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BMNJMB BSAEMHOIO PO3TALLUYBAHHA OTBOPIB
HA HAMPYXEHO-AE®OPMOBAHUU CTAH
TOHKOCTIHHUX ENIEMEHTIB KOHCTPYKLIN

NMpoBeaeHO YMCNOBUA  PO3paxyHOK  HamnpyeHo-Ae(opMOBaHOro  CTaHy
NPAMOKYTHOI NMMacTUHU i LMNIHAPUYHOI OOONOHKM 3 ABOMA eninTUYHUMM OTBOpPaMM.
HocnigxeHo BNNMB po3TallyBaHHS OTBOPIB Ha 3MiHy KoedilieHTa KOHLeHTpauii
HanpyXeHb, 3HaWgeHO Haubinbw Heb6e3neyHi koHdirypauii ix B3aeMHoro
po3TallyBaHHS.

Knro4oei cnoea: nnacmuHa 3 omeopoM, UumiHOpuyHa o0O6O0/IOHKa 3 OmMeOpPOM,
HarpyxeHo-0eghopMosaHull cmaH, KoegiyieHm KOHUeHmpauii HarpyxeHb, Memood
CKIHYEHHUX erleMeHmis.

BceTyn. MNnactnHu i 060M0HKN 3HaX0AATh LUMPOKE 3aCTOCYBaHHSA B pake-
THIN, aBiauivHin, cyaHobyaiBHIN Ta iHWKX 0BnacTax TexHikn Ta OyaiBHULTBA.
Lle MOXHa MOACHUTU TUM, LLO 3aBASKW BMUCOKIN MILHOCTI ¥ NOegHaHHI 3 ner-
KICTIO ekoHOMisi MaTepiany 3Ha4yHO 36inbliyeTbes. [pyn BUroTOBREHI cknaga-
HUX TOHKOCTIHHMX KOHCTPYKUIW, CKNagoBMMK SKMX € nnacTUHYaTo-
OBONOHKOBI efeMEeHTH, YacTO BUHMKAE HEOOXIOHICTb Y HasiBHOCTI OTBOPIB,
LLIO NPU3BOAMUTL A0 NoKanbHOI KOHLEHTpauii HanpyxeHb B ix okoni. Mpobne-
Mi KOHLeHTpaLii HanpyxeHb B NnacTuHax i 0bonoHkax 3 0TBOpaMu NpuUcBs-
YEHO BernuKa KinbKicTb gocnimpkeHb, y Tomy Yncni [3—20].

3HaxomKeHHs1 TOMHOrO pO3B’sI3KY KpanoBUX 3adad And nnacTtuH4YaTo-
OBONOHKOBUX €NIEMEHTIB KOHCTPYKLiA B aHaniTUMHOMY BWUrnsgi MOXIvBe
nue Ans BY3bKOro Kracy MPakTUMHO BaXKMMBMX 3adadv, Npy KOHKPETHMX
rPaHNYHNX yMOBax Ta crnocobax npuknageHHs HaBaHTaXeHHs. [ns
PO3B’sI3aHHA TakMX 3agad HanbinbLl PO3MNOBCHOKEHMMM € YMCIIOBI METOAM,
30Kpema meTof CkiHieHHUX enemenTis (MCE) [2].

Y paHin poboTi OCNiMKYETHCA BNUB B3aEMHOrO po3TallyBaHHSA eninTu-
YHWMX OTBOPIB B NNAacCTWHi i 0GONOHLI Ha X HanpyXeHo-AePOPMOBaHUI CTaH
(HOC) B okoni oTBOPIB.

MoctaHoBka 3agayi. Jocnigxyetbca HOC npsMOKyTHOI NnacTuHu i un-
nNiHgpW4YHOi 0BOMOHKKN, ocrnabneHMx OABOMa CUMETPUYHO pPO3TaLLOBaHUMMU
OTBOpaMW, a TaKoX 3anexHICTb KoediuieHTa KoHueHTpauii HanpyxeHb (KKH)
k HaBKOMO OTBOPIB Bif X B3aEMHOIo po3TallyBaHHS.

a) MNnacmuHa 3 deoma eninmuyHUMU omeopamu. Po3rnagaerbca ogHo-
pigHa i30TponHa npyxHa NPsIMOKYTHAa NacTMHa A0BXWUHOW [; Ta LWMPUHOLO [,
3 ABOMa eninTU4YHNUMK OTBOpPaMU 3 NIBOCAMU a Ta b, BiACTaHb MiX LleHTpaMm
oTBOpIB CTaHOBUTL / (puc. 1).

6) OboroHka 3 dgoma eninmuyHUMU omeopamu. Po3rnagaeTbca ogHopi-
OHa i30TponHa npyxHa uuniHgpudHa obonoHka AOBXWHM H, pagiycy R 3

© A. O. CocoHHa, 2017
154



ABOMa OAHAKOBUMU eNINTUYHMMU OTBOPaMU 3 NIBOCAMU a Ta b, BiACTaHb MiX
LieHTpaMu SKUX CTaHoBUTL / (puc. 2). ToBLUMHA 060MOHKN A.
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Puc. 2 — O6onoHka 3 gBOMa eninTU4HUMU OTBOpPaMM

MnacTtuHa i 060MnoHKa BUrOTOBIEHI 3 antoMiHito, Moaynb FOHra E=70 I'1la,
KoediuieHT MNyaccoHa v=0,36, Ta 3HaxoOaTbCA Mig Ai€l0 OQHOBICHOrO piBHO-
MIpHO pO3MoAiNeHoro no ii TopuaX HaBaHTaXXeHHs BENWYUHN P=10 Mlla.

MaremaTtnyHa Mmogensb. Y BMNaaKy NroCKOro HamnpyxeHoro ctaHy nnac-
TUHM 3 OTBOPOM MOCTaBMEeHa 3afjava 3BOANUTLCS A0 3a4adi MiHimisauii gyHk-
uioHana eHeprii [1]

2Gv( ou 8v 8u 1(ou av) (av)
u,v] = j +2G | =+ = |+ = | |dxdy—
o 8y S 2\ oy ox oy

j u+py dy,

(1)

e u, v — NpoeKLii BekTopa nepemilieHb Ha Bici Ox Ta Oy BignoBigHo; G —
Mopynb 3cyBY; v — koediuieHT MyaccoHa; ) — 06nacTb BU3HAYEHHS 3MiHHUX
x Ta y; Y — rpaHuus obnacti (2, Ha sikiid flie HaBaHTaXeHHs P.
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[ns 060N0HKM 3 OTBOPOM 3adaya 3BOAUTLCH A0 MiHiMi3auii dyHKLioHana
eHeprii [1, 5]

xy Txy
“ )
—j (putp,v+pwdy,
Y

1
u,v,w] ZEJ(NX‘C’X +Ng, +8¢ +Mx +Mx +2M )dQ—

ou , , .. .
ne e, :8_+K1W — BigHOCHa Oedpopmallil cepeauHHOT NMOBEpXHi B3O0BX
X

Bici OX; eyz—v+K2w — BigHocHa Aedhopmalia cepeOunHHOT MoBepXHi

oy
- ou Ov . .
B30OBX Bici OY; ¢, =a—+a—+2K12w— Aedopmallis 3cyBy cepeauHHOI
X oy
MOBEpPXHi; k= O'w K _82_w i K = 0w — nedbopmauii KpMBMHM B3OOBX
R T ¥ Ox0y
2 2 2
ocei OX, OY Ta B nnowmHi XOY. Tyt K, =a—f, K, :6_5 i K, U
Ox oy Ox0y
KPVBUHN 060IOHKY, o XapakTepusyoTb i reomMeTpito;
Eh Eh
N = e +ve |, N = g +tve )i S= € _— MOroHHI Ha-
* 1—v2( * y) 7 1—v2( 7 ) 20+v)
MpyXeHHs  B3JOBX ocen OX, OV Ta  3cyBy  BignoBigHo;
ER’ ER’ ER’
M= (e eve), M= (v ) M =
12(1-v7) ! T12(1=-vH) N To12(1-v*) Y

— MOrOHHI MOMEHTHN BIOHOCHO oceit OX, OV Ta NOroHHi KPYTHi MOMEHTU Bia-
noBigHoO; / — ToBLWUHA 060MNOHKYK; E — MOy Nb NOB3A0BXHLOI NPYXHOCTI; v —
KoediuieHT MNyaccoHa.

Po3paxyHkn Ta aHani3 pesynbTtartiB. Po3paxyHku npoBegeHo Ha nep-
coHarnbHomy komm'toTepi Intel® Pentium® CPU2117U@ 1,8GHz 3 4Gb one-
paTuBHOI Nam’aTi.

CnoyaTtky npoBefeHO OOCMIMKEHHs nnacTuHW 3 ABOMa eninTU4HUMM
otBopamu. [pu po3paxyHkax BUKOPUCTAHO Taki napameTpu: AOBXUHA
nnactuin ;=300 mm, wupuHa — [,=200 mm, nNiBOCI €NiNTUYHUX OTBOPIB
a=15 mm Ta b=10 mm.

Mpu pocnigpxkenHi HOC nnacTyHM TakoX NPOBOAMBCS pO3paxyHOK aHarno-
riYHOT NNAcTMHU 3 O4HUM eNiNTUYHMM OTBOPOM 3 MIBOCAMMW a Ta b, B pe3yrb-
TaTi ssikoro otpumano KKH k= 2,36, wo Ha 1% Bigpi3HSAETbCS Big TEOPETUYHO
oTpumaHoro [9].

Ha puc. 3 HaBegeHO 3anexHiCTb po3noAiny BiAHOCHOI iHTEHCUBHOCTI Ha-

MpyXeHb G;/P MO KOHTYPY OAHOrO 3 OTBOPIB NMaCTUHW Bif CrBBIAHOLIEHHS
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I/b. TyT no Bici abcunc BigknagaeTbca ©e3po3mipHa napameTpuyHa Biac-
TaHb: BiOAHOLEHHS KPWBOMIHIMHOI KOOpPAMHATM s MO KOHTYpY OTBOpPY (Big
TOUKM 4 (puc. 1)) 4O AOBXUHU KOHTYPY.

a./p 4
3,5
3 S N eeee- I/b=2,5
25 Aol B 1/b=3
’2 P 1/b=3,5
AN - = I/b=4
L5 \ F4 — = 1/b=45
1 — . =1/b=5
05 \ WLV AW /
) /V Vv
0 . . . . .
0 0,2 0,4 0,6 0,8 1

Puc. 3 — Po3nogin BigHOCHOI iHTEHCUBHOCTi HanNpyXeHb
Mo KOHTYpY OTBOPY NNacTUHU B 3arNeXHOCTi Bifg cniBBigHOLWeHHSA [ /b

Y 1abn. 1 HaBegeHa 3anexHicte KKH Big cniBBigHOLLEHHS [/ b B3aEMHOro
po3TalLlyBaHHsi OTBOPIB NNACTUHW.

Tabnuus 1 — 3anexHicte KKH & Big BennuuHm [/b B nnacTuHi

Ne n/n 1 2 3 4 5 6
/b 25 3 3,5 4 4,5 5
KKH 3,57 2,79 2,583 2,47 2,39 2,38

Mpu /6=2,5 BenununHa KKH Ginblwe, Hix npun I/b=3 Ha ~28%, a npu
I/b =45 i I/b=5 pe3ynbTaTu Bigpi3HAOTbCA nue Ha ~0,4%. Oxe, HanbinbLa
KOHLIEHTpaL HanpyXeHb CMOCTEPIraeTbCA NMpU HaVMEHLUIN i3 PO3rnAHYTMX
BiACTaHen MiX LeHTpaMu eninTUYHMX OTBOPIB MMACTUHW, a NpW iX B3aEMHO-
My BigdaneHHi oauH Big OAHOrO BOHA 3MEHLLYETLCS.

PosrnsHemo pesynbtaTu AocnigXeHb OBOMOHKM 3 ABOMA eninTUYHUMMU
oTBopamu. [pn po3paxyHkax BUKOPUCTAHO Taki napameTpu: OOBXMHa 060-
noHkn H=400 mm, pagiyc R=112 mm, niBOCi €NiNTUYHMX OTBOPIB a=15 MM Ta

b=10mm. ToBWMHA OOOMOHKM BU3HAYAETLCA TaKMM YMHOM, LLIOO
(a+b)/(2\/Rh)=0,5 3a4na pospaxyHKy OBOMOHKM 3 OAHWM eninTUYHUM

OTBOPOM i3 3agaHVMK nNapameTpamu i No4anbLIOro MOPIBHAHHA OTPUMAaHUX
pesynbTaTiB 3 BiJOMUM aHaniTUMHUM po3B’a3koM [5]. Tak, npu po3paxyHKy
OBOMNOHKM 3 OAHUM eninTUYHMM OTBOpPOM Ha ocHoBi MCE oTpumaHo
KKH=2,47, wo Ha ~1,2% Biapi3HsA€eTbLCA Big HaBeaeHoro y [5].

Ha puc. 4 nogaHo po3noain BigHOCHOT iIHTEHCUBHOCTI HanpyXeHb o;/p No
KOHTYpY OTBOPY 0BO0SOHKM NpK Pi3Hii BigCTaHi M LEeHTpamMun OTBOPIB.
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Puc. 4 — Po3nogin BiAHOCHOI iHTEHCMBHOCTI HanpyXeHb
Nno KOHTYpy OTBOPY OGOJIOHKW B 3anexHOCTi Bif cniBBiAHOWEHHS:A [ /b

Y 1abn. 2 HaBeaeHa 3anexHicte KKH Big cniBeBigHOLLEHHS [ / b B3BaEMHOro
po3TallyBaHHsi OTBOPIB 060NOHKN.

Tabnuus 2 — 3anexHictb KKH k Big BenuuuHu I/ /b B 060N0HL

Ne n/n 1 2 3 4 5 6
1/b 25 3 3,5 4 4,5 5
KKH 3,69 3,00 2,76 2,71 2,70 2,55

3pocTaHHa KOHUEHTpaLii HanpyXeHb CnocTepiracTbCA Npu 3MeHLUEHHI
BiACTaHi M LLeHTpaMu eninTU4yHUX OTBOPIB OBOMOHKK, a MpU iX B3aEMHOMY
BiAAaneHHi oguH Bid OAHOrO BOHA 3MEHLYETbCA. Tak, npu //b=2,5 BenuinHa
KKH 6inbLue, Hix npu I/b=3 Ha ~18%, a npu I/b=4,5 i I/b=5 pe3ynbTaTtu Bigpi3-
HAOTLCA Nnwe Ha ~0,4%.

Ha puc. 5 HaBegeHo 3anexHicte KKH B nnactuHi Ta o6onoHui Big cnis-
BigHOLWEHHS [/b.

4,0
3,8
3,6
34 .\\\\ =@ [1nacTuHa
3,2

—&— O60n0HKa

3,0
2,8 T —
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2,4 M - T3
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2,0 1/b
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Puc. 5 — 3anexHictb KKH B nnactuHi Ta o6onoHui
Bifg cniBBigHOLWEHHA /b
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Mpun I/6=2,5 BennunHa KKH B 060noHLUi Ha ~3% 6Ginblue, HiX y NnacTuHi.
Mpu 36inbLUEHHI BiACTaHi M ueHTpamu oTBopiB BiaMiHHICTE KKH nnacTtuHu
Ta 060NoHKK 3poCTae, Hanpuknag, 3a 3agaHux napameTpis npu i/b=4,5 KKH
B o6onoHui 6inbwe KKH B nnactuHi Ha ~7%. ToBTO B NPSAMOKYTHI NNacTuHi
Ta UMNiHOPWYHIA 060NOHUI 3 OAHAKOBMMW OTBOpPamMM Mpu 30inbLUEHHI Bigc-
TaHi MiX iX LeHTpaMn OO NEBHOrO 3HAa4YeHHs CrnocTepiraeTbes 36inbLUeHHSs
BiocoTka BiamiHHOCTI KKH.

BucHoBku. MpoBeaeHo KOMM'IOTEPHE MOAENOBAHHSA NOBEAIHKM NNACTUHU
i obonoHkn 3 ABOMa eninTUYHUMKU OTBOpamMu npu ix AedopmMyBaHHi. Jocni-
[PKEHO B3AEMOBMNNMB OTBOPIB B 3areXHOCTI Bif BiACTaHi MK iX LeHTpaMu.
BcTaHoBneHo, Wo 3a 3agaHunx napameTpiB Npu 36MWKeHHI LeHTpiB OTBOPIB
BinOyBaeTbCs 30iMbLUEHHSA KOHUEHTpaLii HanpyXeHb SK B MacTWHI, Tak i B
060MoHL,.
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YK 539.3

A. A. CocoHHast

BJIIUAHME B3AUMHOIO PACNONOXXEHUA OTBEPCTUN
HA HANPAXXEHHO-OE®OPMUPOBAHHOE COCTOAHUE
TOHKOCTEHHbIX 9IEMEHTOB KOHCTPYKLIUA
MpoeeaeH YUCNEHHbIA pacyeT HanpsikeHHO-Ae(OPMUPOBAHHOIO COCTOSIHMUSA
NpPsIMOYronibHOW  MNAcTMHLI M LUWAMHAPUYECKOW o06ornoukm ¢ AByMs
INNUNTUYECKMMM OTBepCTMAMU. MiccnenoBaHo BRMsiIHME PacrnofiOXeHUsi OTBEPCTUi

Ha u3MeHeHue KoO3(PMLUMEeHTa KOHLUEeHTpauuu HanpsikeHWW, HaungeHbl Haubonee
onacHble KOH(Urypauum ux B3aMMHOIro pacrnosioXeHus.

Knroueenie croea: nnacmuHa ¢ omeepcmueM, yunuHOpudeckasi 060osouka
C omeepcmueM,  HanpsiXeHHO-0ehopMUPOBAHHOE  COCMOsIHUE,  KOaghghuyueHm
KOHUeHmpauuu HanpskeHud, Memod KOHEYHbIX 3/1eMeHMOe.

UDC 539.3
A. A. Sosonna
INFLUENCE OF MUTUAL LOCATION OF HOLES
ON THE STRESS-STRAIN STATE OF THIN-WALLED
ELEMENTS OF STRUCTURES

Numerical calculation of the stress-strain state of a rectangular plate and
a cylindrical shell with two elliptical holes is performed. The influence of the location
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of the holes on the change in the stress concentration factor was investigated,
the most dangerous configurations of their mutual arrangement were found.

Keywords: plate with a hole, cylindrical shell with a hole, stress-strain state, stress
concentration factor, finite element method.

Plates and shells are widely used in rocket industry, aviation, shipbuilding
and other fields of engineering and construction. It can be explained by the
fact that due to its high strength combined with small weight, material sav-
ings greatly increase. When complex thin-walled structures are made, the
components of which are elements of a plates and shells, it often becomes
necessary to have some holes, which leads to local concentration of stress-
es in their vicinity. A large number of studies is devoted to problem of stress
concentration in plates and shells with holes including [3—20].

Finding the exact solution of boundary value problems for the plate-shell
design elements in an analytical form is possible only for a narrow class of
practically important problems, at specific boundary conditions and methods
of loading. Numerical methods are most commonly used to solve such prob-
lems, in particular the finite elements method (FEM) [2].

In this paper, the effect of the mutual arrangement of elliptical holes in
a plate and a shell on their stress — strain state (SSS) in the vicinity of open-
ings is investigated.

The rectangular plate and cylindrical shell, weakened by two symmetri-
cally located cuts, as well as the dependence of the stress concentration
factor (SCF) k around the holes from their relative position, are investigated.

Initially, calculations of plates with two elliptical holes were carried out. In
the calculations, the following parameters were used: the length of the plate
is ;=300 mm, the width is [,=200 mm, the semiaxes of elliptical holes are
a=15mm and b=10 mm. At [/b=2,5, the value of SCF is greater than at
I[/b=3 by 28%, and at /[/b=4,5 and [/b=15, the results differ only by
0,4%. Consequently, the highest concentration of stresses is observed at the
smallest of the considered distances between the centers of the elliptical
holes of the plate, and when they are mutually separated from one another,
it decreases.

Then the results of shell studies with two elliptical holes are considered.
In calculations, the following parameters were used: the height of the shell is
H = 400 mm, the radius is R = 112 mm, the semiaxes of elliptical holes are
a =15 mm and b = 10 mm. The thickness of the shell is determined in such a

way (a +b)/(2\/Rh) =0,5 that in order to calculate the shell with one ellipti-

cal holes with the given parameters and further comparison of the results
with a known analytical solution [5]. In this case & = 5,58mm.

An increase in the concentration of stresses is observed when the dis-
tance between the centers of the elliptical holes of the shell decreases, and
when they are mutually separated from one another, it decreases. Thus,
when [/b=2,5, the value of the SCC is greater than with / /b =3 by 18%,
andwhen!/b=4,5and [/b=75, the results differ only by 0,4%.
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At [/ b=2,5 the value of the SCF in the shell is 3,2% more than in the
plate. With an increase in the distance between the centers of the holes, the
difference between the SCF of the plate and the shell increases, for exam-
ple, for the given parameters at / /b = 4,5 SCF in the shell more than SCF in
the plate at 7%. That is, in the rectangular plate and the cylindrical shell with
identical holes, with the increase in the distance between their centers, the
percentage difference of the coefficient of stress concentration increases.

Conclusions. A computer simulation of the behavior of a plate and
a shell with two elliptical holes during their deformation was carried out. The
mutual influence of cuts depending on the distance between their centers is
investigated. It is established that for the given parameters, when the cen-
ters of the holes are converged, an increase in the concentration of stresses
occurs both in the plate and in the shell.
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