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OO00IOHKOBI KOHCTPYKLIT MalOTh IIMPOKE 3aCTOCYBAHHS B PI3HOMAHITHHX Taly3sX TEXHIKH Ta MPOMHCIIO-
BOCTI 3aBJISIKM MMOEJHAHHIO BEJIMKOI MIIIHOCTI Ta BiJHOCHO Maioi Baru. Haliuacrime peajgbHi KOHCTPYKLIi 3 TeX-
HOJIOTTYHUX 200 KOHCTPYKTHBHHX MipKyBaHb MalOTh OTBOPH, L0 MPU3BOIUTH O Pi3KOT0 30LIBIICHHS IOKATbHUX
HaIpYXeHb 1, SIK HACIIIOK, 710 3MEHIICHHS MII[HOCTI Ta HaIIMHOCTI KOHCTpPYKLii y mizomy. Came 4yepes 1e, nu-
TaHHS 3HIKCHHS KOHLEHTpALil HAIpPyXKeHb B €JIEMEHTaX TOHKOCTIHHUX KOHCTPYKI[H € Ba)XKIHBOIO Ta aKTyallb-
HOM ITPpOOJIEMOr0 MeXaHiKK J1e()OpMIiBHOTO TBEpAOro Tijia. B naHiil poOOTi MpOBEACHO KOMIT IOTEPHE MOJICTIOBaH-
HS Ta CKIHYCHHOEJIEMEHTHHUI aHaji3 HampyKeHO-Ie()OPMOBAHOTO CTAaHy TOHKOCTIHHOI c(hepudHOl 0OOIOHKH 32
HAsBHOCTI BHIOBXXCHOTO ENINTHYHOTO OTBOPY 1 OTOYYIOUOrO Oro KilbLEBOrO EIINTHYHOTO BKIIOYCHHS, IO
3HAXOAUTHCS HAa MEBHiH BiAcTaHi Bix oTBOPY. JIOCIIKEHO BIUIMB F€OMETPHYHHX T MEXAHIYHHX XapaKTEPHCTUK
BKJIFOYCHHS, a TaKOX BiJCTaHI PO3TAIIYBaHHS BKJIIOYCHHS BiJl KOHTYpPY OTBOPY Ha KOHILICHTpALIIO IapameTpiB
Hanpy)eHo-1eGopMOBaHOro cTaHy 000m0HKH. OTPUMAHO PO3MOLT IHTEHCHBHOCTEH HAMPYXKEHb 1 Aeopmaliiii B
30HaX JIOKAJIBHOT KOHI[CHTpALlil HAaIPyXKEHb.

BcraHoBIIEHO, 1110 32 PaXyHOK BHKOPUCTAHHS JKOPCTKOTO KiJIbIIEBOIO BKJIIOUCHHS, PO3TAIIOBAHOIO Ha IICB-
Hill BifcTaHi BiJl OTBOPY OOOJIOHKH, MOXKHA 3MEHIIUTH KOe(illieHT KOHIEHTpalil HanpyxeHb Maibke Ha 27 %.
Ipu oMy criocTepiraeThCst MPOMOPLiiHE 3MEHILICHHS iIHTEHCUBHOCTI AedopMartiii B 0KOi OTBOPY.

CTyniHb BHIOBXKEHOCT] SINTHYHOTO OTBOPY CYTTEBO BIUIMBAE HA KOHIEHTPAIIIO APaMETPiB HAIPY)KEHO-
nehopMOBaHOTO cTaHy 00OJIOHKH. Y pa3i HiAKPIIUIEHHsT OTBOPY O€3M0CepeIHbO B3IOBXK HOr0 KOHTYPY KOPCTKHM
KIJIBIIEBUM BKJIFOYCHHSIM iHTCHCHBHICTD HAIPy)XeHb HABKOJIO HBOTO 3POCTAE, Y TOM Yac sIK IHTCHCHBHICTB Aeop-
Mauiit 3HIKyeThes. [IpoBeieHi YnCIeHHI 00YHCITIOBAIBHI PO3PAXYHKH IMOKA3YIOTh, IO BUKOPHCTAHHS BiIAaIeHO
PO3TAIIOBAHOIO BiJl OTBOPY OTOYYIOUOTO HOrO )KOPCTKOTO KiJIbLIEBOTO BKIIOUEHHS J03BOJSE 3HH3UTU iHTEHCHB-
HOCTI SIK Hampy)XeHb, Tak 1 aedopmaniii HaBKoIo oTBOpY. Y pasi 6e3rnocepeJHbOro MiAKPIIUIEHHS OTBOPY 3HU-
JKeHHSI MaKCUMAJIbHOI 1HTEHCHBHOCTI JeopMariiif fermo Oiblie y MOpiBHSIHHI i3 BUIIAJKOM BiJaleHOTO po3Ta-
LIyBaHHS OTOYYIOYOTO OTBip )KOPCTKOTO KiJIbIIEBOIO BKIIOYCHHSI.

BukoprcTaHHS IEBHUM YMHOM MiJiOpaHMX i pO3TANIOBAHUX MiJKpIlIeH BUIOBKEHNUX EIMNTHYHAX OTBO-
piB y chepuuHmx 000JIOHKAX 03BOJIsI€ BIUIMBATH HA PO3MOJLI 1 BEIMUMHY IHTEHCUBHOCTEW HANpyXeHsb i nedop-
Mamiif B 30HaX JIOKaJbHOI KOHIIEHTpalii TapaMeTpiB iX HalpyKeHO-1e(OpMOBAHOIO CTAHY.

Knwuosi cnosa: cpepuuna obononxa, 6uoossxcenuil eninmuyHutl omeip, Kiivlyese elinmuiHe 6KIIOYEeHHs,
Hanpysiceno-0ehpopmosanuli Cmam, KOHYEHMpayis HANPYHCeHsb, CKIHYEHHOCNeMEHMHUL AHATT3.

Shell structures are widely used in various branches of technology and industry due to a combination of
a high strength and a relatively light weight. In the majority of cases, actual structures have openings for
manufacturing or design reasons, thus leading to a sharp increase in local stresses and, as a result, to a de-
crease in the strength and reliability of the structure as a whole. That is why reducing stress concentration in
thin-walled structural elements is an important and topical problem in deformable body mechanics. This pa-
per presents the results of a computer simulation and finite-element analysis of the stress and strain field of a
thin-walled spherical shell with an elongated elliptical opening and an annular inclusion that surrounds the
opening at a certain distance therefrom. The effect of the geometrical and mechanical parameters of the inclu-
sion and its distance from the opening contour on the concentration of the stress and strain field parameters of
the shell is studied. The stress and strain intensity distribution in the local stress concentration zones is ob-
tained.

It is shown that a rigid annular inclusion located at a certain distance from an opening allows one to re-
duce the stress concentration factor by nearly 27 percent with a proportional decrease in strain intensity in the
vicinity of the opening.

The elliptical opening elongation degree greatly affects the concentration of the stress and strain field
parameters. If an opening is reinforced with a rigid annular inclusion immediately along its contour, the stress
intensity in its vicinity increases, while the strain intensity decreases. The numerical calculations conducted
show that surrounding an opening with a rigid annular inclusion located remotely therefrom reduces both the
stress and the strain intensity in the vicinity of the opening. If an opening is reinforced immediately along its
contour, a decrease in the maximum strain intensity is somewhat greater in comparison with the case where
the rigid annual inclusion surrounding the opening is located at some distance therefrom.

The use of specially selected and located reinforcements of elongated elliptical openings in spherical
shells allows one to control the stress and strain intensity distribution and magnitude in the zones of local
concentration of their stress and strain field parameters.
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Beryn. Cdepuuni 000J0HKH HIMPOKO 3aCTOCOBYIOTBCS B PI3HUX Taly3sX TEX-
HiK{ Ta TIPOMHUCIIOBOCTI, Y TOMY YHCIi B OyIiBHUITBI, pPOOOTOTEXHIlli, €HEpreTulli,
KOCMIYHIH, BIICBKOBIH Ta iH. rayry3sX. 3aBIsKU BEJIHKIH MIIIHOCTI Ta BiJIHOCHO Ma-
niii Ba3l JaHMH THI €NEMEHTIB KOHCTPYKLiM HaOyB HIMPOKOTO BHKOPHUCTAHHS.
Haituacrime B peaqbHIX KOHCTPYKIISIX 32CTOCOBYIOTHCSI OOOJIOHKH, B SIKMX HasiBHI
OTBOPH Ta iHINI HEOAHOPIMHOCTI (IIMAHTOYTH, HAKJIAJKUA TOIIO), IO MPU3BOJAUTH
710 Pi3KOro 301bIICHHS JOKAJIbHUX HAIMPY>KEHb, SKi, Y CBOIO Yepry, BIUINBAIOTH Ha
MIIHICTh Ta HaAIWHICTD KOHCTPYKLil y migomy [1 — 7]. Came uepes e, 3amava
3HW)KEHHS KOHIEHTPALlii HAapyXKeHb B TOHKOCTIHHUX KOHCTPYKIISAX € aKTyaJbHOIO
3aJauero MeXaHiku JeOopMiBHOTO TBEPAOro Tija.

OpHuM 3 BapiaHTiB 3HMKEHHS KOHLEHTpamii HampyXeHb HAaBKOJIO OTBOPY €
3aCTOCYBaHHS MiAKPIIUTIOBAIbHUX €JIeMEHTIB a00 BKIIIOYECHb 3 PI3HOMaHITHUMH
TeOMETPUYHUMH Ta MEXaHIYHUMH BIACTUBOCTAMHU [8 — 12].

[MuTanHsM gOCHiKEHHs HanpyxeHo-AedopmoBanoro crany (H/C) Tonkoc-
TIHHUX KOHCTPYKIiil 3 OTBOpaMH MPHUCBSIUCHO 0araTto mpamb BITYM3HIHUX Ta 3aK0-
pAOHHMX BueHHMX. llepmii nocHimKeHHS 3 MiIKPIMJICHHS OTBOPIB HaJeKaTh
C. I1. Tumomenky Ta . Jleccenbcy [13], siki 3Benu 3ajayy BH3HAUCHHS HAIpy-
KEHb HAaBKOJIO OTBOPY 0 3HAXOKEHHS HAIpY>XKeHb B KpUBOMY Opyci, [0 HaBaH-
Ta)KeHUH Ha 30BHIIIHEOMY KOHTYPI.

OyHaMeHTaNbHUH XapakTep y IbOMY HAyKOBOMY HaNpsSIMKy MalOTh Ipaili Bi-
JIOMHX yKpaiHcbkux BYeHux I'. M. Casina, O. M. I'y3s ta in. Tak, y [14] Buknaze-
HI pe3y/lbTaTH CHCTEMATHYHUX JOCHI/PKEHb KOHIICHTpALli HamNpyXeHb HaBKOJIO
OTBOpIB B IUTACTHHAX 1 000JOHKAX 13 3aCTOCYBAHHSM TEOPii KOMIUIEKCHOI 3MIHHO].
Y monorpadii [15] npoaHanizoBaHO CTaH Teopii 000IOHOK, IO MOCIa0ICHI 0TBO-
pamu, HaJlaHi MOCTaHOBKH 3a]1a4, METOJIU 1X PO3B’sI3yBaHH: Ta HaBeJICHI PO3B’I3KH
3aja4 Ui CPepUIHMX, MWIIHAPUYHUX Ta THIIMX O00OJOHOK, OTPUMAHHUX 3a JIOMO-
MOTOI0 aHANITHYHHX, & TAKOXK BapialliiHUX Ta YUCIOBUX MerofdiB. Y [16] mocimi-
JOKCHO PpO3MOJIJ HamnpyXeHb B cepuuHiii 00O0JIOHI 3a HAsSBHOCTI 3MIIIEHOTO
KPHBOJIiHIHOTO 0TBOpY. Y [17] oTprMaHO BUpa3u Jisi KOMIUIEKCHHUX MOTEHILIAIB,
mo xapakrepuzytoTb HIIC mpyxHOT TUIOIIMHE 3 eNiNTHYHAM OTBOPOM, ITiJJIAaHUM
MOMEHTY B JIOBUIBHINA TOYIl TUIOIIMHHU. PO3paxoBYyIOThCS HANpPYXKEHHS 3CYyBY Ha
Kpato OTBOpYy. Bu3HaueHo KoedillieHTH ITHTEHCUBHOCTI HAINPY>KEHb JJIsl TPaHUYHO-
ro BUNAJKy npsMoi minuan (Tpimman). Y [18] nocnimkeno HJC i3oTpomnHoi 060-
JIOHKH JIOBUILHOI T'ayCCOBOT KPUBUHHU, KA 3HAXOAMUTHCS IIiJ] IEF0 OCHOBOI'O PO3TS-
Iy Ta BHYTPIIIHBOI'O THCKY, 3 KPyrOBHUM OTBOPOM B IIEHTpi KOHCTpyKmii. Jlus
OTpPHMAaHHS PO3B’SI3Ky 3aJ1a4i 3aCTOCOBAHO iHTErpaibHe neperBopeHHss Dyp’e Ta
Teopist yzarampHeHux (yHkmid. Y [19] posrmsayTo i30TpoIHy 000JI0HKY ABOSKOT
KpUBHMHH, TMOCTA0JIeHy HACKPI3HOIO TPINIMHOW, Oepera sKOi KOHTaKTYIOTh IPH
3ruHi 000J10HKU. HaBeneHo pe3ysbTaTH YUCIIOBOTO JIOCIIHKEHHS 3aI€KHOCTI KO-
eQIIieHTIB IHTEHCUBHOCTI BiJl pO3Mipy TPIIIMHU Ta KPUBUHU CEPEIMHHOI MOBEPXHI
o0osoHku. OHO- Ta ABO3B'I3HI 3aaa4l Ui chepruuHuX O00OJIOHOK 3 OJHUM abo
JIBOMa KPyroBUMH OTBOpaMH po3risiayTo y [20].

VY [21] npoaHanizoBaHO MPYXHO-TUIACTUYHHUN CTaH TOHKHX cepudHux 000-
JIOHOK 3 JIINITHYHUM OTBOPOM 32 YMOBH, IO MPOTHHU € CKiHYeHHUMH. OOO0IIOHKH
BUTOTOBJICHI 3 130TPOITHOTO OJJHOPITHOTO MaTepiany 1 3HaXOJSThCS MiJ €0 BHY-
TPIIIHBOIO THCKY 3a7aHol iHTeHcuBHOCTI. CHopMynpOBaHO 3aadi Ta 3ampOIOHO-
BaHO YMCIIOBHI METOJI X pO3B’SI3YBaHHS 3 ypaxyBaHHIM (i3UYHUX Ta T€OMETPHY-
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HUX HeMiHiiHOCTeH. JloChimKeHO pO3MOaUT HANIPYKEHb, AehopMaIliii Ta 3MileHb
B3JIOBJK MEX1 OTBOPY Ta B 30HI iX KOHIeHTpaii. OTpuMaHi pe3yiabTaTH MOPiBHIO-
IOTBCS 3 PO3B’SI3KaMU 3a/1a4, JIe BpaXOBY€eThCs Juie Qi3nyHa HeNMiHIHHICTS (TUac-
truHi nedopmariii) abo reomeTpudHA HEMIHIMHICT (CKIHYCHHI IPOTHUHH), Ta 3 YH-
CJIOBUM PO3B’A3KOM 3a/adi JNiHIHHO-TIpYyXHOTO XapakTepy. [Ipoananizosano HJIC
B OKOJIi EJINITUYHOTO OTBOPY B 0OOJIOHII 3 ypaxyBaHHSIM HETIHIHHUX (aKTOpiB.

B nmamiit po6orti, K mpomosxeHHi [22, 23], mpoBemeHO KOMII' IOTEPHE MOJIE-
moBanHs H/IC npy»HOi TOHKOCTIHHOI cpepruaHOT 000IOHKH 3 BUAOBKEHHUM €ITiII-
THYHAM OTBOPOM 32 HABHOCTI OTOYYIOYOTO HOTO KiNBIIEBOTO €TINTHIHOTO BKIIFO-
YEeHHsI, pO3TAIlIOBAaHOTO Ha TMEBHIN BifcTaHi Bix oTBOpY. BukoHaHO CKiHYeHHOEIE-
MEHTHUI aHami3 BIUIMBY TCOMETPUYHHUX Ta MEXaHIYHUX XapaKTEPUCTHK BKIFOUCH-
HSl, @ TAKOXK BiZICTaHI MK BHJIOBKEHUM EIIITHYHIAM OTBOPOM Ta KOHTYPOM BKITO-
yeHHst Ha apameTpu HJIC 000710HKH B 30H1 JIOKaTBHOT KOHIIEHTpAIlii HAllPyKEeHb.

IMocranoBka 3agaui. [Jocnimkenns H/IC npoBeneHo i mpyKHOI TOHKOC-
TIHHOI 130TPONHOI cepruyHOi 000IOHKH paxaiycy R, ToBunu h 3 BUpOBKEHUM
SMNTHYHAM OTBOpOM (@, b— MiBBicCi emincy), KU MiIKPIIUTIOETHCS KiTbIIEBUM

BKJIFOYEHHSIM [IMPUHM t , po3TalioBaHuM Ha Biacradi h Bix kparo orBopy. BBaka-
€THCSI, 1[0 OTBIP 3aKPUTUH KPHIIKOI CHEIiaIbHOI KOHCTPYKIIIi, fKa Mepeae Jito
TUIBKHU TiepepizanbHoi cun [14]. ToBuMHA MiAKPITUTIOBAIIBHOTO €IEMEHTY BIATO-
Bigae ToBmMHI 0600HKK N, a Ha HOro rpaHMUIAX 3a/1aHO YMOBH JKOPCTKOTO 34e-

rwieHHs. OOOJIOHKa 3HAXOJUTHCS MiJ Ji€l0 BHYTPIIIHBOTO PiBHOMIPHOTO THCKY
iHTeHCHBHOCTI p =const (puc. 1).

JocmipKy€eThesl BIUIMB HIMPHHU 1 MEXaHIYHUX BJIACTUBOCTEH KiJILIIEBOTO €Ii-
OTHYHOTO BKJIIOYEHHS Ta BEIMYMHHU BIJCTaHi MK BKIIOYEHHSIM i OTBOPOM Ha
HJC 06010HKM B 30HaX KOHIIEHTpalii Hanpy>xeHb. [I[pOBOANTHCS MOPIBHSUIBHUIMA
aHaJi3 pe3ysbTaTiB, OJCPKAHMX 32 HASBHOCTI BKIIIOYECHHS, 3 pe3ylbTaramu 0e3
BUKOPHUCTaHHS BKJIIOYEHb. BUBYAIOTHCS YMOBH PO3TAllyBaHHS 1 CIOIYYEHHS I'eO-
METPUYHUX Ta MEXaHIYHHX XapaKTEPUCTHK BKJIFOUEHHS JJISi MOXKJIMBOTO 3MEH-
nreHHs koHnenrpaiii napamerpis HJC obonoHKH.

a) 0)
Puc. 1 — Cxema HaBaHTaXEHHS ChEepUIHOI 0OO0TOHKH 3 ETINTUIHAM OTBOPOM (a)
Ta PO3TAIIyBaHHA KiJIbIIEBOTO BKIIFOYCHHS (0)

MartemaTu4Ha Mojesb 3aja4vi Ta MeTOJ PO3B’si3yBaHHs. Y Bapiamiiinii
MOoCTaHOBII 3aaaya npo gocmimkerrss HAC ToHkocTiHHOT HeoaHOPIAHOT chepuu-
HOT 00OJIOHKH 3BOAMTHCS JI0 MiHiMI3allli GyHKIIIOHAA TOBHOI IMOTEHIIIaIbHOI eHe-
prii nedopmarii cucremu [2] :
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Y= Zn:(%ﬂ[(’(n * Ky )2 +2(1 - Ui)(K1221 - K11K2i):| Rdydx + 2(1E+r:lz)”(£121 +

+2 s 65+ 65+ 1 -ZIUi ¥{ ) Rdydx - ”(pxui tPhVit pzwi) Rdydx),

Je N— KiNbKICTh TiNAHOK OOOJIOHKM 3 PI3HUMH MEXaHIYHHMMHU BIIACTUBOCTSIMH;
D, — uuningpudna sKOpCTKiCTh i -1 AUIAHKM;, U;, Vi, W; — MIPOEKIIIT BEKTOpA TIepe-
MIILEHB; K, Ky, Kjp; — 3MIHH KPUBUHU; &;;, &, Y; — BUIOBKEHHS Ta KyT MOBOPO-
Ty; Y;— koediuient [Tyaccona; E, — momyms npyxuocti; R — pasiyc 00010HKY;
P> P, > P,— IIPOEKILii BEKTOPA HABAHTAKEHHSL.

s po3B’si3aHHS TOCTABIICHOT 3a7jayui 3aCTOCOBAHO METO]I CKIHYEHHUX eleMe-
HTiB (MCE) 3 BUKOPUCTaHHSIM MJIOCKUX YOTHPUBY3JIOBUX €PMITOBHX CKIHUCHHHUX
€JIEMEHTIB 3 IIiCThMa CTYIEHSMH BUIBHOCTI (TpH JIiHIHHI IEepEeMILLICHHS Ta TPU KY-
TH TOBOPOTY) [16]. V 30Hax J0KadbHOT KOHIIEHTpAIlil HAPYXEHb (HABKOJO OTBO-
PY) BUKOPHCTAHO aJanTUBHY CiTKY 3 KoeditienTom 3rymieHHs 10.

OCKiNBKH 31 3TYHICHHSM CITKH 301IBIIY€THCS TOUHICTH allpOKCUMAllii TOBepX-
Hi 00OJIOHKH T'€OMETPi€I0 BIUCAHOTO OaraTorpaHHUKa, MOXKHA CTBEPKYBATH, IO
30ikHicTs MCE y BUNasiky BUKOPUCTAHHS IIOCKUX CKIHYEHHHUX €JIEMEHTIB TOHKOT
obosoHku Oyne 3ade3neuena [24].

YucaoBuii anais. Pozpaxynku nposeaeno Ha [1K IntelCorei3-4170 (TakToBa
gucroTa 3,70 GHz, oneparusna mam’sath 8 Gb, po3psaHicTe X64) 32 JOIOMOIO0
MCE Ha mociioBHOCTI aianToBaHuX ciTok. CepeqHs KUIBKICTh CKIHUEHHUX elie-
MeHTiB —47525.

PesynbpTratu orpuMani ans cepruuHOi 000TIOHKH 3 TAKUMHU T€OMETPUYHUM Ta-
pamerpamu [14, 22]: R=2wm, h,=0,001R, b =0,05R,, a/b =1,5. J{oci-
JOKCHHSI MPOBEIIECHO JUJIS II'SITH BapiaHTIB IIMPUHHU KUIBIEBOTO BKJIIOYCHHA [ =
0,1b; 0,2b; 0,3b; 0,4b; 0,5b, Tprox BapiaHTiB BifcTaHi #Oro po3TAITyBaHHS BiIHO-
cuo kparo orsopy h = 0,1b; 0,3b; 0,5b Ta aBOX BapiaHTiB BHIOBXEHUX OTBOPIB
a/b =2; 3. Jlns BU3HAUYCHOCTI B pO3paxyHKax BUKOPUCTAHO JIBA BUIU MaTepiary
3 TAKUMH MEXaHIYHUMM Xapakrepuctukamu: 1) moayns npyxuocti E; = 110 I'Tla,
koedimient [lyaccona V,= 0,32, yMOBHa IpaHHIs TEKY4OCTi O ,,= 280 MIla,
rpanuis MinHocti 0 3= 400 MIla; 2) £ ,=210TTla, v, = 0,3, 0,, =375 Mlla,
0, = 630 MIla. Bayrpimniit Tuck p = 0,1 MIla. Bubip marepiasiB HOCUTb YMOB-
HUU XapakTep.

Jlnist 3pydHOCTI aHalli3y OTpUMaHUX Pe3yJIbTaTIB, sK 1 painie [23], BBEJCHO KO-
eQillieHT BiHOCHOT *kOpCTKOCTI BKIoueHHs 3a (opmymoro: K=E_ /E . , ne

E .., — Momyns mpyxHOCTI BKIIOueHHs; E  — MOmynb mpy»KHOCTI 0GOJIOHKH.

Beakaemo, 1m0 y Bumanky K>1 BKIIOUeHHsS <oKOpcTKe», mpu K <1 BKiItO4YeHHsS
«MSTKE».

VYV Tabn. 1 HaBeACHO OTPUMaHI pe3yJbTaTH YuCiIoBOro mociimkenus HJIC
cepuuHOi 000JOHKH 0e3 BKIIIOUYEHB JUIS Pi3HUX BapiaHTIB BUIOBXKEHOCTI ENINTH-
YHOIO OTBOPY, IO J0Ope y3rOIKYEThCS 3 pe3yibTaTaMu Juls Bumaaky a/b =
0,15, naBeseHoro y [14].
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Tabnmms 1 — MakcnManbHi 3HaYeHHS IHTCHCHBHOCTEH HapyXXeHb, NedopMatiil Ta
KoedimienT koHneHnTpanii Hanpyxeab (KKH) ms chepuanoi od6ononkn 6e3 BKIIOYEHB

a/b o™, MIla &m>/10* KKH
0,15 506 25,3 10,07
0,2 1157 105,6 23,11
0,25 2088 189,1 41,71
0,3 3395 309,5 67,80

BigmoBigai ams mporo BUMAAKy rpadiké po3MoOALTy iHTEHCHBHOCTEW HAIpy-
JKeHb 1 nedopMartiii HaBegeHo Ha puc. 2. TyT 1 Hamaii Ha pUCyHKax 10 OcCi abCIUC

BIIKJIaJICHO HOpMalti3oBaHy napaMmeTpuyny Binctanb 0<L <1 y3noBx 1/4 mepu-
niaHa chepruaHOi 0OOIOHKH 31TiBa HANPABO B HAMPSMKY OTBOPY 10 HOTO KOHTYPY:
L=nRl/2,1€[0;2/ zR]

a,
MMa 4 000

1500

3 000

—— i /b=0.15
2 500

e i3/ 1=0,2
2 000 / a/b=0.25

1 500 a/b=0.3

1 000 /"d

500 /
i

0

Ei
3,50E-02

3,00E-02

2,50E-02 e 3 /b=0.15

a/b=0.2
2,00E-02
a/b=0.25

1,50E-02 a/b=0.3

1,00E-02

5,00E-03

0 L/4 L/2 31/4 L
0)
Puc. 2 — Po3nontin iHTeHCUBHOCTEH HampyXeHs (a) i neopmartii (6)
Y3IOBX Y4 MepuaiaHy cepudHoi 000JIOHKH 0€3 BKIFOYCHB B 3aJIC)KHOCTI
BiJl CTYIICHS BHJOBXCHOCTI CIIINITHYHOTO OTBOPY

0,00E+00
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3a3HaunMo, M0 MpH 301TbLICHI BUAOBKEHOCTI €MINTHYHOTO OTBOPY B 2 pasu
KKH 36inbiryerscs Maitke y 7 pasis (tabum. 1).

Jlnst BunaaKky oO0OJIOHKH 3 OTBOpOM @/ b TpoBeseHO AOCITiKEHHS 3MiHH Ta-
pametrpiB HIC B 3a1eXKHOCTI Bil MEXaHIYHUX Ta TEOMETPHUIHHUX XapaKTCPHUCTHK
MiAKPIIUTIOBAIbHOTO BKJIIOUEHHS, & TaKOX BiJ MICIsl HOro posramryBaHHs. Tak,
YICIIOBUI aHaNi3 MOKa3aB, IO MPU PO3TAallyBaHHI Ha MEBHIM BiACTaHi Bix OTBOPY
0TOUyr40ro Horo xopctkoro (k=1,9) KinbleBoro eninTHYHOroO BKIKOYEHHS Bijl-
OyBaeThCsl JesAKE 3HWKEHHS KOHLEHTpauii HampyXeHb i Aedopmaiiii HaBKOJIO
OTBOPY y MOPIBHAHHI 3 HEMiIKPITUIEHOI0 000I0HKO0r0. HallkpammM i3 po3risHyTHX
I’ SITH BapiaHTIiB IIMPWHH MiAKpIIIIeHHs BusBuBCs Bapiant £ =0,5b mpu h=0,1b,
IO O3BOJMJIO 3HM3UTU IHTEHCHBHOCTI HampykeHb 1 Jedopmauiii Maibke Ha
~28 %. PesynbraTi po3paxyHkiB 1isi obononku npu h=0,1b HaBemeHo y tabi. 2.
BinmoBigauii po3moais iHTEHCHBHOCTEH HAmpyXeHb 1 JedopMariiii mpoiuTocTpo-
BaHO Ha puc. 3.
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Puc. 3 — Po3noain iHTeHCHBHOCTEN HamnpykeHb o; (a) 1 nedopmarriii €; (0)
y3I0BXK Y4 Mepuiana chepruaHOi 000JIOHKH 3 eNINTUYHUM 0TBOpoM a/bh=2
B 3aJIE)KHOCTI Bil ITUPUHU )KOPCTKOTO KUTHIIEBOTO BKIIFOUEHHS, pO3TAIlIOBAHOTO
Ha Bigcrani h=0,1b Bix oTBOpPY

Tabmuns 2 — KoeginieHT KOHIIEHTpalii HaIlpy>KeHb Ta 3MiHA IHTEHCUBHOCTEH
Hanpy)keHs i geopmaniit HaBkoso oteopy /b = 2 mpu h=0,1b ta k>1

t 0,1b 0,2b 0,3b 0,4b 0,5b
KKH 21 19,6 18,9 18,2 16,7
Aci™, % -9,2 -15,0 -18,3 -21,0 -27,8
Ae™, % -9,2 -15,0 -18,3 -21,0 -27,8
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IIpu 3acTrocyBaHHI JKOPCTKOTO KIUTBIIEBOTO BKJIIOYEHHS Ha BiACTaHi
h=0,3bBig KOHTYpYy OTBOpY CITOCTEPIra€ThCSA CXOXKa 3 TIOMEPEIHIM BHIIAIKOM
(h=0,1b) xaptuna. MakcuMabHi 3HAUCHHsI IHTCHCUBHOCTEH HAIPYXEeHb 1 aedo-
pMarliii TakoX BUSBISIOTHCS MEHIIMMH, HIK Y BUITAKy HEIiAKPITIEHOTO OTBOPY.
3a BUKOpUCTaHHS BKJIOUeHHS mupuHU t=0,5b IHTEHCHBHOCTI HANpPyXeHb 1 Jie-
(hopmariiii 3a3HaOTh 3HIKEHHS Ha ~17 %, mo maiixke Ha ~11 % meHIe Hik y T0-
nepeAHbOMY BHMAAKy. I'padiku po3moniny iHTEHCHBHOCTEH HaIpy:KeHb i nedop-
Malliif imocTpye puc. 4. BiqnoigHi pe3yapTaT YHCIOBOTO PO3PAXyHKY HABEACHO
y Tadu. 3.

Tabmuus 3 KoedinieHT KoHIEHTpalii Hanpy»eHb Ta 3MiHa IHTEHCUBHOCTEH
HampyXeHsb i aedopmaniit HaBkoso otopy &/b = 2 mpu h=0,3b ta k>1

t 0,1b 0,2b 0,3b 0,4b 0,5b
KKH 22,5 21,7 19,6 19,3 19,0
Aci™*, % -2,6 -6,2 -15,3 -16,4 -17,3
Agi™, % -2,6 -6,2 -15,3 -16,4 -17,3
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Puc. 4 — Po3notin iHTEHCUBHOCTEH HaMpyXeHb Gi (a) 1 aedopmartiii € (0)

Y3IO0BXK Y4 Mepumiana chepruaHOi 060IOHKH 3 eNinTHIHAM 0TBOpoM a/b=2

B 3aJIGKHOCTI BiJl ITUPHUHH KOPCTKOTO KUTBIIEBOTO BKIIOYCHHS, PO3TAIOBAHOTO
na Bigcrani h=0,3b Bix otBOPY

SIkmo BkIroueHHs Bigmamutu Ha h=0,5b Big KOHTYpY OTBOpPY, TO TAKOXK Bij-
OyBaeThCsl 3HW)KEHHS 1IHTEHCHUBHOCTEH HampyXeHb 1 aedopmaniidl y HOpIBHAHHI 3
HemiakpiruieHuM otBopoM. Tak, y pasi mmpunu Briouenns t=0,5b crnocrepira-
€ThCsI 3HMKCHHS IHTEHCUBHOCTEH HanpyXeHb 1 qedopmaitiii Ha ~12 %, o mMeHIe
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BiJl TIOTIEPETHHFOTO BHUIAAKy Maike Ha ~5 % Ta MeHIIe BiJl BUMAAKY, KOJIU BKIIO-
4YeHHs posramroBane Ha Bigctani h=0,1b, maitke Ha ~16 %. Pe3ynsTatu Bifmosi-
JHUX YUCIIOBUX PO3PAaXyHKIB HaBeleHO y Tabm. 4. Po3nosin iHTEHCHBHOCTEW Ha-
NpyKeHb 1 Jedopmaltiii mpoiTrocTpoBaHO Ha pucC. 5.

Chij 3a3HaYUTH, 1110 PE3YJILTATH MTPOBEIACHUX OOUYKCITIOBATLHUX CKCIICPUMEHTIB 3
MIKPIIUICHHS 0€3M0CEePEHFO OTBOPY IO KOHTYPY JKOPCTKUM KUITBIICBUM CIIIITHYHUM
BKJIIOYeHHsM mmpuHoi0 t =0,5b, moka3yroTh, 110 HAsBHICTH BKIFOYEHHS Ge3rnocepe-
JIHBO TI0 KOHTYPY OTBOPY NMPU3BOJAUTHL JIO 3POCTaHHS IHTEHCHBHOCTI HANpY)KEHb Ha
~14 %, i, y CBOIO Uepry, 10 3HWKEHHsI IHTCHCUBHOCTI iedopmartiii Ha ~37 %.

Tabmuns 4 — KoedinieHT KOHIEHTpalii Hallpy>KeHb Ta 3MiHA IHTEHCUBHOCTEH
HanpykeHs i gedopmariit HaBkosio orsopy a/b = 2 mpu h=0,5b ta k>1

t 0,1b 0,2b 0,3b 0,4b 0,5b
KKH 21,3 20,9 20,7 20,6 20,3
Aci™, % -8,0 -9,3 -10,4 -10,7 -12,2
Aei™, % -8,0 -9,3 -10,4 -10,7 -12,2
0 (14
Mfla ——

niax, xpas

2

/ s

DOTELGD B el e ) g
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Puc. 5 — Po3nonin iHTeHCUBHOCTEH HaIpy»XeHb G; (a) 1 nedopmarii & (0)

Y3I0BX Y4 Mepuaiana chepuaHOi 000JOHKH 3 eNNTHYHUM 0TBOpoM a/b=2

B 3QJICKHOCTI BiJI IMUPUHH KOPCTKOTO KiJIBIIEBOTO BKIIFOUEHHS, PO3TAIIOBAHOTO
Ha Bigcrani h=0,5b Bix oTBOpY

Jamni npoBeneHo fociimkenHs 3Minu napamerpie HJIC obooHku B 3a51€KHO-
CTi BiJ] MEXaHIYHUX 1 T€OMETPUYHUX XapaKTEPUCTHK BKIIOUEHHS Ta Micus Horo
po3TairyBaHHs Ipy OiTbIIii BUIOBKEHOCTI 0TBOpPY A/ b . Haiikpammm i3 po3risi-
HYTUX BapiaHTIB MiIKPIIICHb BUSIBHJIOCH MiAKPIIUICHHS OTBOPY Ha BiACTaHi
h=0,1b >xopcTKHUM KiNbIEBUM BKIFOUCHHsM mmpuno & =0,5b, mo go3Bonuino
3HU3UTH IHTEHCUBHOCTI HAIIpyXeHb 1 nedopmaniii Maibxke Ha ~27 %. PesynbraTu
nocimimkens s h=0,1b nHaseneno y tad. 5. BianoigHuit po3nomia iHTEHCHB-
HOCTEH HampyXeHsb 1 AedopManiidi IpoUTIOCTPOBAaHO Ha pHC. 6.
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Puc. 6 — Po3noain iHTeHCUBHOCTEH HaMpyXeHb o; (a) i gedopmartiii & (0)
Y3I0BX Y4 Mepuiana chepruaHOi 060IOHKH 3 eNinTHYHAM 0TBOpoM a/b=3
B 3QJIS)KHOCTI BiJI INUPUHHU JKOPCTKOTO KITBIIEBOTO BKJIFOYEHHSI, PO3TAILIOBAHOTO
na Bifcrani h=0,1b Bix otBOPY

Tabmums 5. — KoedimieHT kKOHIIEHTpaIli{ Halpy»XeHb Ta 3MiHa IHTEHCHBHOCTEH
HanpyxeHsb i qedopmarniit HaBkoso orBopy a/b = 3 mpu h=0,1b ta k>1

t 0,1b 0,2b 0,3b 0,4b 0,5b
KKH 52,5 51,0 50,0 49,9 49,8
Aci™, % -22,5 -24,8 -26,2 -26,3 -26,5
Ae™, % -22,5 -24,8 -26,2 -26,3 -26,5

[Ipu 3acTocyBaHHI KiJbIIEBOTO BKIIIOYECHHS, OTOUYYIOYOTO OTBIp Ha BijCTaHi

h=0,3b Bix i#ioro kouTypy, criocrepiraetbcsi cxoxa i3 pumaakom h=0,1b xap-
THHA. [HTEHCUBHOCTI HaNpy»XeHb 1 JeopMarliii HaBKOJIO OTBOPY TAaKOX 3MEHIIY-
I0ThCS y TIOPiBHSIHHI 13 BUITAJIKOM HETTiIKPITUIEHOTO OTBOPY. Tak, 3a BUKOPUCTAaHHS
BKJTFOYeHHS mupuHO0 t=0,5b iHTeHCHBHOCTI Hampy)eHb 1 Aedopmartiii 3a3Ha-
I0Th 3HIKEHHS Ha ~16 %, 1o Maiike Ha ~11 % menme Hix y Bunaaky h=0,1b .
BinnoBigHi pe3ysbpTaTH YMCIOBUX PO3PAaXyHKiB HaBeJeHO y Tabi. 6, puc. 7.

Tabmuus 6. — KoedinieHT KOHIEHTpaLlil Hapy)XeHb Ta 3MiHa IHTCHCUBHOCTEH
HampyXeHsb i gepopmaniit HaBkoso oteopy a/b = 3 mpu h=0,3b Ta k>1

t 0,1b 0,2b 0,3b 0,4b 0,5b
KKH 58,8 58,0 57,5 57,2 57,1
Aci™, % -13,3 -14,4 -15,2 -15,6 -15,8
Agi™, % -13,3 -14,4 -15,2 -15,6 -15,8
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Puc. 7 — Po3noain iHTEHCUBHOCTEH HaMpyXeHb Gi (a) 1 medopmartiii &; (0)

y3I0BXK Y4 MepHiaHa chepruuHOi 000JIOHKH 3 eNinTUIHUM 0TBOpoM a/bh=3

B 3aJIGXKHOCTI BiJ IIUPHUHH KOPCTKOTO KUTHIICBOTO BKJIFOUCHHS, PO3TAIIIOBAHOTO
Ha Bigcrani h=0,3b Bix oTBOpY

SIKIo KijblieBe BKIIFOUEHHS po3rarnoBaHo Ha Bifcrani h=0,5b Bix otBOpy,
TO TAaKOX CIOCTEPIraeThCsl 3HUKEHHsI iIHTEHCUBHOCTEH Hapy»XeHb 1 gedopmartiii y
MOPIBHSHI 3 HEMiJKPIIUIEHHM OTBOpOM. [IpoBeZeHHS KOMIT IOTEPHOTO MOJEIIO-
BaHHS 1 HU3KH 00YHMCIIIOBAJIbHUX €KCIIEPUMEHTIB 3 MIJKPIIUICHHAM 0€310CepPeIHbO
oTBOpY BKiOUeHHAM mmpuHoo t=0,5b moka3sye, 1110 HasBHICTH KOPCTKOTO Ki-
JBIEBOTO BKIIFOUEHHS IO KPasX OTBOPY MPH3BOAUTH JI0 3pPOCTAHHS IHTEHCHBHOCTI
Harnpyxenb Ha ~20 %, i, y CBOO 4epry, A0 3HIKEHHS IHTEHCHUBHOCTI JedopMartiit
Ha ~35 %. Y ToH *Xe Jac, KOJIM TaKke came BKJIIFOUEHHS PO3TaIlyBaTH BiIIaICHO Bif
OTBOPY, TO IHTEHCUBHICTh IehopMaIliii HABKOJIO OTBOPY TaKOXK, SIK i IHTEHCUBHICTb
HaIpyXeHb, 3HWKYEThCS Y TOPIBHAHI 3 HEMIIKpiIIeHUM oTBopoM. [Ipu BuKOpHC-
TaHHI )KOPCTKOTO KiJIbIIeBOro BKJIOYeHHsS mupuHoo t=0,5b BinOyBaeTbcs 3HH-
JKEHHsI IHTEHCHBHOCTEH HanpyxeHb 1 nqeopmaritiii Ha ~10 %, mo MeHIe Hix IS
MOMEPEIHROTO BUMAAKY Ha ~5 % i Ha ~17 % mns Bunaaky h=0,1b . Bigmosiaui
pe3yabTaTH YUCIOBUX PO3PAaXyHKiB HaBeJeHO y Tabi. 7, puc. 8.
Tabmuus 7

KoedinieHT koHIIEHTpalii HAIIpy>KEeHb Ta 3MiHA IHTEHCUBHOCTEH
Hanpy)eHs i gepopmaniit HaBkoso oreopy /b = 3 mpu h=0,5b ta k>1

t 0,1b 0,2b 0,3b 0,4b 0,5b
KKH 65,4 62,9 62,2 62,1 61,4
Aci™, % -3,7 -7,2 -8,2 -8,3 -9,4
Ae™, % -3,7 -7,2 -8,2 -8,3 -9,4
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Puc. 8 — Po3niozist iHTEHCUBHOCTEN HaNpyXeHb Gi (a) i Aedopmarliii & (6)

Y310BX Y4 Mepusiiana cepuunoi 000I0HKH 3 einTudHuM oTBOpoM a/b=3

B 3QJICKHOCT1 BIZ[ HII/IpI/IHI/I )KOpCTKOFO KlJ'H)IIeBOFO BKJIIOUCHHA, PO3TAIlIOBAHOT'O

Ha Bizcrani h=0,5b Bix oTBOpY
Takum 4MHOM, OTPUMAEMO, LIO 32 BUKOPHCTAHHS OUIBII HMIMPOKOTO i3 PO3IJIs-

HyTHX BapiaHTiB BkmrodeHb (t=0,5b) mnpu Halimenmriii Bigctadi Big OTBOpY
(h=0,1b) inTeHcuBHOCTI HampyXeHb i aedopMarlliii B OKOJII OTBOPY 3HIKYHOTBHCS
HalioibIe (Maike Ha ~27 %) y MOpIBHAHHI i3 BUIIAJKOM HEITIKPIIJIEHOTO OTBOPY.

BucnoBku. Ha ocHoBi ckindeHHoenemeHTHOro anamizy H/IC ToHKOCTiHHOT
chepruHoi 000JIOHKH, TIOCIa0ICHOT BUIOBXKEHUM EIINTHYHUM OTBOPOM, IO ITiK-
PIIUTFOETHCS KITBIIEBUM CIINTHYHUM BKJIFOYCHHSM, PO3TAIIIOBAHUM Ha JIEsKil Bifc-
TaHi BiJl HbOTO, MPOBEJICHO MOJICIIOBAHHS BILIUBY BKJIFOUCHHS HA KOHIICHTpPAIIIO
HaNpy»XeHb HABKOJIO OTBOPY, OTPUMAaHO PO3IMOJiJ iHTCHCUBHOCTEW HAIPYKEHb 1
nedopMalriii B 30Hax JIOKaJIbHOT KoHIIeHTpaiii napamerpis HJIC o6ononky.

BcranosieHo, 10 32 BUKOPHCTaHHS OPCTKOTO KiNBLEBOTO BKIIOYCHHS Ha
NEBHIN BiJICTaHi BiJl OTBOPY 000J0HKM MoxHa 3MeHInTH KKH maiixe Ha 27 %.
[Ipu pOMy TaKOX CIOCTEPITa€ThCsl MPOTOPIiiiHEe 3MEHIIIEHHS IHTEHCUBHOCTI Jie-
(dhopmaliiii B OKOJIi OTBODY.

CryniHb BUIOBKEHOCTI eNINTHYHOTO OTBOPY CYTTEBO BIUIMBAE Ha KOHICHTpPA-
ito mapametpis HJIC.

VY pasi migkpimieHHs 0TBOPY O€3MocepeHh0 Ha HOro Kparw 1HTEHCHUBHICTh
HaNpy»XeHb HaBKOJIO HHOTO 3pOCTAa€, y TOW Yac sSK IHTEHCHBHICThH jaedopMariii
3HMKYEThCS. OTKe, BHKOPHUCTAHHS BiIJAJIEHO PO3TANIOBAHOTO BiJl OTBOPY OTOYY-
I090T0 HOT'O KOPCTKOTO KiJIbIIEBOTO BKJIFOUEHHS JIO3BOJISIE 3HU3UTH IHTEHCHBHOCTI
SK Hanpy>KeHb, TakK i gedopMaliiii HABKOJIO OTBOPY. Y pasi 6e3nocepeIHbOrO IMiTK-
PIIUIEHHS OTBOPY 3HM)KCHHS MaKCUMAaJIbHOI IHTEHCHBHOCTI jaedopmaliiii gemo Oi-
Tbllie Yy MOPIBHSIHHI 13 BHIIAJKOM BiJJIAJIEHOTO PO3TAIlyBaHHS OTOYYIOYOTO OTBIp
JKOPCTKOTO KUIBIIEBOTO BKIFOUEHHS.
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BukopucTtanas NeBHUM YHHOM TITIOpaHUX 1 PO3TAIOBAHUX IMiAKPIIUICHh BU-
JIOBXKCHUX CNINTUYHUX OTBOPIB B CPepUIHUX OOOJOHKAX JIO3BOJISIE BIUIMBATH HA
PO3MOIT 1 BENMWYMHY IHTEHCHUBHOCTEH HANpPyKeHb 1 nedopMaliiii B 30HaX JIOKATb-
Ho1 KoHIeHTpamii napamerpiB H/IC o6omoHKH.

[Ipencrarisie mogaNbIIMKA IHTEPEC ONMTUMI3AITIS ITapaMeTpPIB M AKPITUICHb 3 TO-
YKHW 30py 3MEHIIeHHsI KoHIleHTpatlii napamerpis H/IC.
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