KPUBH3HBI 060J104KH,

€e TOJIIHHbI, YIJIa IOBOPOTA M M3MEHSIOIIMXCSI YIIPYTHX CBOWCTB.
Table 2

The Values of The Dimensionless Frequency Parameter A, Depending on the Curvature of the Shell, its
Thickness, Rotation Angle and Varying Elastic Properties.

Vron 6 k,=k, -0,5 0 0,5
30 0,08 42,385 44905 47,208
45 0,32 109,58 111,13 110,77
60 0,64 43,821 44905 45,709
BriBoabI

OnwucaHHbBI BBINIE PACUCTHBIH aJrOPUTM MO3BOJISICT OMPEACIUTh MecTa Mporuda o0oNIoueK U3 HelUHEeWHO-
YIPYroro Marepuana nepeMeHHON TONIIMHBL, (3HAaYeHHE KOTOPON M3MEHSETCs 110 KOOpAMHATaM X, ) ) B 3aBUCU-

MOCTH OT YTJIOB IOBOPOTA MPH CBOOOIHBIX M BBIHYKICHHBIX KOJICOaHUSX.
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FREE AND FORCED VIBRATIONS OF SHELLS OF VARIOUS SHAPES,
TAKING INTO ACCOUNT THE VARIABILITY OF THE
NON-LINEAR ELASTIC MATERIAL

Abstract: the article considers issues of shell vibrations, which are widely used in various industries and con-
struction. Shells serve as elements of building structures with large spans.

The chapter “Introduction” discussed issues related to the use of shells in all areas of industry, in aviation, rock-
et and space technology, railway transport, in the oil and gas industry and provides examples of shells for use in
ceilings of circuses, stations, hangars; in industry: shells of rotation used as tanks, containers, columns, reactors,
etc. In the section “Materials and research methods” free and forced vibrations of shells of variable thickness made
out of nonlinear elastic material reviewed. In shell calculations the Kirchhoff — Law hypothesis was used. It was
found that, during vibrations, the shells experience relative deformation of elongation and shear of the surface with
coordinates (x, y), as well as bending and torsion strains. It is established that vibrations in the shells lead to a rota-
tion of the main directions of elasticity and regarding to the adopted coordinate axis to angle 0, and the elastic con-
stants of the material depend on the elastic constant B;,— the main directions of the nonlinear elastic shells.

When solving the system of equations of motion of the shell relative to the displacements arising in it during vi-
bration, based on theory R and various methods. The values of the dimensionless frequency parameter for a spheri-
cal shell taking into account changes in its curvature, variability and thickness of elastic properties are obtained.

Keywords: shell vibrations, curvature, free and forced, variable thickness, nonlinear - elastic, amplitude, vibra-
tion frequency
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