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BbIBO/IbI

B pabote paccmarpuBaroTcsi anreOpanyeckue METOJbl MOCTPOEHHUS! TOMOJOTMYECKOro PHUCYHKA
HecernapabenpHoro HeruiaHapHoro rpacga. McxomHoit uHdopMmarueil Uis NMOCTPOSHHS CITY)KUT
TOTIOJIOTHYECKUI PUCYHOK TIaHapHOW yacTu rpada. Iloctpoenue ayambpHOTrO Tpada MO3BOISIET
HaXOJUTh MAapUIPyThl AJid NIPOBEIEHUS COEIMHEHUH, YAAIEHHBIX B Ipolecce IutaHapusauuu. lpu
IIPOBEICHUU COEMHEHUH, COOTBETCTBYIOIIMX BBIOPAaHHOMY MapIIpYTy, IepecedeHue pedep
paccMaTpuBaeTcs Kak 00pa3oBaHHE B PUCYHKE IJIOCKOTO rpada JOMOJHUTEIbHBIX BEpIIMH. BHOBB
BBEJICHHbIE BEPUIMHBI ONMCBHIBAIOTCSA BpAlllEHUEM BepIIUH rpada. ITO MO3BOJSIET pacCMaTpUBATh
IIPOBEJICHUE NIEPECEKAIOINXCS COEMHEHUM KaK TIOCTPOEHHE HOBOT'O TOIIOJIOTMUECKOT0 pUcyHKa G,
A(v+V') ¢ nobGaBieHHBIME BepIIHHAME V' . PacCMOTpeHbI anreOpandecKue Onepanni BKIFOYCHHsI
paHee He MPOBEACHHBIX pedep B IUIOCKUI TOIMOJIOTHYECKUH pHCyHOK. IlpuBeneH anroputm uis
IIOCTPOECHMSI UarpamMMmbl BpallleHUsT BEPIIMH OTHOCUTENIBHO 3aJaHHOM CHCTEMBI IPOCTBIX
OpPUEHTUPOBAHHBIX IIUKJIOB.
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CBOBO/JIHbBIE KOJEBAHUA OBJIEI'YEHHBIX ITIOAIIOPHBIX CTEH,
COCTABJIEHHBIX U3 OPTOTPOIIHbBIX HUJINHAPUYECKHUX
OBOJIOYEK, KOHTAKTUPYIOIIIUX C T PYHTOM
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B pabote paccmarpuBaercs cucTeMa IMUIMHAPHYCCKUX MOAMOPHBIX CTEH, KOTOpPAas MCHOJB3YeTCs I
obecriedeHUsT CCHCMOYCTOMYHMBOCTH COOpYXeHUH. [lommopHBIE CTEHBI MOICIUPYIOTCS — JBYMS
OWINHAPUYCCKUME 00OJOYKAMH C OPTOTPOIHBIMH MEXAaHHYCCKHMHU XapaKTEPUCTHKAMH B YCIOBHSIX
JUHAMHYECKOTO HarpyeHus. B MaremaTHUecKoH MOJeNd JaHHOW O000JOYeYHON CHUCTEMBI
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YUHTBIBACTCS BIUSHUE IPYHTa, JEHCTBHE KOTOPOTO 3aMEHIETCS KOMIOHEHTaMH BEKTOPa BHEIIHUX CHIL
ITpu 3TOM TpeanonaraeTcs 4To ACHCTBYIOT KaK HOPMaJbHBIE, TaK U CABUralOIINe cocTaBiatomue. s
CHCTEMbI LMJIMHAPHYECKHX 000JOYEeK ONpeneNeHa MOJIHAs HHEPrus, BKIIOYAIOIIas NOTEHIHAIbHYIO0 U
KUHETHYECKYI0 DHEpTUM M PabOTy BHENIHUX CHI. Mexay coOoii 00O0JIOYKH COEAMHSAIOTCSA YIPYTO.
[Ipennonaraercsi, 4TO TOPLEBbIE YaCTH CHUCTEMBl LWIMHAPHYECKHX OOOJOYEK pPACIIONOKCHBI HA
uneanbHbIX guadparmax. Ha ocHoBe 3TOro copMynmpoBaHBI TpaHWYHBIC YCIOBHS — YCIOBHS
IIAPHUPHOTO OTIMUPAHMUSL.
[lepemernenus TOYEK HMWIMHAPUYECKUX OOOJIOUYEK MPEICTABISAETCS HA OCHOBE TPHUTOHOMETPHYECKUX
(GyHKIMHA ¢ HEM3BECTHBIMU Kod(duimenTamu. MX moacraHOBKa B BEIpayKEHUE VIS TTOJTHOM SHEPrUH U
nocneayoonee npuMeHeHne npuHouna OcTporpajackoro-I'aMmiibToHa JaeT OJHOPOJHYIO CHUCTEMY
JIMHEHHBIX ypaBHEHU. 13 yclioBus ee HETPUBUAIBHBIX PELICHUH MOIy4aeM YacTOTHOE ypaBHEHHE. DTO
ypaBHEHHE pEIIaeTcsi YHUCICHHO NPU KOHKPETHBIX 3HAYCHMSAX BXOJIIMX B HEro mapameTrpoB. B
peE3yIbTATE HaﬁlleHBI 3aBUCUMOCTH YaCTOTHBIX XapaKTCPUCTHUK OT pPa3IMYHBIX MapaMETpPOB CHCTEMBI.
VYcraHOBIEHa B3aUMOCBSI3b  MEXKAY T'€OMETPUUYECKMMH  XapaKTepUCTHKaMH 000JOoYeK U HuX
XapaKTCpHUCTUKAMMU. OnpeneneHo BJIIMAHUEC OPTOTPOIMMU MATEpHUATIOB Ha BEJIMYMHY YaCTOTHBIX
rapaMeTpoB 000JI0UeK.

Knrouesvie crosa: opmomponnas 060104Kka, nOONOpHvie CmeHvl, SPYHIM, c60000Hble KONEOAHUA, YACTMOMHOEe

VpasHeHue, 8apuUAyUOHHbIL NPUHYUN.

BIJIBHI KOJIMBAHHS NOJIETTHEHUX IIAIITPHUX CTIH, CKIIAAEHHUX 3
OPTOTPOITHUX HUJITHAPUYHHUX OBOJIOHOK, IO KOHTAKTYIOTb 3I'PYHTOM
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B poboti posrisgaeTbcs cuCTEMa IWIHAPHUYHMUX IMANIPHUX CTiH, K4 BUKOPHUCTOBYETHCS JUIS
3abe3nedeHHst ceiicMocTiiikocti cropya. IliamipHi CTIHM MOJENIOIOTHCS JABOMA LIMJIIHIPUYHUMHU
00O0JIOHKaMH 3 OPTOTPOIIHUMH MEXaHIYHMMH XapaKTepUCTUKaMH B  yMOBaxX JIMHAMIYHOTO
HaBaHTAKEHHS. Y MaTeMaTH4YHIH MOJeNi 1aHOT 000JIOHKOBOT CHCTEMHU BPaXOBYEThCS BIUIMB IPYHTY, Mis
SIKOTO 3aMiHIOEThCS KOMITOHEHTAMH BEKTOpa 30BHIIIHIX cuil. [Ipn nibomy nepenbadaeTsest, o AilOTh K
HOpMaJIbHi, TaK i 3CyBHi CKIamoBi. JIJI1 CUCTEMH MIIIHAPUIHUX OOOJIOHOK BHU3HAYECHA IOBHA EHEPTis,
0 BKIIOYAE TOTCHIIWHY 1 KiHETHYHY €Heprii i poOoTy 30BHIMHIX cmi. Mik c000t0 000JOHKH
3’€qHYI0TbCS TIpYyxHO. IlepembadaeThesi, MO TOPIEBI YaCTUHU CHCTEMH ITUTIHIPHYHHUX OOOJOHOK
po3TamioBaHi Ha imeanpHUX Hiapparmax. Ha ocHOBI mporo chopMyap0BaHi TpaHHUYHI YMOBH — YMOBH
IIapHIPHOTO OOTIMPAaHHS.

[lepeMimeHHsT TOYOK IMIIIHAPHYHUX OOOJOHOK IPEICTABISETHECS HAa OCHOBI TPUTOHOMETPHYHHX
(GyHKIIA 3 HEBIIOMHUMHU KOeQilliEHTaMH. Ix migcranoBka B BHpa3 U1 TIOBHOI €Heprii i mojmajbiie
3acTocyBaHHs npuHIMIy OcTporpajacbkoro-I'aMiibToHa 1a€ OAHOPIIHY CHCTEMY JIIHIHHUX PIBHSHB. 3
yMOBH i1 HETPUBIaJIbHUX PIllIEHh OTPUMYEMO YaCTOTHE PiBHSHHSA. Lle piBHSIHHS BUPIIIY€ETHCS YUCEIBHO
IpU KOHKPETHHX 3HAYEHHSIX Ha3B MapaMeTpiB. B pe3ynbraTi 3HAMeHI 3ale)KHOCTI YaCTOTHUX
XapaKTePUCTHK BiJ PI3HUX MapaMeTpiB CUCTEMHU. BCTaHOBICHO B3a€MO3B’SI30K MK T'€OMETPHYHHMH
XapaKTepUCTHKaMU OOOJOHOK 1 1X XapakTepucTHKaMH. BH3HaueHO BIUIMB OPTOTpoOIMii MaTepialiB Ha
BEJMYMHY YaCTOTHHUX TTapaMeTPiB 0OOJOHOK.

Knmouogi crnosa: opmomponna 06010HKA, NIONIPHI CMIHU, IPYHM, GilbHI KOAUBAHHS, HYACMOMHE DIGHAHMHS,
sapiayiiHutl nPUHYUn.
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In this article, we study the system of supporting cylindrical walls as earthquake-resistant structures. A
pair of cylindrical orthotropic shells under dynamic loading simulates a supporting wall. The simulation
considers an impact of ground using external forces. At the same time, we suggests that there are both
normal and shear forces.
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Full energy has been obtained for a system of cylindrical shells including kinetic and potential energy
and virtual work of external forces. Shells are elastic joined together. We suggest that edges of shells are
placed on perfect apertures. Thus, boundary conditions allow rotations at edges.
Displacements of cylindrical shells are defined using trigonometric functions with unknown
coefficients. Substitution of trigonometric functions into energy expression and application of the
Ostrogradsky-Hamilton principle give homogeneous system of linear equations. The frequency equation
is obtained using conditions of nontrivial solution existence. This equation could be solved numerically
for concrete values of its parameters. Finally, dependences of frequency characteristics from parameters
of the system are obtained. Dependence of shell’s characteristics from its geometry are also obtained.
Influence of orthotropic material on frequency characteristics is studied.
Key words: orthotropic shell, retaining walls, ground, free oscillations, frequency equation, variational
principle.
PacnipocTtpaneHMeéM  TOHKOCTEHHBIX ~ KOHCTPYKLUMH  WJIM  JJIE€MEHTOB  KOHCTPYKLMM B
MaIlTHHOCTPOEHUH, B CHCTEME TIiepefady, B OO0JacCTH CTPOUTENhCTBA JCNAIOT AaKTyaIbHBIM
BBIUUCJICHUC HUX JUHAMHUYCCKUX TIPOYHOCTHBIX XAPAKTCPUCTHUK U BBI60p HUX OIITHMAaJbHBIX
BapuaHTOB. OCHOBBI TOJIMOPHBIX CTE€H COCTABJISIOT OOBEACHHBIC IWIMHAPUYECKUE OOOIOYKH
OTKPBITOrO TIpodumst, ¥ UX GopmMa MPUHUMAETCS] ONTUMAIBHON. 3aMEHONW MACCHUBHBIX TOIOPHBIX
CTEH Ha TOHKOCTEHHBIE 000JIOYKH TOJIydaeTcs myctas cuctema. Jliis oGecredeHus: yCTOMUYUBOCTH
9TOM CHUCTEMBI TyCThIC YACTH 3aTIOJTHSIIOTCS TPYHTOM, YTO MIPUBOJIUT K IKOHOMHUHU OETOHA.

VYuuteiBas, uro AszepOaimkaHckas PecnyOnmka HaxoauTcsi B aKTUBHOM CEMCMHYECKOW 30HE,
pacuer cOOCTBEHHBIX KOJICOAHUN M HAXOXKJICHHE PE30HAHCHBIX YAaCTOT TaKMX KOHCTPYKIMHA HMeEeT
OOJIBIIIOE MMPAKTHYECKOE 3HAYCHHE.

OTMeTuM, 4YTO pacyeT MHOANOPHBIX CTEH, COCTOSIIHUX M3 JABYX H30TPOIHBIX LHUJIMHIPUYECKUX
0007104YeK, BBITIOJHEH MJIsi CTaTHYeCKUX ciydaeB B [1-3]. B pabGore [1] u3ydeHwl craTuyeckue
nedopMaIuu NOANOPHBIX CTEH, COCTOSIINX U3 IBYX U30TPOMHBIX IMIIMHAPUYECKUX 0boouek. [Ipu
pelIeHUN 3a/1aui UCTIONB3YETCSl METOIMKA, TIpeACcTaBiIeHHas B padote [4]. B pabore [2] mpuBeneHbl
pacdeTsl MOAMOPHBIX CTEH, COCTOSAIIUX M3 TPEX H30TPOIMHBIX IMIMHAPUYECKUX O00JO0YEK MpU
IJIOCKOM J1Ie(OpMHUPOBAHUU. 3aJada CBEJEHA K PENICHUI0 OOBIKHOBEHHBIX UG depeHIInaTIbHbIX
ypaBHEHHUH U IOCTPOCHHI UX pemneHus. Padora [3] mocBsiieHa METOUKE pacueTa MOIIMOPHBIX CTEH,
COCTOSIIIUX U3 U30TPOIMHBIX LMMJIMHIPUYECKUX 00O0JIOUEK C Y4eTOM paboThl IPYHTA MPHU CHKATUU U
capure. PacueTsl mpHWBEICHBI Ha OCHOBE MOMEHTHOH TEOpHUM IIWIIMHAPUYECKUX 000104ek. B
Hay4yHBIX paborax [5-8], paccmarpuBas pa3lIW4yHbIe BapHAHTHI OOBEIWHEHUN MMIIUHAPUISCKUX
000JI04€K OTKPBITOTO MpOoduIIsl, TOCTpOeHBl Au(QepeHInanbHble YpaBHEHUS MOMEHTHOW TEOpPUHU
TIPU PA3JIMYHBIX YCIOBHUSIX CTHIKOBKH.

ITOCTAHOBKA 3AJTAYA

Harnumem noteHnuanbHyr0 1 KHHETHYECKYIO SJHEPTUU HUINHAPUYECKHUX MTOATIOPHBIX CTeH [9]:

au w; au W b 619
3' J-f lb111< ) - Z(blll + b121) ' l 2 (bllz + b121 + b221) 4 22t 22i <69> —

w; 09 1 du; 99; 1 0uy’ 99;\2
~2(bizi + b 35 + 2bini jr gy 3g + o ﬁ(ﬁ) + beei (a)
109, 0uy;
+b661Ra ae}d xdo, (1)

2 2
619i + aW
ot ot
3nech [ =1 COOTBETCTBYET MEpBOM ummanqucxoﬁ 000J7109YKe B TOMMOPHBIX CTEHAX, [ = 2
COOTBETCTBYET BTOPOM HWJIMHJPUYECKON 000JI0uKe B MOAMOPHBIX creHax (puc. 1); u;, 9; w; —

nepemerieHue obonoyek, R;, h; — paauychl M TONIMHBI LWIMHIAPUYECKUX 000JI0UeK
COOTBETCTBEHHO, b11, b3y, b1z, bgg — OCHOBHBIC MOJYJU YIPYrOCTH OPTOTPOIHBIX MaTEPHAIIOB

dxdy

2R (1 - v2)
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HWIMHAPUYECKUX O000JIOUEK M BBIpAXKAETCAd Yepe3 MOAYJIU YIOPYTOCTH B KOOPAMHATHBIX
HamnpaBieHusx Eq;, Ey;, yepe3 koaddumnuentsr [Tyaccona vq;, vy; cleayrommm o0pa3om:
Eqi byy; = Esi _ valy vk,
) L ) )
1—vyvy 1—vyvy 1—-vyve  1—vyvy

blli = 12i —

S; — TMIOBEPXHOCTU LMJIUHAPUYECKUX 000JI04eK, GUTYpUPYIOIIMX B MOJAMOPHBIX CTeHax. BiusHue

TPYHTa Ha LIIMHAPUYECKHE OOONOUKHM 3aMEHSIOTCS BHCIIHMMH CHIAMH (., {; (,. Pabora,
COBepIIaeMasi STUMH CHJIAMH B IIEPEMEIICHUSIX 000I04eK, UMEET BUJIL:
X1 2m
A= —f f (qxiui + qyiﬁi + qziwi) dxdy. (2)
00

Z3

v

Puc. 1. Cxema HOHHOpHOﬁ CTCHBI, COCTOAIIAA U3 OPTOTPOIHBIX MUIMHAPUICCKUX 000J104€eK

B pe3ynbrarte a5 HOogHON SHEPTUH MOAMOPHBIX CTEH MOTYYHM:

K Boipaxkenusim (1) u (2) npubaBisitoTcst KOHTAKTHBIE U TPaHUYHBIE YCIIOBUs. ByeM npezamnonarars,
YTO HUWIMHIPUYECKHE 000JI0UKH COEAMHEHBI YIIPYTO MEX/1y COOOM, T.€. B KOHTAKTE BBITOJIHSIOTCS:

Wl(x)|y1=0 = 192(x)|y2=0; 191(x)|y1=0 =Wz (x)|y2=();
w1 (x) _09,(x)

Y2 ox y,=0 0x

(4)

ul(x)|y1=0 = uz(X)|

y2=0
HpennonaraeTCH, 4TO HUJIMHAPHUYCCKUC O60HO"IKI/I PACIIOJIOKCHBI HA UACAIIBHBIX ):[I/Ia(bparMaX KakK
Ha mapHupax rno JuHsM X = 0 u x = a. B 3ToM ciy4yae rpaHUyYHBIC YCIOBUS UMEIOT BU:

u:O, W:0, T]_:O, M]_:O. (5)
3nech Ty, M1 — cujla © MOMEHTBHI B TIONIEPEYHOM CEUCHUU LIMIIUHIPUYECKON 00O0TI0UKH.

Hcnonp3ys npuHumn cranuoHapHocTd OcTporpaackoro-I'aMuibToHa, MOYXKHO MOJIYYUTh YaCTOTHOE
ypaBHEHHE KoOjeOaHus MOJMOPHBIX CTEH, COCTOSIIMX M3 COECIWHEHUS JIBYX LMJIMHAPUYECKUX
000J109eK OTKPBITOTO Mpodus

W = 0. 6)

t
3nece W = | tz [Idt — Bnusnue I'amuibToHA. BBINONHAS omepanuy BapbHUpPOBAHUS B PaBEHCTBE
1

OW =0 u yuuThIBasg HE3aBUCUMOCTH M IPOU3BOJILHOCTH Bapuanuii du, 09, dw, MNOIy4yuMm
YacTOTHOE YypaBHEHHE KoJeOaHWil TOAMOPHBIX CTEH, COCTOSAIIMX W3 COEAMHEHUS JBYX
MWINHAPUYECKUX  00O0JIOYEK OTKPHITOro Mpoduis, KOHTAKTUPYIOIIUX ¢ TpyHTOM. MUTaxk,
MOCTPOEHHE YaCTOTHOTO YpaBHEHHsI KOJIeOaHHii MOINOPHBIX CTEH, COCTOSAIINX U3 COSAMHEHUS JIBYX
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HWIAHIPUYECKUX O0O0JIOUEK OTKPBITOrO MPOQWIIs, KOHTAKTHPYIOIIMX C TPYHTOM, CBOJUTCSA K
COBMECTHOMY MHTETPUPOBAHMIO TIOJIHON DHEPTUU CUCTEMBI (3) MPH KOHTAKTHBIX (4) U TPaHUYHBIX
ycioBusX (5).

Bxosmme B (1), Oymem

Cuiibl €O CTOPOHBI TPYHTA HA IUIMHIAPUYECKUE OOOJIOUKH ¢, Qyi> Ay

NpCACTaBJIATH B BUAC:

2 2
Ay =4, =0 q, =kiwy; q,, =kowy —ks (% + 56;2) (7)
3neck ki, ko, ks — K03 HHUIMEHTHI KECTKOCTEH TPYHTA TIPH CKATHH U CIIBUTE.
PEHIEHUSA 3AJIAYN
[Tepemernienust MUIUHAPUIECKUX 000JI09EK OyeM UCKATh B BUJIC:
u; = ugp; cos x¢ (cosnb; + sinnb;) sinwty,
Y; = Yy; sin Y& (cosnb; + sinnb;) sinwqtq, (8)

w; = wy; sin ¢ (cosnf; + sinnb;) sin w4t;.
X
3nech ug;, 9g;, Wo; — HEU3BECTHBIE ITOCTOSIHHBIE, & = —, t1 = wot, ¥, n = 2k + 1 — BOJHOBBIC YHC/IA
B HalpaBJICHUU 00pa3yroleil 1 KpyroBOM HaIlpaBJICHUM LWIMHAPHYECKUX 00osouek, 0; = %, 0<

< 3n o _3r
0; < e IIpy BBIMONHEHHWE STHX YCIOBHIl Ha TpaHHIAX 6; ==~ LHIMHAPUYICCKHX O0OI0YCK

BBITNIOJTHSIOTCS YCJIOBHSI IIAPHUPHOTO OMUPAHUS.

[MoxacraBnss pemenus (8) B (3), yuuThiBasi KOHTaKTHBIC YCIOBUs (4) U Beipaxkenue (7), BeIpaxas
TIOCTOSIHHBIE Ugz, U2, Wo2 Y€pe3 TOCTOSTHHBIE Ug1, Vg1, Wo1, A TMOTHOW dHEPTUuU (3) MOITyduM
MOJIMHOM BTOPOTO MOPSJIKAa OTHOCUTEIBHO MOCTOSIHHBIX Ug1, Y1, Wo1:

— 5 a2 = 92 o2 = = =
1= @11ugy + $22901 + P33Wiy1 + Paalio1Y01 + PssUo1Wor + PeeVo1Wor-
U3-3a crnoxHOCTH KOIQGUIMEHTOB Py, Py Pazs Pas» Poss Py BBIPAKEHHE HMX 37ECH HE

MPUBOAMUTCS. BBINIONIHAS onepanu BapbUpOBaHUs B BbIpakeHUU [I OTHOCHTENBHO HE3aBUCHMBIX
MOCTOSIHHBIX U1, Ug1, Wo1 ¥ TpUpaBHHUBAS KOA(DPHUIIMEHTH HE3aBUCUMBIX BapHaluii K HYIIO,
MOJIYYUM CJIEIYIOIIYIO CUCTEMY areOpanvdecKuxX OJHOPOIHBIX YPAaBHEHHUIA:

20, uo1 + P01 + Psswor =0,
¢44u01 + 2(70221901 + (T066W01 =0, 9
¢55u01 + (T0661901 + 2(7033W01 =0.

Tak kak cucrema (9) JIMHEHHAs U OAHOpOAHAasA, TO IJid CYIICCTBOBAHUSA €€ HCTPHUBUAJIBHBIX

peleHnii HeOOXOAUMBIM M JOCTATOYHBIM YCIOBUEM SBISIETCS PAaBEHCTBO HYJIO €€ IJIaBHOI'O
onpenenures. B pe3ynbrare Mosy4uM 4aCTOTHOE YPaBHEHHUE:

20, @y Pss
Pay 20y Pe |=0. (10)
Pss  Pgs  2P33

VYpasuaenue (10) Hanuiem B BUIE:

4011P22P33 + PasPssPes — PésPaz — PéeP11 — PiaPss = 0. (11)
VYpasuenue (10) peanuzoBano unciaeHHO. 15 mapamMeTpoB 3a1ay, BXOAAIIUX B PEIICHHUE, PUHSATHI:
_ _ 8 N _ 6 N a h _ _ _
kl—k2—710 W, kS_1110 W’ E—B, F—g, Vi = V2—0,35.

Pe3ynbrarhl BeIUMCICHUN TPUBEACHBI HA pUC. 2 B BUJIE 3aBUCUMOCTH IapaMeTpa 4acToT oT 1, Ha
puc. 3 mapameTrpa 4acToT OT oTHomeHwi a/R. U3 puc.2 BUAHO, YTO C yBeIMYEeHHUEM yria 0,
3HaUEHUE TMapaMmerpa 4YacToT yBenuuuBaeTcs. C yBeNTUYEHHEM JIUHBI O0OJOYEK 3HAYCHHE
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