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AKTyajabpHOCTb. [l onpeneneHust HarpsbkeHHO-nedopmupoBanHoro cocrosiHus (HJIC) ToHkocTeHHBIX 000JI0YeK,
YUUTHIBasH CIIO’KHOCTD IOJIYYEHHsI YUCIICHHBIX PE3YJIbTaToB, ObUIa pa3padoTaHa TEOPHUSI TOHKUX 000JIOYEK C BBEJICHUEM T'H-
MOTEe3bI MPSIMO HOopManu st cBenerns Tpexmeproro HIC k nBymepHoMy. IIpu coBpeMEHHOM pa3BUTHN HU(GPOBOHA TeX-
HUKH M YUCIICHHBIX METOIOB pacueTa, B 4aCTHOCTH MeToJa KOHEUHbIX aeMeHToB (MKD), nosBuimack BO3MOXXHOCT TTOJTY-
YEHUsI YHUCIICHHBIX PE3yJIbTaTOB 0€3 MCIOJIb30BAHMUS THIOTE3bI MPSIMON HOPMalH, & UMEHHO Ha OCHOBE TEOPHU YIPYTOCTH
B TPEXMEPHOH IIOCTAaHOBKE JaXke JUIsl TOHKUX 000JI0YEK.

Hean. Llensio HacToswmel paboThI ABIAETCS CpaBHEHHE 3((GEKTHBHOCTH alrOPUTMOB HCIIOJIb30BAHMSA MATPHI] JKECT-
KOCTH KOHEYHBIX AJIEMEHTOB, ITOJIyYEHHBIX HAa OCHOBE TEOPHH TOHKUX 000JIOYEK C TUIIOTE30i MPsIMO HOPMaJId U Ha OCHO-
BE€ COOTHOILEHUI TPEXMEPHOU TEOPUU YIIPYTOCTH.

Metoasl. [IpencraBieHbl pe3ysbTaThl CPABHUTEIBHOTO aHAIN3a KOHEYHO-DJIEMEHTHBIX PAacueTOB TOHKUX 000JI0YEK
IIPU MCHOJIB30BaHUM ABYMEPHOTO 3JIEMEHTa JUCKPETH3alMu B (DOpPME YETHIPEXyrojbHOrO ()parMeHTa CpeANHHON MOBEpX-
HOCTHU ¥ TPEXMEPHOTO AJIEMEHTA B BUJI€ BOCBMUY3JI0BOTO IECTUTPAHHUKA. B kauecTBe y31I0BBIX BapbUPYEMBIX IAPAMETPOB
BBIOMpaIIICh KOMIIOHEHTHI BEKTOpa MEpEeMEIEHHs U UX NepBble Tpon3BogHbIe. DyHKIMK (HOPMBI 11 000MX THIIOB 3JIEMEH-
TOB AMCKPETH3ALUK OBUTH ITPEACTaBICHBI IPOU3BEACHUSIMHU ITOJTMHOMOB DPMHUTA TPEThEil CTEIICHH.

PesyasTaThl. Ha mpumepe pacuera 3ammeMIIeHHON M0 TOPIaM HIHHAPUIECKOH 000JOYKH MOKAa3aHO, YTO ABYMEpPHAs
MIOCTAHOBKA B pacdyeTax TOHKUX 00OJIOUEK SIBIISETCS aJ€KBATHOM M MO3BOJISET MOJIYYaTh IIPHEMIIEMBIE PE3YIIbTaThl IPH OII-
TUMAJIbHBIX 3aTPaTax MaIlIMHHOTO BPEMEHH.

Ki1roueBble cji0Ba: TByMEPHBIM AIEMEHT, TPEXMEPHBIA JJIEMEHT, Y3JI0BbIE HEU3BECTHBIE, CETKa JUCKPETH3ANN

BBenenue

ToHKOCTEHHbIE KOHCTPYKLMH M3 IUIACTUH U 000-
JIOYEK SBILIIOTCS HEOTHEMJIEMOM YacThbI0 COBPEMEHHBIX
3JTaHUM, COOPYKEHUH U apXUTEKTYypHBIX ¢opm [1-3].
B nacrosiee Bpems npu ananuze HJIC koHcTpyKuuit
13 000J104EK Ha MEPBBIN IIJIaH BBIABUHYJINCH IIpe-
MMYIIECTBEHHO YHUCIICHHBIE METOBI pacuera [4—10],
B yactHocT MKD [11-18].

B Hamm nHM MaTpHIIB! )KECTKOCTH KOHEUHBIX HJIe-
MEHTOB (pOpPMHUPYIOTCS Ha OCHOBE JIBYX TEOPHH: T€O-
pUH TOHKHX OO0OJIOYEK C HCIIOJIb30BAaHWEM TEOPHHU
npsiMoil HopManu ajst cBeneHus tpexmepuoro HC
K IBYMEPHOMY COCTOSIHHIO, a TAK)XKE€ COOTHOLICHUH
TEOPUHU YNPYTOCTH 6€3 MOMOJHUTEIbHBIX THIIOTE3 O
JIeOpMUPOBAaHUN HOPMAJIBHOTO DJIEMEHTA.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLWIA

B mocnennee BpeMsi MHOTUME UCCIIEAOBATEIISIMUA,
3aHUMAIOIIMMHUCS JTAHHOW MPOOJIEMATUKON, BBICKA3bI-
BaETCsl MHEHUE O TOM, YTO IIPU IOCTPOCHUU KOHEUHO-
3JIEMEHTHBIX MOJeel 000I0UYEUHBIX KOHCTPYKITHH
MPEANOYTCHHUE CIICTYyeT OTNaBaTh TPEXMEPHBIM KO-
HEYHBIM 3JIEMEHTaM KaK HauOoJiee YHHUBEPCAIBHBIM.
IIpu 3TOM B KauecTBE OCHOBHBIX T'€OMETPHUUYECKUX
COOTHOIICHUH PEKOMEHIYETCS HCIIOIh30BaTh COOT-
HOIIICHUS TEOPUU YIPYTrocTu. JlaHHBIN MOAXO0 SIBIISI-
€TCsI BIOJIHE 00OCHOBaHHBIM Tipu uccienoBannu HJC
000JI0YEeYHBIX KOHCTPYKIMHA CpeaHeN TOJIINHBI U TOJI-
CTOCTEHHBIX cOocyA0B. OIHAKO, UCTIOIB30BAHUE TPEX-
MEPHBIX KOHEUHBIX 3JIeMeHTOB Ipu aHanuze HJIC Ton-
KHX 000JIOYEK SIBISICTCS] HE BIIOJHE ONpaBIaHHBIM U
TpeOyeT JeTalbHOr0 000CHOBaHUsA. B CBsI3U ¢ 3THM
JOCTaTOYHO aKTyalbHON OCTaeTcs 3ajada CPaBHUTEINb-
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HOro ananmu3a 3(()EKTUBHOCTH HCIIOJIb30BAHUS JIBY-
U TPEXMEPHBIX KOHECUYHBIX JJIEMEHTOB IMPHU OMpEelie-
Hrn HJIC ToHKUX 000/10YeK.

B Hacrosiiieit pabote Ha mpuMepe pacuera XKeCcTKO-
3aIEMJICHHOW MO TOPIIAM IIMJIMHIPHICCKON OOOI0UKH
BBITIOJIHEH CPABHUTENIBHBIA aHAIN3 TOYHOCTH KOHEYHO-
JIEMEHTHBIX PELIECHUH, MTOJyYEHHBIX IIPHA HCIIOJIB30Ba-
HUU JIBY- U TPEXMEPHBIX 3JIEMEHTOB JIMCKPETH3AIIHH.

I'eomeTpus 000109KHN

Pagnyc-BexTop, 3a0ar0Luii CPEANHHYIO OBEPX-
HOCTb JUIMNITHIECKOTO LIIMHAPA, MOXKET OBbITh Ipe-
CTaBJIEH BBIpaKEHUEM

RO =xi +7(0)singj +7(0)cosdk, (1)

IJie X — OoceBasl KOOpAWHATA, § — YroJ, OTCUUTHIBaC-
MbIii OT ocu Oz MPOTUB XOJla YaCOBOH CTpPEJIKU B
TUIOCKOCTH, TIEPICHANKYISIPHOI ocu OXx.

Bxomsamue B (1) dyuknus »(0) onpenensercs
dhopmyJioit

r(x,0)= be , )
\/b2 c0s20 +cZsin% 0

riae b u ¢ — mapameTpbl JIUIUIICA.

KoBapuaHTHBIE BEKTOPBI JIOKATBHOTO 0a3uca Tou-
KU CPEJMHHOM MOBEPXHOCTH OMPEICIIIOTCs Audde-
penuupoBanueM (1) mo x u 6

al —RO =;
d, = Ry =(r,(0)sind+r(0)cos0) j +
+(r,(0)cosd—r(6)sin) k. 3)

OpT HOpMAIT K CPESTUHHOM TTOBEPXHOCTH OTIpe-
JCIISICTCA BeKTOpHBIM HpOI/I3BeIIeHI/IeM
-0 ‘

670— an |

“4)

[IpomsBenenue BeKTOPOB JIoKanpHOTO Oasuca (3),
(4) o x, 6 MOTYT OBITH TIPEACTABICHBI B MATPUIHOM
BUJIE CIICAYIOMINM 00pa3oM

@) =m" fa}: {asp=["Jfa"}. ©®
3x1 3x3 3x1 3x1 3x3 Ixl
race

@} ={@aa); (@) -

1x3 1x3
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T
_f=0 =0 =0\. [=0 ~0 =0 =0
_{al,x a, , a,x}’ {a,e} {ale ar ae}

1x3

matpuna [m°] — Hynesas, a B matpune [n°] Henyme-
BBIMH 3JICMCHTAMH SIBIISIIOTCS 122, H23 U N32.

[MonosxeHue TOUKKA 000JIOUKH, OTCTOSIIIEH OT cpe-
JIMHHOW TIOBEPXHOCTH HA PACCTOSIHUW ! B UCXOJTHOM
M u nedopmupoBaHHOM M ' COCTOSHUSAX, OTPEENs-
€TCSl COOTBETCTRYONIMUMHU PAJNyC-BEKTOPAMU

RY =R+ R =R"+7, (6)

rae V — BEKTOp HepeMelleHHs TOUKH M3 TOJI0Ke-
uus M " B monoxenue M.

HuddepenupoBanrem (6) mo x, 6 u ¢ MoryT
OBITh NOJTyYeHBI KOBapHAHTHBIE BEKTOPHI Oa3mca mc-
XOAHOTO U 1e()OPMHPOBAHHOTO COCTOSIHUH

~0 _ p0r _ =0, =0 _ 30t _ =0 .
h —R’x =a,; g, —R,e =a, (1+tn32),

g =R)=a"
gl :R;:§IO+V gz R,;:§S+V:e;
g =R =g/ +7, (7

Bxomsmme B (7) pow3BOIHBIE BEKTOpa IepeMe-
menus Touku M * MOTYT GBITH TIpEACTaBIIEHbl KOM-
IMOHEHTAaMH, OTHECEHHBIMH K 0a3HMCy OTCYETHOM I0-
BEPXHOCTH

17 —ta +ta +ta
17 —ta +z‘a +ta
> 1-0 2-0 -0
V,t:t3a1 +t3612 +t3a . (8)

KoBapuaHTHBIE KOMIIOHEHTHI T€H30pa Jedopma-
U MOTYT OBITh TIOJYYCHBI U3 U3BECTHOTO COOTHO-
LIECHUSI MEXAHUKU CIUIOIIHON Cpeibl

= (gmn - gr(l)m)/ 2. 9)

Bxonsmue B (9) koBapHaHTHBIE KOMITOHEHTBI
METPHYECKOTO TEH30pa OMPEIEINSIOTCS CKaJISIPHBIMU
npousBeaeHUIMU (7)

0 =0 =0 = =
Emn=8m 8n> 8mn=8m &n- (10)

CootHorieHus (8) B pa3BepHyTOM BHIE IS TPEX-

MEpHOH (POPMYITUPOBKH OyAYT UMETH CIEAYIOLIYIO
CTPYKTYypY
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¢ 0t 0.2, 0 2.

€, =1 28, =t T ayt; +a,nyt -t
¢4 )

2e, =1, +1;;

(0,2, 0 2.

€y = aply taynyt 1)

t 0,2 0 2 A
2e5, = Aty + ANyt -1 +1,; €5 =1, (11)

0 _-0 =0
rae dyy =a -aj.
DJIeMeHTHI TUCKPeTH3aIUH

DNEeMEHTOM TUCKPETHU3alliKi B IBYMEPHOH MOCTa-
HOBKE BBIOMPACTCST YETHIPEXYTONBHBIA (hparMeHT cpe-
JMIMHHOM TOBEPXHOCTH C y3lamu i, j, k, [, pacmoo-
JKEHHBIMHU B ero BepiunHaX. CToJOIbI y3JIOBBIX He-
W3BECTHBIX B JIOKANBHOU &, 1 U TI00anbHOM X, 6 cu-
cTeMax KOOPAWHAT UMEIOT clieAyromui Bux [19]:

o = b B ar

1x36 1x12 1x12 1x12
T T T T
G _ 1G 2G G
{Uy} o {vy} {vy } {vy} > (13)
1x36 1x12 1x12 1x12

T (ki i .
me (v} ={4'q’d'q'q...4 4,4}
1x12
AT PGk i 0 i ).
(@) ={ddd'dd. 44,4, };
1x12
g — KOMIIOHEHTa BEKTOPA MEPEMEIIEHNUS TOYKU CpPE-
JIMHHOW MOBEPXHOCTH.

DIIEMEHTBI MATPHIBI-CTPOKH (GyHKIUH (HOPMEI
{o}" nnst IByMepHOro 1MeMeHTa IMCKPETH3aLMK Hpe/-
CTABJIEHBI IUATHBIMHU TIPOU3BEICHUAMHU MOJUHOMOB
OpMuTa TpeTbei cTeneHu

={o} {a*)". (14)

Ix12 12x1

B kauecTtBe 00BEMHOT0O 31€MEHTA JAUCKPETU3AINN
BBIOHpACTCS BOCHMHY3JIOBOW INIECTUTPAHHUK C y3Jia-
MU I, j, k, [, m, n, p, h, pacTIOI0O’)KEHHBEIMH B €TI0 BEp-
muHax [20].

CTonOIIbl y370BBIX HEU3BECTHBIX TPEXMEPHOTO
3JIEMEHTa TUCKPETH3AIMY B JOKAJIBHOMU &, 1), C U [JI0-
OanbHOM X, 0, ¢ cUCTeMaxX KOOPJUHAT UMEIOT CIIeIy-

IOIYIO CTPYKTYPY:

{Uﬁ }T - {V;L }T {ViL }T {Vﬁ }T ; (15)

1x96 1x32  1x32 1x32
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el =qpef el bl L ae

1x96 1x32  1x32 1x32

e (¢') ={d0d' 44" 0V d .4 G )

1x32

() =lddd' 49T e d-dd -}

1x32
¢ — KOMIIOHEHTa BEKTOpa IepeMelieHis J  TOuKH
M % oTcTOsImIEl OT OTCUETHOMH MOBEPXHOCTH Ha pac-
CTOSIHUE 1.

B TpexmepHOM 3neMeHTe qUCKpeTH3anuu (DyHK-
un (POPMBI TIPEICTABISIOT COOOH TPHAIHBIE TIPOM3-
BCACHUA ITOJIMHOMOB apMI/ITa TpeTbefI CTCIICHU:

T
a= "] )
1332 3941

MarpHiibl KeCTKOCTH U CTOJIOLBI Y3IIOBBIX JIBY-
U TPEXMEPHOTO AJIEMEHTOB JHCKpPETH3aIu (HOpMHU-
POBAJIMCh CTAHAAPTHBIM O0OpPa30M MyTeM MHHHUMH3a-
nnn pyaknuonana Jlarpamka [12; 17; 21].

IIpumep pacuera

Brimo uccnemoano HJC skecTKo 3amieMICHHOTO
0 TOpIaM IMIMHPA, HATPYKEHHOTO BHYTPEHHUM
JIABJICHUEM WHTCHCUBHOCTH ¢. [IpHHATHI clieayromue
WCXOJIHBIC TaHHBIE: PaIUyC CPEIUHHON MOBEPXHOCTH
R = 1,0 m; muHA obpasyromeit L = 1,0 M; TommmHa
creku h = 0,02 M; ¢ = 5 MIla; E = 2-:10° MIla;
v=0,3.

Pacders! BRIMOMHSIICH TT0 IBYM BapHaHTaM: B TIep-
BOM B KayeCTBE DJIEMEHTa TUCKPETU3AINH HCIIOIB30-
Bajicd BYMEpPHBIM KOHEUHBIH 31eMeHT 36%36 ¢ ne-
BATHIO HeM3BeCTHBIMH B y3ie (12), (13); Bo BTopoM
MPUMEHSIICST OOBEMHBIM KOHEUHBIH 21eMeHT 96%96
C JIBSHAJIIAThI0 Y3JIOBBIMH BapbUPyEMBIMH TapamerT-
pamu. B mepBoM BapuaHTe NpH MHTEPIIOIWPOBAHUHU
IO TIIOMIAIN JIEMEHTa MCIIONB30Balach KBaApaTypa
laycca ¢ 6X6 ToUKaMu MHTETPUPOBAHUS, a 1O TOJI-
mHe — popmyna CUMIICOHA C CEMBIO TOYKAMU WH-
TerpupoBaHus. Bo BTopoMm BapHaHTe pH HHTETPUPO-
BaHWU TI0 00BEMY 3JIEMEHTa TaK)Xe HCIOJIb30BaIach
KkBazparypa ['aycca ¢ 6xX6x6 ToukaMu MHTErpUpOBa-
HUs. B crily Hanmu4us TIIOCKOCTEH CUMMETPHH pac-
CUMTHIBAJIACh 1/8 4acTh MUIMHIPA.

PesynbTaThl MOBapuaHTHBIX PacueTOB IMPEICTaB-
JeHbl B Tabm. 1, B KOTOPOW NPUBEACHBI 3HAYCHHUS
MEpPUANOHATLHBIX HAIPsHKCHUM Ha BHYTpeHHEH ©°
1 Hapy>KHOH G" OBEPXHOCTAX IMJIMHIPA B OMIOPHOM
Y TIPOJICTHOM CEUYEHHSIX B 3aBUCUMOCTH OT T'YCTOTHI
CETKH AMCKPETU3AINH, IPUYEM BO BTOPOM BapHaHTE
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TOJIIMHA CETKH IIMIMHIpA MOJEIUPOBATIACH TOJIBKO
OJTHAM PSIOM OOBEMHBIX KOHEUHBIX AJIEMEHTOB. AHa-
T3 JaHHBIX, TIPECTaBICHHBIX B Ta0. 1, MOKa3bIBacT,
YTO ¥ B IIEPBOM, U BO BTOPOM BapHUaHTax pacuera
HaOIroMaeTcs yCTOWYHBAsh CXOIMMOCTh BBIYHCITH-

TeNBHOTO Tpolecca. OMHAKO 3HAUCHUS HANPSIKCHUI
B OTIOPHOM CEYCHHH BO BTOPOM BAPHAHTE OKA3aJIHCh
CyIIecTBeHHO MeHbIe (mpuMepHo Ha 100 MIla) mo
CPaBHEHHUIO C TICPBLIM BAPHAHTOM pacuerTa.

Tabauya 1

YuciaeHHbIEe 3HAYECHUSA Hanpﬂmennﬁ NMPH UCIMOJIb30BAHUH /IBY- U TPEXMEPHOT0 KOHCYHBIX 3JIECMEHTOB
[Table 1. Numerical stress values using two- and three-dimensional finite elements]

Ceuenne [Section] OO01Iee 9mcI0
BapnaHT pacdera | o a JMCKPeTH3aIHH Onopnoe [Reference] | IpoaerHoe [Span] HEHU3BECTHBIX
[Variant of . .
. [Sampling grid] Hanps:xenusi, MIla [Stress, MPa] [Total number of
calculation]
(o c" [ " unknowns]
2x9 460,1 -339,9 68,45 50,93 78
2x17 475,5 -356,0 68,01 51,38 158
I 2x33 479,6 -360,2 67,90 51,48 318
2x65 480,7 -361,3 67,88 51,51 638
2x97 480,9 -361,5 67,87 51,51 958
2x9x2 341,6 -230,5 63,85 53,60 216
2x17%x2 375,6 -263,6 64,45 53,52 440
I 2x33x2 381,0 -267,5 64,57 53,55 888
2x65%2 381,8 -266,7 64,61 53,57 1784
2x97x2 382,4 -266,5 64,62 53,58 2680
2x129x%2 383,0 -266,7 64,62 53,58 3576
Tabauya 2

YucsieHHbIE 3HAYEHHUSI HATIPSIPKEHN i TTPU MCMOJIH30BAHUH TPEXMEPHOT0 KOHEYHOI0 3JIeMEeHTAa
¢ TOTMOJTHUTEIbHOI TUCKpeTH3anueil MINHAPA M0 TOJIIHHE
[Table 2. Numerical stress values using a three-dimensional finite element with additional thickness discretization of the cylinder]

Yucj10 psijioB 31eMeHTOB Ceuenne [Section]
O0wee unciio
110 TOJIIHHE UHJIHHIpPA Cerka OnopHoe [Reference] | IIpoJieTHoe [Span] HeH3BeCTHBIX
[The number of rows of AMCKPETH3aLHH Hanpsikenus, MIla [Stress, MPa] [Total number of
elements through [Sampling grid] . N . N unknowns|
the thickness of the cylinder] ° c c °

2x9x3 370,3 -254,2 65,27 52,76 324

2x17%3 423,4 -299,5 65,27 52,76 660

2 2%33x3 439,4 -305,8 65,53 52,62 1332

2x65x3 445.8 -308,2 65,61 52,59 2676

2x97%3 448,0 -3104 65,63 52,58 4020

2x129x%3 449,2 -311,9 65,64 52,58 5364

2x9x4 378,0 -260,7 64,57 53,11 432

2x17%x4 442.0 -314,3 65,43 52,63 880

3 2x33%x4 471,8 -330,4 65,69 52,47 1776

2x65x4 487,9 —340,1 65,78 52,43 3568

2x97x4 491,7 —343,6 65,80 52,43 5360

2x129x4 492.8 —345,0 65,81 52,43 7152

B Tabn. 2 npuBeneHs! pe3yabTaTbl BTOPOro BapH-
aHTa pacyeTa MpH JOTIOJIHUTEIFHOM Pa3OMeHHH CTEHKH
LIJIMH/IPA 110 TOJIIMHE Ha 2 U 3 aneMeHTa. AHaiIM3 3Ha-
YEHUI HANPsLKEHUH, TIPEACTaBICHHBIX B Talll. 2, MOKa-
3bIBACT, YTO W TPH PA30MEHHUU CETKU IWIMHIpPA TI0
TOJNIIMHE Ha 2 psiia 0ObEMHBIX KOHEYHBIX 3JIEMEH-
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TOB 3HAYEHMs HANPSHKEHUH B OMOPHOM CEYEHHMH OKa3a-
JIMCh 3aHKEHHBIMU NTpAMepHO Ha 10 % 1o cpaBHEHUIO
C TIepBBIM BapHaHTOM pacuera. M Tonpko mpu pasOue-
HHUM CTEHKU LWJIMHIpa MO TONIMHE Ha 3 psna o0beM-
HBIX 3JIEMEHTOB 3HAYCHMS HAINPSDKCHUH B OTIOPHOM Ce-
YEHUH JOCTUTIIN YPOBHS 3HAYCHUM HANPsDKEHUM MepBO-
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TO BapuaHTa pacueTa (MpU CETKE AUCKPETH3AIUU 10
wioaan 2x65). 3HaueHus] HAMPSHKEHUH B TIPOJIETHOM
CCUCHNH OKA3aJIMCh MMPUMEPHO OJIMTHAKOBHEIMU B 00OMX
BapHaHTaX pacyuera MpH JIF00O0M CeTKE TUCKPETU3AIUH.

3aKiIoueHne

YuuThIBast, 4TO 0OIIEE YUCIO UCKOMBIX HEH3BECT-
HBIX IIPU CETKEe 2X65 B MEPBOM BapHaHTE pacyeTa B
5,6 paza MeHbIlIe, YeM BO BTOPOM BapHaHTe MpU aHa-
JIOTUYHOW CETKEe MUCKPETHU3aInK (TIpH Pa3OUCHUH CTCH-
KU I[WJIMHIPA 10 TOJIIWHE Ha 3 psa dIEMEHTOB),
MOXHO CIeNaTh BBIBOJ O TOM, YTO MCIOJb30BaHUE
JIBYMEPHBIX 3JIEMEHTOB AUCKPETH3AIUHU TP aHATTN3E
HJIC Tonkux 000104Y€K BIOJHE OOOCHOBAHO M SIBIIS-
ercs 0oJree 1menecoo0pa3HbIM C TOUKH 3PEHUS 3aTpaT
MAIIMHHOTO BPEMEHH U PECYPCOB MIPUMEHIEMON KOM-
MBIOTEPHON TEXHUKH.
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Abstract. Relevance. To determine the stress-strain state (SSS) of thin-walled shells due to the complexity of obtain-
ing numerical results, the theory of thin shells was developed with the introduction of the direct normal hypothesis to reduce
the three-dimensional SSS to the two-dimensional one. With the modern development of digital technology and numerical
methods of calculation, in particular the finite element method (FEM), it became possible to obtain numerical results with-
out the use of the direct normal hypothesis, namely on the basis of the theory of elasticity in three-dimensional formulation
even for thin shells.

Aims. The aim of this work is to compare the efficiency of algorithms for the use of finite element stiffness matrices
obtained on the basis of the theory of thin shells with the hypothesis of a straight normal and on the basis of the relations of
the three-dimensional theory of elasticity.

Methods. The results of comparative analysis of finite element calculations of thin shells using a two-dimensional
sampling element in the form of a quadrangular fragment of the middle surface and a three-dimensional element in the form
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of an eight-node six-face are presented. The components of the displacement vector and their first derivatives were chosen
as the nodal variable parameters. The functions of the form for both types of discretization elements were represented by

products of Hermite polynomials of the third degree.

Results. On the example of calculation of the cylindrical shell clamped at the ends it is shown that the two-dimensional
statement in calculations of thin shells is adequate and allows to receive acceptable results at optimum costs of machine time.

Keywords: two-dimensional element, three-dimensional element, the nodal unknowns, the mesh discretization

Acknowledgements

The investigation was carried out with the financial
support of the Russian Foundation for Basic Research and
the Administration of the Volgograd Region as part of
the research project No. 18-41-343003 p_mol a.

References

1. Krivoshapko S.N., Galishnikova V.V. (2015).
Arhitekturno-stroitel 'nye konstrukcii: uchebnik dlya aka-
demicheskogo bakalavriata [Architectural and building
structures: a textbook for academic undergraduate]. Mos-
cow, Urait Publ., 476. (In Russ.)

2. Krivoshapko S.N., Gil-Oulbe M. (2013). Geome-
try and strength of a shell of velaroidal type on annulus
plan with two families of sinusoids. International Journal
of Soft Computing and Engineering (IJSCE), 3(3), 71-73.

3. Krivoshapko S.N., Gbaguidi-Aisse G.L. (2016).
Geometry, static, vibration and bucking analysis and ap-
plications to thin elliptic paraboloid shells. The Open Con-
struction and Building Technology Journal, 10, 3-28.

4. Storozhuk E.A., Yatsura A.V. (2016). Exact solu-
tions of boundary-value problems for noncircular cylindri-
cal shells. International Applied Mechanics, 54(4), 386-397.

5. Storozhuk E.A., Yatsura A.V. (2017). Analytical-
numerical solution of static problems for noncircular cy-
lindrical shells of variable thickness. International Applied
Mechanics, 53(3), 313-325.

6. Bespalova E.I., Urusova G.P. (2015). Stress state
of branched shells of revolution subject to transverse shear
and reduction. International Applied Mechanics, 51(4),
410-419.

7. Pyatikrestovskiy K.P., Travush V.I. (2015). O pro-
grammirovanii nelineynogo metoda rascheta derevyannyh
konstruktsiy [On programming non-linear method for cal-
culating wooden structures]. Academia. Arhitektura i stroi-
tel’stvo, (2), 115-119. (In Russ.)

8. Solodovnikov A.S., Sheshenin S.V. (2017). Nu-
merical study of strength properties for a composite mate-
rial with short reinforcing fibers. Moscow University Me-
chanics Bulletin, 72(4), 94—100.

9. Kim A.Yu. (2005). Iteratsionniy metod prirascheniy
parametrov dlya rascheta nelineynih membranno-pnevma-
ticheskih system s uchetom uprugoy raboty vozduha [Ite-
rative method of increments of parameters for the calcula-
tion of nonlinear membrane-pneumatic systems, taking
into account the elastic operation of the air]. Vestnik Sara-
tovskogo gosagrouniverciteta im. N.I. Vavilova, (1), 39-42.
(In Russ.)

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

10. Paimushin V.N. (2016). On the forms of loss of
stability of a cylindrical shell under an external side pres-
sure. Journal of Applied Mathematics and Mechanics,
80(1), 65-72.

11. Ignat’ev A.V., Ignat’ev V.A., Gazmatova E.A.
(2018). Raschet tonkih plastin po metodu konechnih ele-
mentov v forme klassicheskogo smeshannogo metoda s
isklyucheniem peremesheniy konechnih elementov kak
zhestkogo tselogo [Calculation of thin plates according to
the finite element method in the form of the classical
mixed method with the exception of the displacements of
finite elements as a rigid whole]. Izvestiya visshih ucheb-
nih zavedeniy. Stroitel’stvo, 3(711), 5-13. (In Russ.)

12. Golovanov A.L, Tyuleneva O.N., Shigabutdinov A.F.
(2006). Metod konechnih elementov v statike i dinamike
tonkostennyh konstruktsiy [The finite element method in
statics and dynamics of thin-walled structures]. Moscow,
Fizmatlit Publ., 392. (In Russ.)

13. Bazhenov V.A., Krivenko O.P., Solovey N.A.
(2013). Nelineynoe deformirovanie i ustoychivost’ upru-
gih obolochek neodnorodnoy strukturi: modeli, metody,
algoritmy, maloizuhennye i novye zadachi [Nonlinear de-
formation and stability of elastic shells of an inhomogene-
ous structure: models, methods, algorithms, little-studied
and new problems]. Moscow, Librikom publ., 336. (In Russ.)

14. Zheleznov L.P., Kabanov V.V., Boiko D.V. (2014).
Nonlinear deformation and stability of discretely reinforced
elliptical cylindrical shells under transverse bending and
internal pressure. Russian Aeronautics, 57(2), 118-126.

15. Agapov V.P., Aydemirov K.R. (2016). Raschet ferm
metodom konechnyh elementov s uchetom geoetricheskoy
nelineynosti [Calculation of farms by the method of finite
elements with regard to geometric nonlinearity]. Promysh-
lennoe i grazhdanskoe stroitel’stvo [Industrial and civil
engineering], (11), 4-7. (In Russ.)

16. Kayumov P.A., Shakirzyanov F.R., Gavryushin S.S.
(2014). Modelirovanie protsessa deformirovaniya i otsenka
nesuschey sposobnosti sistemy grunt — tonkostennaya kon-
struktsiya [Simulation of the deformation process and as-
sessment of the bearing capacity of the soil system — thin-
walled structure]. Izvestiya visshih uchebnih zavedeniy.
Mashinostroenie, (6), 20-24. (In Russ.)

17. Bate K.-Yu. (2010). Methody konechnyh elementov.
Moscow, Fizmatlit Publ., 1022. (In Russ.)

18. Kositsyn S.B., Akulich V.Yu. (2018). Ob odnom
chislennom sposobe opredeleniya osadki poverhnosti
gruntovogo massiva, vizvannoy sooruzheniem obolochki
obdelki tonnelya [On one numerical method for determining
the precipitation of the surface of the soil massif, caused
by the construction of the shell of the tunnel lining]. Inter-

465



Klochkov Yu.V., Nikolaev A.P., Sobolevskaya T.A., Klochkov M.Yu. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(6), 459-466

national Journal for Computational Civil and Structural
Engineering, 14(1), 78-91. (In Russ.)

19. Klochkov Y.V., Nikolaev A.P., Kiseleva T.A.
(2015). A comparative evaluation of the scalar and vector
approximations of sought quantities in the finite-element
method of arbitrary shells. Journal of Machinery Manu-
facture and Reliability, 44(2), 166—172.

20. Nikolaev A.P., Bandurin N.G., Kiselev A.P.,
Sizyh A.A. (2005). Opredelenie napryazheniy v stenkah izo-
termicheskogo rezervuara dlya tramsportirovki szhizhen-
nogo gaza v mestah deystviya opor [Determination of
stresses in the walls of an isothermal tank for transporting
liquefied gas in places of action of supports]. [zvestiya visshih
uchebnih zavedeniy. Severo-Kavkazskiy region. Seriya: Theh-
nicheskie nauki, (2), 54a—57. (In Russ.)

21. Zienkiewicz O.C., Taylor R.L. (2005). The finite
element method for solid and structural mechanics. Else-
vier, 631.

About the authors

Yuriy V. Klochkov — Dr Sci. (Eng.), Professor, Head
of the Department of Higher Mathematics, Volgograd State
Agrarian University (Volgograd, Russia). He published 156
scientific articles, 3 monographs, 4 titles of educational liter-
ature. eLIBRARY SPIN-code: 9436-3693. AuthorlD:
161677. Scientific interests: shell mechanics, solid mechanics,
numerical methods of calculation, surface geometry, com-
putational algorithms, programming. Contacts: e-mail —
klotchkov@bk.ru

Anatoliy P. Nikolaev — Dr Sci. (Eng.), Professor, Pro-
fessor of the Department of Applied Geodesy, Environmental
Engineering and Water Use, Volgograd State Agrarian Uni-

466

versity (Volgograd, Russia). He published 149 scientific
articles, 6 monographs, 5 titles of educational literature.
eLIBRARY SPIN-code: 2653-5484. AuthorID: 161676.
Scientific interests: shell mechanics, solid mechanics, nu-
merical methods of calculation, surface geometry, compu-
tational algorithms, programming. Contacts: e-mail —
anpetr40@yandex.ru

Tatyana A. Sobolevskaya — Cand. Sci. (Eng.), Asso-
ciate Professor of Higher Mathematics Department, Volgo-
grad State Agrarian University (Volgograd, Russia). Pub-
lished 46 scientific articles. eELIBRARY SPIN-code: 6665-
9906. AuthorlD: 664693. Scientific interests: calculation of
stress-strain state of arbitrary thin-walled shells and their
joints based on the finite element method using scalar and
vector interpolation procedures. Contacts: e-mail — moon-
way 1 3@rambler.ru

Mikhail Yu. Klochkov — a third-year student of
the Faculty of Physics, Lomonosov Moscow State Univer-
sity (Moscow, Russia). He published 5 scientific articles.
eLIBRARY SPIN-code: 2767-3955. AuthorID: 971170.
Scientific interests: shell mechanics, solid mechanics, numeri-
cal methods of calculation, physics, quantum mechanics,
programming. Contacts. e-mail — m.klo4koff@yandex.ru

For citation

Klochkov Yu.V., Nikolaev A.P., Sobolevskaya T.A.,
Klochkov M.Yu. (2018). Comparative analysis of effi-
ciency of use of finite elements of different dimensionality
in the analysis of the stress-strain state of thin shells.
Structural Mechanics of Engineering Constructions and
Buildings, 14(6), 459-466. DOI: 10.22363/1815-5235-2018-
14-6-459-466 (In Russ.)

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES





