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Hccenemyercst HANPsKEHHOE COCTOSIHUE U30TPOITHOM C(heprudeckoi 000I0uKn
10/ ISHCTBUEM IPOU3BOJILHOW HATPY3KH HA OCHOBE HEKJIaccuuecko Teopuu. [1pu
MIOCTPOSHNHT MAaTEMaTHIECKOM MOJIENTH 000JIOUKH IPHMEHSIOTCSI TPEXMEPHEIE ypaB-
HEHHsI TEOpUH ynpyroctu. [lepeMerieHus mpeacTaBiIsoTCs B BUJIE TOJTUHOMOB 110
HOPMAaJIbHOM K CpEIMHHOI MOBEPXHOCTH KOOPANHATE HA JIBE CTETIEHH BBIIIE OTHO-
CUTEJIBHO Kitaccuueckoil Teopun tuna Kupxroda — JIsisa. B pesynbrare MunnMunza-
LM yTOYHEHHOTO 3HAYeHUSI SHEPTreTHIecKoro GyHKIrnoHaa Jlarpamka moxydeHst
cucreMa audhepeHIaIbHbIX ypaBHEHUH PABHOBECHS B IEPEMEIIICHHSIX U €CTECT-
BEHHBIE TPAHUYHbIE YCIOBHSL. 3a/1a4a MPUBEICHNS IBYMEPHBIX YPAaBHEHHH K OOBIK-
HOBEHHBIM T (depeHInaIbHBIM OCYIIECTBISACTCS MYTEM Pa3I0KEHHSI KOMIIOHEHT
NepeMEeIeHUH U BHEITHUX HArpy30K B TPUTOHOMETPUUECKUE PABI IO OKPYKHOM
KOOpJMHATE.

Perrenue copmynupoBaHHOI KpaeBo 3a1a4H IIPOBOIUTCS METOIaMH KOHEY-
HBIX Pa3HOCTEW M MaTPUYHOM IPOTOHKU. B pe3yibrare noiryueHsl nepeMenieHus B
y3J1aX CeTKH, JUIsl allPOKCHMAlUK KOTOPBIX HUCIIONB3YIOTCS CIUIaiHbI. Jledopma-
LUK 000JIOYKH HAXOAATCS C TOMOIIBIO TEOMETPHUECKUX COOTHOIICHHH, TAHTCHIIU-
aTbHBIC HANPSDKEHUS MOMYYalOTCsl M3 COOTHOIIEeHWH 3akoHa ['yka. [lomepeunsie
HaTpSOKEHUS ONPEICISIOTCS HEeMOCPEJACTBEHHBIM HHTEIPUPOBAHUEM YPaBHEHUI
paBHOBECHSI TPEXMEPHOM TEOPUH YIIPYTOCTH.

IIpuBenen npumep pacuera noaychepudeckoil 000I04KH, JKECTKO 3aIEeMIICH-
HOM TI0 HIYKHEMY KOHTYpy OCHOBaHHUs. O00JI0UKa HAXOUTCS TIO]T JICHCTBUEM BET-
poBoii Harpy3ku. CpaBHEHHE PE3YJIBTATOB, MOJIYYSHHBIX 110 YTOUHEHHOH TEOpUH, C
JTAHHBIMHU KJIACCUYECKOM TEOPHH M0Ka3aJ10, YTO B 30HE UCKAKEHUS HAIPSKEHHOTO
COCTOSIHUSI HOpMaJIbHbIE TAHT€HIIMAJIbHbIC HAIPSKEHUS CYILIECTBEHHO YTOYHSIOT-
Csl U MOTIEPEYHbIE HOPMAJIbHBIC HAIIPSKEHUS, KOTOPBIMU B KJIACCHUYECKOH TEOpUU
MpeHedperaroT, IMEIOT OJIMH MOPSIIOK ¢ MAKCUMAaJIbHBIMHM 3HAYEHUSIMH OCHOBHOT'O
M3rUOHOTO HAMIPSHKCHNS.

PaccmoTpeHo BiIMSHHE OTHOCUTEIBHOM TONIIMHBI HA HANPSKEHHOE COCTOS-
HHUE 000T0YKH. YCTAaHOBIEHO, YTO TOJIIMHA OOOJIOUKH CYIIECTBEHHO YBEININBACT

* Boinonaeno npu punancosoit nopuepskke POD®U (rpant Ne 17-08-00849).
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MOTPELTHOCTh KIJIACCHYECKOW TEOPUH TPHU OINPEeNIeHUH HANPSKEHUH U OLIEHKE
MIPOYHOCTH AIIEMEHTOB aBUALIMOHHBIX KOHCTPYKIIHIA.

Kouesvie crosa: cheprudeckas 00051049Ka, BAPHAMOHHBIN npuHIMI JlarpaH-
’Ka, YTOYHEHHAsh MaTeMaTH4YecKast MOZEsb, YPABHEHUSI PABHOBECHS U €CTECTBEH-
HBIE TPAaHUYHBIC YCIIOBHS, TPUTOHOMETPHUYECKHUE PsI/IbI, KpaeBas 3a/ada, METO.
KOHEUYHBIX Pa3HOCTEH, METOJ MaTPUYHOM MTPOTOHKH, IIPOU3BOJIbHAS HATPY3Ka, Ha-
NIPSDKEHHO-1e(hOPMUPOBAHHOE COCTOSIHUE «IIOTPAHCIIONY, TOTEpPEeYHbIe HOPMaJlb-
HBIC HaNpSHKEHUS.

BBepeHune

B Hacrosiee Bpemsi HHKEHEpHbIE pacyeThl chepruuecKkux 000JI0YeK B MAIIUHO-
CTPOCHUH, B TOM YHCJIE B aBHAIIMOHHON M PaKETHO-KOCMUYECKOH OTpaciy, 0a3upyroTcs
Ha pe3ynbTaTax Kinaccudeckoi Teopun odbonouek tuna Kupxropa —Jlssa [1-4]. Ha ocno-
BE THIIOTE3 ATOH TEOPHH HOPMaJIbHBIE CABUTOBBIE Ae(hOPMAIIH IIPHPABHABAIOTCS HYITIO,
a KacaTeJIbHBIMH C/IBUTOBBIMHU e(hOpPMAIISIMU IPEHEOPETatoT U3-32 UX MaJIOCTH.

Pesynbrarhl pacuera HanpsbkeHHO-Ieopmupyemoro coctostaust (HJIC) obomodex BOIM-
31 30H €ro UCKaXXCHHA, TO €CTh COCHHHCHHﬁ, CTBIKOB, JIOKAJIbHBIX U 6I>ICTpO HU3MCHAIO-
LIMXCS HArPy30K, 110 KJIIACCUYECKON TEOPUH HE JAI0T YIOBIETBOPUTEIILHOIO COOTBETCTBUS
C MPAKTUUECKUMHU pe3yibraramMiL. [Ipr mocTpoeHn npuOImKeHHOH Teopru 000JI04eK, CBO-
6omuoi ot runore3 Kupxroda — JIsBa, momydaum pacripocTpaHeHHEe METO ITPSIMOTO ACHMIT-
TOTUYECKOTO MHTETPUPOBAHUS TU(P(EPEHITUATBHBIX yPABHEHUI TPEXMEPHOI TCOPHHU YIIPY-
roctu [2, 5]. ACHMIITOTHYECKHE METO/IbI HAIIUIH YCIIEIITHOE TPUMEHEHHE B MCCIIEIOBAHH-
sx JILA. AranossiHa [6, 7], B.B. bonoruna [8], K. ®punpuxca [9], D. Peiiccuepa [10].

B craresax [11, 12] 3agaua o nonosauTensHoM HJIC BONM3H 3a1ieMIICHHOTO Kpast 110
OTHOILEHHMIO K KJTacCUYeCKOM Teopuu Obl1a perieHa B.B. @upcanoBsIM B BapHainoHHON
[IOCTaHOBKe MeToioM BilacoBa — KanTopoBHUa ¢ MOMOILBIO CIIEUAIBHO TOCTPOESHHON
MOJTMHOMHAIIFHOU anmpoKkcuMupytomiei ¢pynkuuu. [Ipu paccMoTpennu npuMepa pacue-
Ta NPSAMOYTOIBHOM OPTOTPONHOM IIACTUHKH YCTAHOBIIEHO, YTO IOTIOJIHUTEILHOE CaMO-
ypasHoBemenHoe HJ[C BONMM3M 3ameMICHHOTO Kpasi, yTOUHSIONIEE KIaCCUYECKYIO TEO-
pHI0, BHOCUT CYLIIECTBEHHBIH BKJIa/ B 00IL€e HAPSYKEHHOE COCTOSTHUE.

C TOMOLIBIO METOAOB MPOCTBIX I/ITepaIlI/Iﬁ U aCUMITOTUYCCKOT'O MHTCTPUPOBAHUSA
E.M. 3BepsieBbiM [13—15] Obuta penieHa npoOieMa MoCcTpoeHUs: Moneneld Tuma Tumo-
IIEHKO ISl CTATHUECKUX U JUHAMHUYCCKUX 33J]a4 TEOPHU OaJIOK, MIACTHH U 000JIOUEK.
[Ipu 3TOM acCUMITOTUYECKUE OLIEHKHU, COITPOBOXKAAIOIINE IPOCTHIE UTEPALIUHU, JAt0T BO3-
MOXHOCTb OT6pOCI/ITI) BTOPOCTCIICHHBIC YJICHBI, OUCHUTH CKOPOCTh CXOAUMOCTH UTEPaA-
LIMOHHOTO TpoLecca, J0Ka3aTh aCUMITOTHUYECKYIO CXOAUMOCTb U IOJIYyYHUTh MPOCThIE
MOJIETH 3a/1au.

Hpyroit moaxon, npennoxeHHbIN B cTaThsix B.B. Bacunbesa u C.A. Jlypwe [16, 17],
OCHOBaH Ha NPEACTABJICHUU MEPEMEIICHNS B BUAC TOJIMHOMUAJIBHBIX PAJOB 11O HOpMaJIb-
HOU KOOpAMHATE U CBSA3BIBACT MEXK/ITY COOOI KOIMYECTBO CIaraeéMbIX B OTHX Pa3lIOKECHH-
AX MO0 TAHTCHIUAJIBHBIM U NOINCPECUYHOMY HAIIPABJICHUSM. Ha ocnoBe »Toro noaxoaa B
nyonmkamusx [18—-20] noctpoeHa yrouneHnHas Teopus pacuera HJIC Ha ciydait npouns-
BOJIBHBIX OPTOTPOIHBIX 000JI09€EK, 000I04YeK MEPEMEHHOM TOMIINHBI, a TaKKe 337a4 O
CBOOOIHBIX KOJIEOAHUIX.

B Hacrosmeii cratbe B pamMkax ykazanHoro nmoaxona [ 18—20] uccnenyercst HAC cde-
pHUYECKOi 000JIOUKH O] ICHCTBUEM IPOU3BOIBHOMN HATPY3KH, a TAKXKE BIMSHHE OTHO-
CHUTEJIHOH TOJIIMHBI Ha HAIIPSHKEHHOE COCTOSIHUE 000I0UKH.
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1. YpaBHeHUs paBHOBeCUA Teopumn cchepryeckor 060mnoUKku
B NepemMeLleHUsIX Ha OCHOBE HeKITacCU4ecKon Teopum

Paccmarpusaetcs ceprueckast 000104UKa U3 H30TPOITHOTO MaTepHasa B OPTOTOHATb-
HoM cucteme koopaunar (0, @, &) (puc. 1). O603HaunM vepe3 R XxapakTepHBIH paanyc
0007104KH, a uepe3 2/1 — ee MOCTOSTHHYO TOJIINHY.

Puc. 1. Cepuueckas o6omouka

[TpuHUMAETCS, YTO HA JIMIEBBIX TIOBEPXHOCTAX 000M0uKH & = T/ 3a1aHbl TpaHnY-
HBIE YCIIOBUSL:

o,(Eh)=q5(0,9), i=1,2,3. ()

B cootBerctBuu ¢ [18] Oymem mpearnonararb, YTO0 KHCKOMbIC YIIPYTHE MTEPEMEIICHHUS
U,, U,, U, uMeroT acCUMIITOTHIECKUE MTPEJCTABICHUS BUA:

3 E,k
Ul (67 o0, &.-) = Zuk (67 (p)F:
k=0
3 (tgk
U2 (e, ®, E,a) = ka (e’ (p)ﬁ’ (2)
k=0 .

2 k
Us(0,0,8) = Zwk(e,cp)%,
k=0

e uHaeKcH 1, 2, 3 cooTBeTcTBYIOT Koopaunaram 0, @ u &. Pasnoxkenue (2) noBeImaeT
Ha ABa nopsaKa CTCIICHb [MOJIMHOMOB, alllIPOKCUMUPYIOIINX NCKOMBIC IEPEMCIICHUS 110
HOpPMAaJIbHOM KOOPAMHATE, [0 CPABHEHUIO C KJIJACCUYECKON TEOPUEH.

IToncraBnsisi reoMeTpu4eCcKre YpaBHEHUS U Pa3iokeHus (2) B yCIOBHE MUHUMYyMa
¢yuxmonana Jlarpanka, moyduM CHCTEMY YpaBHEHHI paBHOBECHS TCOpUH ceprdec-
KHX 000JI0YEK B MIEPEMEIICHUSX:

: 0 o’ 8’ 2
"+ Kif" —+ Ki)" —+ Kiyy — |u,, + Y | Ki)¥ —+K v, +
g 1 66 11 692 22 ([)2 Z 12 666 k
+ZKZ _KZqBQB Ki™ g, i=14,
3 2 2 2
Kiyn —+Kz“'" u, +Z Kig* +Kini+Kin_+Kin_ v, +
m=0 2 666 ! 00 11 662 22 5([)2 k
+ ZKI Klq23Q23 Kiq2_3qf3, i= i,
(P
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3 U U a 3 .V avk 2 W, - W, 6 =W, 62
Z Kiy" +Kii" — |u,, +ZK12" —+ Z Kiy" + Kiy " —+Kiy " —+
m=0 o0 k=0 0 5 o0 o0

2

P .
+ Kiyy' w} w, == Ki"® g3, — Ki"®qy,, i=9,10,11, 3)

C rPaHIYHBIMH YCTOBHSAMH Ha KECTKO 3alllEMICHHOM KParo 000I0UYKH CIIeTYyFOIIEro BUJa:
u, =0, (m=0,3); v,=0, (k=0,3); w,=0, (n=0,2) npn 6=%6,. (4

B ypaBuenusix (3) BenuunHamu Ki ¢ HHJIEKCAMU 0003HAYECHBI TIepEMEHHbIE K03 hH-
IIIEHTHI, 3aBUCSIINE OT T€OMETPUYECKHX ITApaMeTPOB, YIIPYTHX IOCTOSHHBIX MaTepuaa
o06omnouku u yrna 0; a u,,, v;, w, — Ko3(pHUIUCHTHI Pa3I0XKEHUH HCKOMBIX IEPEMEILCHUH B
BBIpXKEHUSIX (2).

2. PeweHue KpaeBoﬁ 3aga4viv KOHe4YHO-Pa3HOCTHbIM MeTOAOM

[TpuBenem cucteMy IByMEpHBIX ypaBHEHMH (3) K cuCcTeMe OObIKHOBEHHBIX qudde-
PEHINAIBHBIX yPABHEHHH C TOMOIIBIO TPHTOHOMETPUYECKHX pAnoB. C 3TOH 1embio mpe-
CTABUM BHEIIIHUE HArPy3KH U MEPEMELICHUS] TPUTOHOMETPUUIECKIMU PSiAaMH BUA!

415(8,0) = D" OF,15(0) cos zo,
z=0

‘]2i3 (6,0) = ZQ(izm (6)sin zo,
z=0

q;(e, P)= ZQé)33(9) COS zQ;
z=0

o _ (5)
u, (0,0) = ZUW (0)cos zp, m=0,3,
z=0

v (0,0)= > V,.(0)sin zp, k=0,3,
z=0

w,(0,0) = ZWnZ(G) coszp, n=0,2.
z=0
[Toncrapnss (5) B cuctemy (3) u cpaBHUBast KO3()GHUIIMEHTH TPUTOHOMETPUIESCKUX

PSZIOB B JIEBBIX U MPABbIX YACTSAX, MOTYYHM CUCTEMY OOBIKHOBEHHBIX Au(QepeHmraib-
HBIX YPaBHEHHII:

3 5 o o’ : 0
Kilm —z°Kiym + Kif'm —+ Kii'm — U _+z Y | KiJ* +Ki'k — |V, +
mZ:;) 0 22 1 20 11 20° mz Z[ 2 12 69) kz

k=0
2 . i o
+ ZKl'lwn ag/enz =Kiq13Q(+z)13 —Ki‘mQ(;)l;, i= 1’ 4’
n=0
Zi( R Kt aJU +i(Kivk ki ki Lk & jV
— Dy T ALy T mz 0o - 22 1 An 11 ~n2 |The ™
m=0 00 =0 0 692

nz

2 . B _
-z Kiy"W, = Ki"* Qs —Ki™ Q. 5, =58,
n=0
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3
Z( Kiym + Kij™ aaer +ZZK12 VkZ+Z(Kzo — 22 Kiyr + Ki)'" —

n=0

2

+ Klﬁn aa? W, == Kl-q3+3Q(+z)33 _ Kiq§3Q(;)33’ i=9,11, z=0,1,2... (6)

Jlanee, npUMeHsIst KOHEYHO-PA3HOCTHBIM METO/ U alllPOKCUMUPYS IPOU3BOAHbIE 1-r0
U 2-TO MOPSAAKOB ypaBHEHHI (6) HEHTPATbHBIMU PA3HOCTSIMU BTOPOTO MOPSIIKA TOTHOC-
TH, C Y4€TOM I'DaHUYHBIX YCIOBHH (4) MOIyYNM CHCTEMY anreOpandecKuxX ypaBHEHHH:

3 K‘um TUm
i Ki i 2Ki'm : ;
S| = U | S+ Kigm - 2Ky UL+
meo\ L S 2s s
Ki'm  Ki'm » 3 —zKitk . ) . zZKik
R Il [ A B R e 1 A A el AR B
2 mz z
s 2s e 2s
2 K'Wn -
— AL S Kll j+l g1 A+
+Z 2 W, + 29 W, |=Ki 13Q(z)n Q(z)lS’ 1,4,

3 % .V
zZKiy . zZKi gy Kijpm  Kim i
Y| —2-U - ZKiyn U -2 +§ el LA

k
P 2s s? 2s -
2Kim ; Kim  Ki'm ;
—— sy Kign = 2Ky (V4| e+ = T |-
52 s 2s
2 _
Wy J _ q23 + ;—
_ZZKlz W, =Ki Q(z)23 Q(z)23’ i=5,8, (7
3 K Upy Up
- Ki, . . K .
Jj-1 TUm J ]+l Ym /]
> > — L Uty KignU! + LU/ Z ZKiy" V! +
m=0 § k=0
2 Kil'"  Ki* : —2Ki :
it VO 1 Jj-1 11 W, 2 prewy Jj
+Z ST W, + —2+K10 -z°Ki,y \W, +
et K 2s N
KiK' ; +
JHU | prpa + i=9
+ 2 + 25 Wi |=Ki"0)5; — K Q(z)33’ =9,11,

j=LN-1, z=0,1,2...

Ul =UN=v2=vY=wl=wY=0, m=0,3, k=0,3, n=0,2,
7€ § — Iar KOHEYHO-Pa3HOCTHOM cxeMbl, (N + 1) — unciio y3i1oB.
Koahdunments cucteMsl ypaBHEHUH (7) MOXKHO MPEACTABUTH B BUJIE MATPHUIIBI OMH-
HA/IIATOTO MOPS/IKA M PEIINTH €€ METOIOM MaTPUIHON IPOTOHKH.
B pesynbrarte nosydeHsl NEpeMEIIeHUs B y3/1aX CETKH, JUIS alpPOKCUMAIIIH KOTO-
PBIX UCTIONB3YIOTCS CIUTAiHEL. [leopManiy B pa3nuaHbIX TOYKAX 0O0TOYKH HAXOISTCS C
MIOMOIIBIO TEOMETPUYECKUX COOTHOIIICHNH, TAHTeHIIUATIbHBIE HATIPSHKEHHS OTIPEICTISIFOTCS
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13 cooTHoleHul 3akoHa ['yka. [Tonepeunsie HanpsiKEHMsI OTy4YatoTCsl HEMOCPEACTBEH-
HBIM MHTETPUPOBAHUEM ypaBHEHUI paBHOBECHSI TPEXMEPHON TEOPUHU YIIPYTOCTH.

3. Mpumep pacueta

B kauecTBe npumepa pacuera paccMaTpuBaeTcs noirychepudeckas 0001049Ka, KecT-
KO 3allIeMJICHHAsI [10 HUJKHEMY KOHTYPY OCHOBaHHS, CO CIEYIOIMMH ITapaMeTpaMu: pa-
myc R = 0,8 m, otHocuTenpHas nonytonmunaa /R = 1/100, kosbdunuent ITyaccona
= 0,3. Obonouka HAXOANUTCS MO ACHCTBUEM BETPOBOH HAarpy3kH (puc. 2):

9,

T

Puc. 2. ITonycdepuueckas 00010uKa IO JeHCTBUEM BETPOBOI HArpy3Ku

B s1om ciiyuae ¢q4(0,¢0)=0, sin0cos®, ¢i5=¢,,=¢;3; =0, z = 1. Ha puc. 3-6 noka-
3aHbI pe3yabTarhl pacyera B ceueHnt @ = 0. Ha pucyHkax MHIEKC «KID» COOTBETCTBYET
pe3yIbTaTaM pacdyeTa I1o KIacCHIeCKOH TCOpHH.

AHanu3 MOIy4YeHHBIX PE3YNIbTaToB (pUC. 3—0) MOKAa3bIBAET, YTO MPH YAAJICHUU OT Kpast
HAIpPsDKEHUS, TOTyYeHHBIE TI0 YTOYHEHHOH U KJIACCHYIECKON TEOPHSIM, MTPAKTHUECKH CO-
BII/IA0T, YTO MTOATBEPIKAALT JIOCTOBEPHOCTH MONTYyYESHHBIX pe3y ibTaToB. Hanpsokenus B
KpaeBOii 30HE CYIIECTBEHHO YBEITHIHBAIOTCSI: HOPMaJIbHBIC MEPUANOHATBHBIC HaIIPsDKe-
Hust O, — Ha 23% (cm. puc. 4) u OKpyKHbIE O,, — Ha 25% (cM. puc. 5). MakcumanbHoe
HONEPEYHOE HOPMAIBHOE HANPSHKEHHE O, coCTaBNsgeT 44% U MaAKCUMAJILHOE Kacarelib-
HOE HanpskeHue O, — 20% oT 0CHOBHOTO U3rMOHOTO HANPsKeHUs G, (cM. puc. 3).

G/QO | I G/QO ‘ ‘ ‘ |
ol A ol w0 S e
100 I A \
] -25
SO X7
Y 1,566 1,571
2 |" —, ‘-.-’./.. \:| ‘-.ﬁ--"' .
000N\ [=0.0p4-TZH . Toopa & ol 7T N
//\/\(/, /
2 50— S F M-
," — -100 —_125
-/.
£ 100 —-125
7
/
-150
[z==0u ==0p ——GCy wwwoy |
Puc. 3. I3mMeHeHue HANPsKEHUH 110 TONIIMHE Puc. 4. smenenue 6, o yriry 6

Ha Kpato 0 = /2
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G/ QO 0/ QO T T T

0,5 1,0 L5 0 0,5 1,0 L5 0
-10
20 1,566 1,571
20
=30
40
—40
=50
—60 | —60
[——Cn == Oy |
Puc. 5. U3menenue ©,, o yriry 0 Puc. 6. zmenenue G4, 1o yriry 6

B tabsmrie 1 npuBeaeHbI pe3yIbTaThl pacdeTa MaKCHMaIbHbIX HAIPSKEHHH TIPH pas-
JIMYHBIX 3HAYEHUSIX OTHOCHUTEIBHOM TOMINUHEL B Tabmuie o0o3naueHo: K — kiaccu-
Yeckast Teopust 000J10YeK, YTU — YTOUHEHHAS TEOPHSI.

Tabnuya 1
h/R GII/QO GZZ/QO 633/Q0 613/Q0
0.005 Kn 201,73 86,46 0 0
VY14 238,59 103,47 113,92 41,7
0.008 K 128,21 54,95 0 0
VT4 156,08 67,33 70,06 29,87
0.01 K 103,44 44,29 0 0
’ Vru 127,57 54,83 55,82 25,3
0.02 K 52,85 22,65 0 0
’ VT4 68 29,18 28 15,02
0.04 K 26,9 11,53 0 0
’ VY1u 36,35 15,59 14,45 8,91
0.06 Kn 21,59 9,26 0 0
’ VY14 29,73 12,74 11,75 7,56

I/IS aHaJIn3a JaHHbIX Ta6J'[I/ILH>I 1 BUJHO, YTO HpI/I U3MCHCHUU OTHOCI/ITCHLHOﬁ TOJIIH-
HbI 0001104KH B Tipeenax ot 0,005 1o 0,06 morpenrHocTh KIIACCUYECKOM TEOPHH TI0 Ha-
NPSKEHUAM cocTapiseT: s O, — 19-38%, nna ©,, — 19-38%, nna 65, — 40-48%,
st 6, — 18—25% oT 0CHOBHOTO M3rHOHOTO HANIPSKEHHS O, .

3aknyeHune

Ha ocHOBaHMYM yTOYHEHHOM TEOPUH MOCTPOCHA Kpaenas 3aj1a4a chepuueckoi 000-
JIOUKH MOJ| IEWCTBUEM ITPOU3BOJILHON HArpy3KHu.

[TpuBeneHs! pe3ynbTaThl pacieTOB HAIPSDKEHHOTO COCTOSIHUS ChepHISCKOi 0007104-
KM 071 IeiicTBHEM BeTpoBOi Harpy3ku 1 cpaBHeHre HJIC 060m04KY 10 KacCuuecKkoi u
YTOUHEHHOU TEOpUAM. YCTAHOBJIEHO, YTO B 30HE UCKAKEHUS HAIIPSPKEHHOTO COCTOSIHUS
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HOpMaJlbHbIC TAHTCHIIMAIbHBIC HAMPSHKEHUS CYIIECTBEHHO YTOUHAIOTCS. JlONOTHUTENb-
HBIE 10 OTHOLIEHHUIO K KJIACCUYECKOM TEOpHUHU IOIEPEeUHble HOpPMaJIbHbIE HANPSKEHUS
OKAa3bIBAIOTCS OJTHOTO MOPSAKA C MAKCUMAaJIbHBIMHU BEIMYMHAMH OCHOBHOTO M3THOHOTO
HaMpsKEHHUS.

TonmuHa 060JI0YKH CYIIECTBEHHO BIUSET HA MOTPELUIHOCTD KJIACCUYECKOH TEOpHH
IIPU ONPENEICHNN HAIPSHKEHUH.
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STRESS-STRAIN STATE OF THE SPHERICAL SHELL EXPOSED
TO AN ARBITRARY LOAD BASED ON A NON-CLASSICAL THEORY

Firsanov V.V., Pham V.T.

Moscow Aviation Institute (National Research University), Moscow, Russian Federation

Considered is the stress state of an isotropic spherical shell exposed to an arbitrary load based on
anon-classical theory. When building a mathematical model of the shell, three-dimensional equations
of the theory of elasticity are applied. Displacements are represented in the form of polynomials
along the coordinate normal to the middle surface two degrees higher relative to the classical
theory of the Kirchhoff-Love type. As a result of minimization of the refined value of the Lagrange
energy functional, a system of differential equilibrium equations in displacements and natural
boundary conditions are obtained. The task of reducing two-dimensional equations to ordinary
differential equations is carried out by decomposing the components of displacements and external
loads into trigonometric series in the circumferential coordinate. Displacements are represented in
form of polynomials along the coordinate normal to the middle surface by two degrees higher
relative to the classical theory of the Kirchhoff-Love type. Resulting from minimization of the
refined value of the Lagrange energy functional, a system of differential equilibrium equations in
displacements and natural boundary conditions are received. The task of reducing two-dimensional
equations to ordinary differential equations is carried out by decomposing the components of the
displacements and the external loads into trigonometric series as per the circumferential coordinate.
The formulated boundary problem is solved by the methods of finite differences and matrix sweep.
As a result, displacements are obtained in the grid nodes, for approximation of which splines are
used. The shell deformations are found using geometric relationship; tangential stresses are received
from the correlations of Hooke's law. One of the features of this paper lies in the fact that the
transverse stresses are determined by the direct integration of the equilibrium equations of the
three-dimensional theory of elasticity.

An example of the calculation of a hemispherical shell rigidly restrained along the lower base
contour is brought. The shell is exposed to the wind load. Comparison of the results received by
the refined theory with the data of the classical theory has shown that in the zone of distortion of
the stressed state, the normal tangential stresses are substantially revised and the transverse normal
stresses, which are neglected in the classical theory, are of the same magnitude with the maximum
values of the main bending stress.

Considered is the influence of the relative thickness on the stress state of the shell. It was discovered
that the shell thickness significantly increases the error of the classical theory, while determining
the stresses and assessing the strength of the elements of the aircraft structures.

Keywords: spherical shell, Lagrange variational principle, refined mathematical model, equilibrium
equations, natural boundary conditions, trigonometric series, boundary value problem, finite
difference method, matrix run method, arbitrary load, stress-strain state “boundary layer”, transverse
normal stresses.
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