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BITMAHUE NEPEMEHHOIO MOAYNA YNPYTOCTU HA HENUHEWHOE
AEPOPMNPOBAHUE LIWITMHOPUYECKOWU OBOJIOYKHA

B 3aBMCMMOCTM OT OTHOLUEHWS MoAyrei Ynpyroctm paccmaTpuBaeTcsi noBeaeHue
aHM30TPOMHOW LUNMHAPUYECKON 06OMNOYKMU NPY HEOAHOPOAHOM B paAuarnbHOM HanpaBneHun
HarpykeHuM «BeTPOBOro» TWUMa, UCCreAyeTCA BRUSAHME M3MEHAEMOCTU BHELUHeW Harpysku
1 BUAa rpaHUYHbIX YCIOBUI Ha TOPLIAX 0GONOYKM Ha BENUYMHY KPUTUHECKOMW Harpy3Ku.

Knroyeenbie crioea: aHu3omporHas 0605104Ka, Kpumuyveckasi Hagpy3Ka, rnosHbIlU (OyHKYUOHa,
ronuHoMb!1 SpMuma, Hagpy3ka “eempogo2o” mura.

BBegeHune. CoBpeMeHHble TEHOEHLMM WUCMNONb30BAHUS KOMMO3ULMOHHbIX
MaTepuanoB, B 4aCTHOCTM Pa3HOMOAYSIbHbIX, B PaKeTOCTPOEHMM, MalUNHO-
CTpOeHUW, MeauuuMHe wn ap. obycnaBnuMBaeT HeobGXOOUMOCTb MPOBEAEHUS
LUMPOKOMACLUTAOHOro YMCNEHHOrO 3KCMEPUMEHTa C LEeNbio aHanuia BIUSHUSA
yKa3aHHbIX CBOWCTB KOMMO3ULIMOHHOIO MaTepuana Ha KpUTUYEecKue Harpysku
N3roTOBIEHHBIX U3 HEro TOHKOCTEHHbIX 000M0YeK, HaXOASLMXCA B YCNOBUSX
CYLLECTBEHHO HEOAHOPOAHOro HarpyxeHus. BebiweckasaHHoe onpepenser
aKTyanbHOCTb paccmMaTpvBaeMown 3a4auu.

B nocnegHee Bpemsi nosiBUNocb Gonblioe KonMyecTBo nybnukauun,
CBA3AHHbIX C MOCTPOEHMEM Modenu [edOpMUPOBAHUSA  KOMMO3ULMOHHbBIX
obornouyek [1, 5], a Takke ¢ y4eTOM 0CcOBeHHOCTU X aedopmMnpoBaHus [2, 3, 6].
Mexay Tem aHanu3 BfUSHWSE PasHOMOAOYSbHOCTU MaTepuana B coveTaHuu
C y4EeTOM HEeNMHEeNHOCTM [edOPMMPOBAHUS OCTaeTCs HEeucCriefoBaHHbIM.
B To )xe Bpems aHanu3 Kaxaoro M3 ykasaHHbIx pakTtopoB [3] nokasbiBaer,
YTO UX BNUSHUE HA KPUTUYECKME Harpy3ku U HENMHEWHOe MOBEeAEHME BENMUKO.
HacToswas paboTa nocssieHa UccnegoBaHuio ykasaHHOro B3aMMOAENCTBUS.

MoctaHoBKa 3agjayM M MaTemaTuveckasa wmMopenb. PaccmartpuBaetcs
KpyroBas uunuHgpuyeckass obornodka nog [OencTtBMEM  HEPaBHOMEPHOro
BHELUHEro JABMEHUsI, NMPOU3BOSIbHO N3MEHSIIOLLIErOCH B OKPY)XXHOM HanpasfieHuu
M Mano wu3aMeHsilowerocs no AnuHe obonodkn. O6onoyka W3roToBneHa
N3 OPTOTPOMHOrO  MaTepuana, npuyem OCM  OpPTOTPONMM  COBMAZAT
C HanpaBfeHUsMN [NaBHbIX KpMBM3H obonoykM. [na paccmatpuBaemoro
cnocoba HarpyxeHusi xapaktepHa Manas MW3MEHSEMOCTb W3MMOHbLIX hopm
B NPOAOSIbHOM HaMpaBfeHUN WU CYLLECTBEHHAs HENMMHEWHOCTb AOKPUTUYECKOrO
COCTOSIHUSA 060M0YKM, NOSTOMY HEOBXOAMMO BOCMONb30BATLCA COOTHOLLEHUSIMU
HENMHENHON TEOPUMN TOHKUX YNPYrnx o6onoYek.

C nomowpl BapuauMOHHOIO noaxoda, W3noxeHHoro B [3], KoTOpbIn
MO3BOMSIET MPOBECTU  YMPOLLUEHUST BCEX COOTHOLUEHUA MPU  MOCTPOEHUN
NPUONMXKEHHOW MOLENU, pelleHne MOXeT OblTb MONy4YeHO Kak Touka
CTaLMOHAPHOCTM NOSIHOIO (pyHKLMOHana
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(e, v, w)= h_l(u(p,vd),wQ)); (ky1.k2 . Kyn )= Rz—l(kﬁ,kg‘;,kg),
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yNpyrocTu maTepuana B NpoAosisHOM M NMONepeYHoOM HanpaBneHusXx.

M3 ycnoBua CTauMOHApHOCTM PyHKUMOHana O  credyloT  dusuyeckue
N reOMETPUYECKNE COOTHOLLEHUS, YPaBHEHUSI PABHOBECUS W TPaHWYHbIE YCIOBUS
paccmaTtpvBaemMoit 060oYkn. Yncno HemsBeCTHbIX (PyHKUMIA 3agayun yMeHbLUaeTcs
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n3 ycrnoeuda CtTaunMOHapPHOCTU qDyHKU,VIOHaJ'Ia 31 MOXHO nony4nTtb cnepgywuine
pa3pelwiarine ypaBHeHUA B YHaCTHbIX MPOU3BOAHbIX:

Cll—& 62 tawa w &6T22+6T12:
dg? 08 gg? ) Cyp 0E  om

oT oT; ow
2 %2 +Goy| v—y-2Y | =0;
on 0§ on

2 2 2 2
t Cll_& aua [a—wj a w +Z&T226 Zv+l‘T22—a W+
Cy )| 08 oe? 08 ) oe? Cyn 7ot on

2 2 4
+2lle —a W+ G23 a ‘:4‘ ay @ lz i Cll_& —6 W—
o on~ on on 12 2

C M o*w > w
Cip "My 122( LI K J Ty —g=0;
¢ oE? 0E™m 0E™n

2 3
G23£y—v+8—wj _2| My G12 o7y 52W e
on on oe?  8g’n

2 2,
—C12 8_14 L—a‘; 6—W-|-W-i-ta —LTzz—o.
Cn |08 20 o8 2on? Cn
2
v ou owow 1 o _ ;ﬂ_&a_;v_iMD:o
0 on o0& on Gy on Cyp g~ Cp

Metoa peweHuA. YuuTbiBasgs Manyw M3MEHSIEMOCTb M3MMOHbIX  opMm
B NPOAOSNBLHOM HanpaBfeHUN, peLleHne 3adadn MOXHO  annpoKCMMUPOBAThb
Mo NpogoNbHOM  KoopAauMHaTe  HebomblMM  YMCAOM  rNagkmx  pyHKUMA.
Bocnonb3yemcsi KOHEYHO-3NEMEHTHOW annpokcumauuein nonvHoMamu JpmuTa
TpeTben CcTeneHn, koTopas obecneumBaeT HEMNPEPLIBHOCTb (PYHKUMIA M UX
nepBbIX NPou3BoAHbLIX. OrpaHNYMMcs pacyneHeHMem 060moYkn B MPOLOSIbHOM
HanpaBneHUn Ha [Ba anemeHTa. Mcnonb3ys CUMMETPUIO  KOHCTPYKLUM
U pELLEHUs] OTHOCUTENBHO cedeHuss E=L/(2R), MOXHO pPacCMOTPETb TONbKO

OOWH 3N1eMEHT, yOOoBIeTBOpPUB YCIIoOBUAM CUMMETpUmn
6T22_6M22 —u= 8\/ 8w 6)/

¢ ¢ & 0 ¢
Torp.a pewieHne 3agadn MOXHO npeacTtaBnuTb B BUae
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12= —-=0 npu §=L/(2R).

204



rae Hy=2s>-3s>+1, Hy= s> 25> +s, Hy=—25>+3s> , Hy=s"—s, s=2&1,
[=L/R — 6e3pa3mepHas AnrHa oGONOYKM.

Ha rpaHuWyHOM KOHType annpokcumaumsi (4) p[orkHa yaoBNeTBOPSTb
yCrnoBusiM LIapHUpHoro onupaxus (3). Mpeacrasum pewwenne U B BUAE:

U=uUH; +UyHy +UsH,; Uy = —(t/l)w%; V=V,H, +V3H3;
W=W,Hy +W3H3; 7 =7y,H; +73H3; (5)
Ty =ToH, +TgH3; Ty =TiH + T4Hy, Moy = MoH, + MgH3.
B aTOM cryyae BCe [paHUuYHbIE YCIOBWsl, Kpome ycrosus M;;=0,
YAOBMETBOPSIOTCA BbIGOPOM amnnuTyd annpokcumauuun. Ycnosue Ansa My

1
OCTaeTCsl eCTECTBEHHbIM NS (PyHKUMOHana I . WHTerpan B BbipaxkeHun (2)
npumeT Buz
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MoactaBum cooTHoweHns (5) B dyHkumoHan (2), Toraa Bce dyHKUUW,
3aBuCALLME OT NEPEMEHHON f, OyayT N3BECTHbI, Y MO 3TON NEPEMEHHON MOXHO
BbINOMHUTL  MHTerpypoBaHue. [Mony4vyeHHbIi  yHKUMOHAN  npoBapbupyem
MO HEM3BECTHbIM  HE3AaBUCUMbIM  (PYHKLMAM Ug, Uy, Uy, Vg, Wy Wy, 75,73, T, T,

T,,T,,M,,M; 1 npupaBHsieM BbIpaKeHNe Npu HEe3aBUCUMbIX BapuaLuax HyIto,

BbIMOJSIHUB, TakuM 06pa3oM, YCroBUE CTaUMOHAPHOCTM (hyHKUMOHana. Monyyum
cnepyoLime ypaBHeHUs:
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MonyyeHHasi cucTema JONOMHSAETCH rPaHUYHBLIMK YCIOBUSIMI MO koopauHaTte 77 .

B paHHOM paboTe paccMaTpvBanMCb HECKOMbKO BapuaHTOB PaHMYHbIX
YyCNOBMIN Ha Topuax oOOOMOYKM W COOTBETCTBEHHO CUCTEM  YpaBHEHWN,
aHanornyHbix (6):

l) TUZO, T12=0, WZO, MXZO;

2)u=0, v=0, w=0, w=0;

3) u=0, v=0, w=0, M, =0, 7)
4) 7;=0, v=0, w=0, w=0;

5) 7;; =0, v=0, w=0, M,=0.

3apgava pelaeTcs nytem cBefeHus KpaeBoWn 3agaun (6)
C COOTBETCTBYHOLLMMU T[PAHUYHBIMK yCroBusIMM K 3agade Kowwn metogom
HbloTOHa B coveTaHuy ¢ MeToAoM ABMXKEHUS NO napameTpy Harpysku [3].

YucneHHbin aHanus. [lpy 4MCnNeHHOM pacyeTe paccmaTpuBanochb
HenuHeltHoe AedopMMpoBaHME UUNUHAPUYECKOW O06OMOYKM MNoA AEWCTBUEM
Harpysku “BeTpoBoro” Tuna

g=qola+Beosn)". (8)

Ha puc.1 npencTtaeneHbl rpaduky  3aBUCUMOCTEN KPUTUHYECKOW Harpysaku
OT COOTHOLLEHVSI MOAYNEN YNPYyrocT B MPOAOIILHOM U OKPY)KHOM HarpaBreHusIx
Ans o6onoyku ¢ reometpueit L/R=2, R/h=100 nop Harpyskol ¢ napameTpamu

a= =05 un m=6 npu pasHom 3akpenneHun TopLloB (7). S3HaueHne KpUTNHECKON

HarpysKki ¢,,, OTHECEHO K KPWUTMYECKOW Harpyske Ans U3oTponHo obonoykn ¢ [1].
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Puc. 1 — 3aBUCMMOCTb KPUTUYECKOW Harpy3ku OT COOTHOLLEHUs1 MOAYIeN Ynpyroctu

Homep KpvBOIM COOTBETCTBYET HOMEPY FPaHMYHBIX YCNoBui B dpopmynax (7),
XVWPHOW NUHMEen npusedeHa KpuBas ANS paBHOMEPHOro BHELUHero AaBfeHus
npv wapHMpHom onupaHun [3]. U3 rpadmka BuOHO, 4TO AN BCEX BMAOB
rPaHUYHbIX YCMOBUWA KpUTMYECKas Harpyska 3HauuTenbHO Bbllwe ansd 6onee
“KeCTKON” B OKPY>KHOM HanpasfneHnn o6onoykn. [nsa rpaHnMyHbIX ycrnosui Buaa 2
n 3 n3 (7) 3HayeHne KpUTUYECKOM Harpyskn npakTudeckn coBnagaeT npu nobom
COOTHOLLEHUM Mopynen ynpyroctu. [ns 6onee “MArkon” B OKPY>XHOM Hanpas-
neHnn 0BONOYKM BUA rPaHNYHbIX YCINOBUIA cnabo BNUSIET Ha 3HAYEHWE KpUTUYeEC-
KON Harpysku. U3 rpacpmkoB (puc. 1) Takke BWOHO, YTO HanMyne acMMMETpum
B Harpyske 3Ha4MTEeNbHO YCUNMBAET BIUSHME aAHU3OTPOMNMM Ha 3HAYEHMe
KpuTuyeckon Harpysku. Criegyetr OTMETUTb, YTO Ans 00O0NoYeK C rpaHUyYHbIMM
ycnosusamu Buaa 1, 4 1 5 u3 (7) COOTHOLLEHME XeCTKOCTeN He BNusieT Ha chopmy
BONHOOOpa3oBaHus, gedopmMupoBaHMe 0BOO0NOYKM HOCUT fOKarnbHbIA XapakTep,
npu4yemM MakcuMManbHbIi nNpormb HanpaBneH BHYTPb 060M0YKKM, aHanorM4Ho
cnyydato gecdopmupoBaHMsa mM3oTponHonm obonoykm [3]. Tak ke BegeTr cebs

obornoyka C rpaHuyHbIMK ycroBusimu 2 1 3 npu E;/E, <1, anpu E|/E, >1

nedopmrpoBaHue 06OMOYKM HOCWUT NOKanbHbIA XapakTep, B TO BpeMsi Kak
MakcUMarnbHbI NPOrnMb HanpaBneH Hapyxy.

Ha puc. 2-3 npuBeaeHbl rpacpukm 3aBUCUMOCTU KPUTUYECKOW Harpysku oT ee
nameHsiemoctn (napameTtpa M B (11)) npu wapHUpHOM (KpmBas 1) M XecTkoM

(kpuBas 2) 3akpenneHuu Topuos aAns E /E, =0,2 (puc. 2) u E,/E, =2 (puc. 3).
[Ons Gonee “KecTkon” B OKPY)XHOM HanpasrneHum obonoudkn (puc. 1) 3HadeHue

KPUTMYECKOWN Harpy3ku 3HauuTenbHO Bbile, Yem ans Gornee “msrkon” (pwuc. 2).
B obomx cnyyasx KpuTudeckas Harpyska 3HauMTemnbHO Bbile MPU XKECTKOM

3auiemMrieHnn no OTHOWEHUK K LULapHUPHOMY OonnpaHuio.
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Puc. 2 — 3aBUCMMOCTL KPUTMHECKOI Harpy3ku oT ee uameHsiemoctu npu E, /E, =0,2
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Puc. 3 — 3aBUCMMOCTb KPUTUYECKOM Harpy3ku oT ee MU3MEeHAeMOCTH Npu El/E2 =2

M3 cpaBHeHus puc.2 n puc. 3 BUMOHO, YTO XapakTep BIWUSHWUS FPaHWYHbIX
YCMOBMN B 3aBMCUMOCTW OT COOTHOLUEHWS MoAynen YnpyrocTn coxpaHsieTcs
npu pasnuyHbiX NapaMeTpax U3MeHIeMOCTU OENCTBYIOLLEN Harpy3Ku.

BbiBoabl. [lpoBedeHHbI aHanvM3 nokasblBaeT, YTO aHW30TPONUs MeXaHu-
YeCKMX CBOWCTB TOHKOCTEHHbIX OBOMOYeK CyWeCTBEHHO BIUSIET Ha 3HayeHus
KPUTUYECKMX HAarpy3ok npyv HEOCECUMMETPUYHOW AedhopMauum U Ha UX 3aBUCU-
MOCTb OT rpaHW4HbIX ycnoBui. OTHOCUTENbHOE YMEHbLLUEHNE KECTKOCTU B OKPYX-
HOM HanpaBneHWn BrieveT 3a COOOW pesKoe CHWDKEHUE KPUTUYECKUX Harpy3ok
npu HeocecMMMETPUYHON AedopmaLimn.
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BMJMB 3MIHHOIO MOAYNsA NPYXHOCTI
HA HENIHIMHE OE®OPMYBAHHA LWNIHOAPUYHOI OBOJIOHKU

B 3anexHocCTi BiA BiAHOWEHHS MOAYNEN MPYXHOCTI PO3rnsAacTbCA noBeAiHKa
aHi3oTpPONHOI LUUNiHAPUYHOI OGONMOHKW nNifp Aield HeoAHOpiAHOro B pagianbHOMY
HanNpsAMKY HaBaHTaXeHHA “BiTPOBOro” TUMy, [AOCNIMKYETLCA BNIUB  3MiHHOCTI
30BHILIHLOrO HaBaHTaXeHHS1 i TUNY rPaHMYHUX YMOB Ha TOPLAX OGONMOHKN Ha BeNUYUHY
KPUTUYHOIO HaBaHTaXEHHA.

Knroyoei cnoea: aHisomporHa 060/10HKa, KpUmMuU4YHe HagaHMaXeHHs1, No8HUl ¢byHKUIOHa,
rnoniHomu Epmima, HasaHmaxeHHs1 “8impogoao” murly.

N. I. Obodan, Professor, G. M. Gavelya, M. J. Kiseleov, Associate Professor
INFLUENCE OF VARIABLE ELASTIC MODULUS
ON CYLINDRICAL SHELL NON-LINEAR DEFORMATION

Anisotropic cylindrical shell subjected to a non-uniform “wind”-type load
is considered. Critical loads are presented against external load variability and boundary
conditions types.

Keywords: anisotropic shell, critical load, complete functional, Hermitian polynomials,
“wind”-type load.

Problem statement and numerical method. The circular cylindrical shell
under non-uniform external pressure is considered. Pressure is changing in a radial
direction and almost does not vary along the length of the shell. The shell is made
from orthotropyc material, and axes of orthotropy coincide with directions of main
curvatures of the shell. For this way of loading under consideration little variability
of bending forms in a longitudinal direction and essential nonlinearity of subcritical
conditions of the shell are typical, therefore it is necessary to use relationships
of the nonlinear theory of thin elastic shells.

With the help of the variational approach stated in [5], which simplifies of all
relations during creation of the approximate model, the solution can be received
as a station point of full functional.
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As long as functional U is stationary, physical and geometrical relations

and equations of balance and boundary conditions of the considered shell follow.
The number of unknown functions of the problem decreases in functional U , when

dependences which are obtained from physical and geometrical relations, stand.

Taking into account small variability of bend forms in longitudinal direction,
the solution of the problem can be approximated on longitudinal coordinate
by small number of smooth functions. For this purpose finite-element
approximation by Hermite third degree polynomials was used, which provides
a continuity of functions and their first derivatives.

In the given work some variants of boundary conditions at end faces of shell
were analyzed:

1) ;; =0, T,=0, w=0, M,=0;

2)u=0, v=0, w=0, w=0;

3) u=0, v=0, w=0, M, =0; 1)
4) 7;;=0, v=0, w=0, w=0;

5) 711 =0, v=0, w=0, M,=0.

The problem was solved by transformation of boundary value problem
with corresponding boundary conditions into Cauchy problem using Newton
method in combination with load parameter movement method [5].

Numerical analysis. Numerical calculation considered nonlinear deformation
of a cylindrical shell with parameters L/R=2, R/h=100, where L,h,R -

length, thickness and radius of the shell, E;, E,— factors of elasticity of a material
in longitudinal and cross directions under action of loading of "wind" type
a=qg(a+Bcosn)"with parameters a=£=05 and m =6 at different

fastening of end faces (1).

Numerical data assures that for all kinds of boundary conditions critical
loading is much higher for shell which is more "rigid" in radial direction.
For boundary conditions of kind 2 and 3 from (1) value of critical loading
practically coincides at any value of elasticity modules. For a shell which
is "softer" in radial direction the kind of boundary conditions almost do not affect
value of critical loading. It is also evident from calculations, that presence
of asymmetry in loading considerably strengthens influence of anisotropy
on value of critical loading. It is necessary to note, that for environments
with boundary conditions of kind 1, 4 and 5 from (1) rigidity relation does
not influence the form of wave formation. Deformation of the shell has local
character, and the maximal deflection is directed inside of the shell, similar
to the case of isotropic shell deformations [1]. The shell with boundary conditions
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ofkind 2 and 3 behaves similarly with E;/E, <1, and with E;/E, >1

deformation is local, but maximum deflection is directed outside.

Conclusions. The analysis shows that anisotropy of mechanical properties
of thin-walled shells essentially influences values of critical load under non-
asymmetrical deformations and on their dependence on boundary conditions.
Relative reduction of rigidity in radial direction leads to significant drop of critical
loads at non-asymmetrical deformations.
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