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Abstract. The buckling assessment of ship’s hull construction plate elements, since the beginning of using high-
strength steel, is one of the most urgent task. Its considerable complication is caused by presence of cutouts in ship’s
hull elements, which significantly changes the stress-strain state, as well as the fact that most of hull constructions are
under the impact of complex loading, ie the simultaneous action of a number of simple loads. In this paper the prob-
lem of buckling assessment of rectangular plate elements with cutouts of ship’s hull constructions under the impact
of simultaneous action of compression and shear loadings was carried out. Theoretical calculations were performed
and a series of boundary curves was constructed, curves which characterize the influence of simultaneous action of the
above mentioned loadings on the plate element’s buckling, as well as the influence of structural characteristics of such
elements on theirs stability, namely the ratio of sides and the presence of centrally located circle cutouts of different
sizes. This scientific work is one of a series of studies of the plate elements’ buckling of hull constructions, which are
currently performed at the Department of Structural Mechanics and Hull Construction at the National University of
Shipbuilding named after Admiral Makarov.

Goal. The main aims of this research are to analyze the buckling of rectangular plates under the simultaneous action of
compressive ¢ and shear stresses 1. Evaluate the influence of centrally located round cutouts with different sizes on the
buckling of such plates and to build boundary curves for each type of calculation.

Method. Using the finite element method, the buckling of simply supported rectangular plates with a centrally located round
cutout of different sizes under the simultaneous action of compressive ¢ and shear 7 stresses was numerically investigated.
Results. A series of boundary curves is built, the shape of which is closest to the true one. The analysis of the received
results and the received analytical formulas for designing of lamellar elements at difficult loading are carried out. The
phenomenon of increasing the coefficient of stability of the plate under compression when making large cutouts is shown.
Scientific novelty. The obtained results allow a more accurate assessment of the stability of the plate elements under the
action of a complex load.

Practical importance. The results of scientific research can be used to improve techniques for the design of hull structures.
Key words: plate with a cutout; stability; two-component load; structural mechanics of ship hull constructions; bound-
ary curve.

Anoranis. OmiHKa CTIHKOCTI IUIACTUHYATUX E€JIEMEHTIB KOPITyCHUX KOHCTPYKLIH CyA€H 3 MOMEHTY BHUKOPHCTaHHS
CTai MiBUIIEHOT MILIHOCTI € BKpail BaK/IMBUM MUTAHHSIM. MIOr0 3HAUHE YCKIIAAHEHHS 3yMOBJICHE HASBHICTIO B KOp-
ITyCHUX KOHCTPYKIIH BUPI3iB, 1110 CYTTEBO BUI03MIHIOIOTH KAPTUHY HAIPY>KEHO-1e(hOPMOBAHOTO CTAHY, @ TAKOXK THUM,
KOi KUIBKOCTI IIPOCTUX HABAaHTAXEHb. Y 111l HayKOBiil poboTi Oyiia po3misiHyTa MpodieMa OLIHKK CTIHKOCTI IIaCTHH-
YaTHX €JIEMEHTIB KOPITyCHUX KOHCTPYKLIiil 3 BUpi3aMK B yMOBaX OJTHOYACHOI JIiT CTUCKAIOUMX 1 3CYBHHUX HaIPY)KEHb.
BukoHaHo TeopeTHuHI po3paxyHKH 1 MOOYI0BaHO CEpil0 TPAHMYHHUX KPUBHUX, 10 XapaKTEepU3YIOTh BIUIMB OHOYACHOT
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Jii 3a3HaUEHUX HAIPY>KeHb Ha CTIMKICTh IJIACTHHYATOTO €JIEMEHTY, & TAKOXK BIUIMB KOHCTPYKTUBHHMX XapaKTEPUCTUK
TAKOT0O €JIEMEHTY Ha HOTO CTIHKICTh, a cCaMe CITIBBIIHOIICHHS CTOPIH Ta HAsIBHICTh EHTPAJILHO PO3TAILIOBAHOTO KPYT-
JIOTO BUPI3y pi3HUX po3MipiB. L[ HaykoBa poOOTa € OHIEO 13 cepii AOCHIHKEHb CTIHKOCTI INIACTUHYATHX CJICMCHTIB
KOPITyCHMX KOHCTPYKIIiH, 1110 Hapa3i BUKOHYIOThCS Ha Kadeapi OyniBesbHOT MEXaHIKH 1 KOHCTPYKIIT KOpITycy Kopaos
y HanionansHOMy yHiBepcuTeTi KopabieOyryBaHHs iMeHi axmipaiia Makaposa.

Mema. Metoto poOOTH € BHKOHAHHSI aHaJli3y CTIHKOCTI MPSMOKYTHHMX IUIACTUH B yMOBaX OJHOYACHOI [ii OIHO-
0CBOBOTI'0 CTUCKAIOUOT0 G 1 3CYBHOIO T HAIPY’KEHb Ta OILIHKA BIUIMBY LIEHTPAJIILHUX KPYIIIMX BHPI3iB PI3HUX PO3MIpIB
Ha CTIMKICTh TAKHUX IUIACTHH.

Memoouxa. 3a TONIOMOT0I0 METO/Ia CKIHUEHHUX EJIEMEHTIB UUCEIIBHO JIOCII/PKEHO CTIHKICTh IapHIPHO 00IIEepTHX Npsi-
MOKYTHHX TUIACTHH 3 LEHTPAJIbHO PO3TALIOBAHUM KPYIJIUM BHUPI30M Pi3HUX J1aMeTPiB Iijl yac OJJHOYACHOT Jii OHO-
0CBOBOT0 CTHCKAIOYOI'0 G 1 3CYBHOI'O T HAIIPY)KEHb.

Pesynomamu. I1oOynoBaHo cepiro TPaHUYHUX KPUBHUX, (popMa SKUX HAHOUTBII HAOMIKCHA [I0 PE3yJIbTaTIB PO3PAXyHKY.
[IpoBeneHo aHami3 pe3ybTariB i po3po0iieHO HOPMYJIH [T POEKTYBAHHSI IUTACTHHYATUX CJIIEMCHTIB IIPU CKJIATHOMY
HaBaHTAXKEHHI.

Hayroea nosusna. OTpumaHi pe3ysibTaTi Jal0Th MOXKIHBICTE OLIBII TOYHO OLIIHUTH CTIMKICTh IJIACTUHYATUX CJICMCH-
TIiB ITiJ] Yac JIi Ha HUX CKJIaTHOTO HABAHTAXKEHHS G 1 T.

Ipakmuyna 3nauumicms. Pe3ynbTaTi HayKOBHX JOCIHIIPKEHb MOXKYTh OyTH BUKOPHCTaHI JUIsl YJOCKOHAJCHHS IpaK-

TUYHHUX METOJIMK IIPOEKTYBAHHS KOPIIYCHUX KOHCTPYKIIIH CyJIeH.
Kuarouosi ciioBa: miiactuHa; BUpi3; CTIHKICTB; TBOKOMIIOHEHTHE HABAHTAXKEHHSI; TPAaHUYHA KPHBA.

IIOCTAHOBKA INPOBJIEMH

3 10YaTKOM BHKOPHCTAHHS CTaJjli IMi/IBUIIEHOI MilTHOC-
TI TOBIIMHA KOHCTPYKTHBHHUX €JIEMEHTIB KOPIYCY Cy/eH
moyasa pi3ko 3MEHITyBaTHuCh. Pa3oM 31 3HMKEHHSIM TOB-
IIMH 3aUTs1 3MEHIICHHSI Bary KOPITyCy Cy/JHa Ta 3a0e3re-
YEHHSI IPOBEICHHS PEMOHTHHUX 1 eKCIUTyaTaliiHuX poOiT
y KOHCTPYKTHBHHX E€JIEMEHTaX I0Yajd POOMTH BUPI3H.
BimpmmicTe KOHCTPYKTHBHHX €JIEMEHTIB 3HAXOIUTHCS
B YMOBax CKJIQJIHOTO HaBaHTaKCHHS, TOOTO OJHOYACHOT
I ICK1TBKOX MPOCTHX THUIMIB HaBaHTaxeHHs. LIi dakro-
P CYTTEBO BIUIMBAIOTH HA HAIPYKEHO-Ie(POPMOBAHUI
CTaH Ta 3HIKCHHS KPUTHYHHUX HANpPYKCHb TAKUX eJle-
MEHTIB 1 poOIATh MpoOIEMy OIIIHKM CTIHKOCTI OHIEFO
3 BU3HAYaJIbHUX.

CyuvacHi pexomennarii, siki npencrasieni B «IIpa-
BHJax<...>» YKpaiHCBKOTO MOPCHKOTO PETicTpa CYIHO-
raBctBa, DNVGL mnpomnoHyloTh BHKOHYBaTH OIIHKY
CTIHKOCTI TUIACTUHYATUX EJIEMEHTIB OKPEMO Bijl KO>KHO-
TO TUIy TIpocToro HaBaHTaxkeHHS [1; 2]. HeBpaxyBanHus
(akTopy OmHOYACHOI Nii MPOCTHX HaBaHTa)KEHb 3HAYHO
3aBHIIY€ CTIHKICTh TaKUX CJIEMCHTIB 1 MPHU3BOAUTH JO
BEJIMKOT MMOXUOKH y HeOe3IIeUHy CTOPOHY.

VY po0oTi BUKOHAHO OLIHKY CTIMKOCTI MPSMOKYTHHX
IUTACTUHYATUX €JIEMEHTIB IIiJ Yac OJHodYacHOI Jii cTHC-
KalouMX G 1 3CYyBHHX T HallpyXeHb. Taknil HanpyxeHuit
CTaH XapaKTePHHUU il OLIBIIOCTI TUIOCKUX EJICMCHTIB
MOTIEPEYHOr0 HA0OPY, HAPUKJIA, CTIHOK (UIOPIiB, OIMCIB
TOIIO.

AHAJII3 OCTAHHIX JOCJAIIXEHDb
I MYBJIKALIM

[Ipobnemy ZOCTOBIpHOT OLIHKU CTIMKOCTI KOHCTPYK-
THBHHX €JIEMEHTIB B YMOBaX CKIIaJHOTO HABAHTA)KCHHS
Oyso chopmynboBano me y 30-X pokax MHUHYJIOTO CTO-
miTTs. BupimenHs wiel npo0nemu 3a I0MOMOIOK eHep-
TEeTUYHAX TEOpPEM 1 MPHUHIHUIIB BIEPIIE MPEACTABICHO

npodecopom [1.d. [TamkoBuYeM y BHIVISAAI TPaHUIHOT
MOBEPXHI, sIKa OIHUCYE XapakTep B3aeMOJii JEKiJIbKOX
NPOCTHX HABAHTAXKEHb, IO 3JaTHI CHPUYMHUTH BTpa-
Ty CTIMKOCTI TpPYXKHOTO KOHCTPYKTHBHOTO €JIEMEHTa,
Ta sIKa PO3JIJIsie CUIIOBE T0JIE €JIEMEHTA Ha 30HY CTIMKOC-
Ti Ta HeCTiMKOCTI. Ha miicTaBi HU3KHM JJOBEACHUX TEOpPEM
i mem (Teopemu 2, 4 ta 5) BiH onmcaB GopMy TPaHUIHOT
MTOBEPXHI 1 TOKa3aB, [0 BOHA € BUITYKJIOIO 1 IS BUITYKJTICTh
cnpsimoBaHa B Oik 30HM HecTiiikocTi [3]. ¥V 60-x pokax
MUHYJIOTO CTOJITTSI 3HAYHUH BHECOK y BUPIIIEHHS IPO-
OmemMH CTIMKOCTI TPY)KHHX CHCTEM IIPH CKIIQTHOMY
HaBaHTaXXeHH] Oyio 3pobneno A.C. Bonbmupowm [4].
Briepiiie ekcriepuMeHTaIbHE TOCIIKCHHS CTIHKOCTI
TUTACTHH 3 BUPI3aMU IIiJ] Yac OAHOYACHOI il 3CYBHOTO T
1 CTUCKAIOYOro G HaIpy:KeHb OYyJI0 BUKOHAHE Mpodeco-
pom JLI. KopoctunsoBum y MukomaiBcbkoMy Kopabie-
OymiBHOMY iHCTHTYTI [5]. HUHI TeopeTwuHi il ekcriepu-
MEHTaJIbHI JIOCII/PKEHHSI CTIMKOCTI IJIACTUHYATHX eJle-
MEHTIB 3 BHpi3aMH B YMOBAaxX CKJIQJHOTO HaBaHTAKEHHS
BUKOHYIOTHCSI Ha Kadeapi OyniBelbHOT MEXaHIKH 1 KOH-
crpykuii koprycy kopabust HYK imeni C.O. Makaposa.

META JOCJIJKEHHS

Mertoro poOOTH € BUKOHAHHS aHaJi3y CTIHKOCTI Ipsi-
MOKYTHUX IJIACTHH B YMOBaX OJIHOYACHOI i CTHCKalo-
YOTO G i 3CyBHOTO T HAIPY)KCHb Ta OL[IHKA BIUIMBY LICH-
TPaJIBHUX KPYIIMX BUPIi3iB Ha CTIMKICTh TAKUX TJIACTHH.

OCHOBHHUI MATEPIAJI

B yYMOBax ABOKOMIIOHCHTHOI'O HaBaHTAXCHHA TI'pa-
HUYHA MOBEPXHS TPAHC()OPMYETHCS y TPAaHUUHY KPHUBY.
3aja4a 3HaXOKEHHsI ICTHHHOT (hOpMHU rpaHUYHOT KPHBOT
HaOJIM)KEHO BHUPIIIyBajach HU3KOI aBTOpIB. Y raiyse-
BOMY cTaHmapti [6] Oyio 3ampomoHOBaHO HAOIIKEHO
MIPE/ICTABIISITH TaKy KPUBY Y BUIVISLII IIPsIMOI. Y Hariomy
BUTIA/IKy TIPY OJHOYACHIH Mii CTHCKAI04OTO G 1 3CYyBHOTO
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T Hanpy»eHb B NPSMOKYTHHX CYLUJIbHUX ILIACTHHAX 13
BUPI3aMH ISl [IPsSIMa ONUCYETHCSI TAKOI0 (hOPMYIIOI0:

2oy Zr o, (1)

ne G, 1, — eilJepeBi KPUTHUHI HATIPYKEHHS TIPH OIHO-
yacHil il 6 1 7T;

6, , T, — CHJIepeBl KPUTHYHI HANPYKEHHS MIPH OKPEMO
IIOYNX G 1 T.

I'paHnuny KpuBY I CYUUIBHHMX IUIACTHH IIPH aHa-
JorivHuX HaBaHTaxeHHIX A.C. BorbMHUpoM 3amporoHo-
BaHO B [4] ommcaTH TakoO (HOPMYIIOIO:

. N
Ser [T] =1 2)
GL‘V TCI‘

3a JIONOMOTOI0 METOJa CKIHUCHHHX EJIEMEHTIB OyJo
MIPOaHAaII30BaHO CTIMKICTh MIAPHIPHO OOIEPTHX IO Kpai-
Kax MPSMOKYTHUX cTaneBux miactud (£ = 2,1x10'" Ila,
p = 0,3) i3 pi3HUMHU CHiBBiJHOIICHHSAM CTOPIH y = a / b
TOBIIMHOIO ¢ = 10 MM Ta HEHTpaJbHO PO3TAIIOBAHUM
KPYIJIUM BHPi30M BHCOTOIO d. Po3paxyHKoBa cxema Ipsi-
MOKYTHOTO IUIACTMHYAaTOro €JeMeHTa 3 KPYIIMM ILeH-
TPAJIbHUM BHPI30M IPU OIHOYACHIH Jii G 1 T mpeacTas-
neHa Ha pucyHKy 1. EiinepeBi KpUTHUHI Hapy>XeHHS i
Yac CKJIaJHOTO HABaHTAKEHHS IPU OKPEMIiH Jii MpoCTHX
Harpy»keHb OyJIi OTPUMaHi 3a JOIOMOTO0 TaKuX (hOpMYIT:

D D
v =k, pr T =k b't’

ne k_, k. —xoedilieHTH CTIMKOCTI TpK OKpeMil 1ii 61 T;
D — muninaprudHa )KOPCTKICTh TUTACTHHH.

ITin yac omHOYACHOT /i 6 1 T Koediientu k_, k. Oymu
OTpHMaHi 3a JJOTIOMOTO0 METO/Ia CKIHYEHHHX EJIEMEHTIB.

Po3paxyHOK mTpoBOAMBCA I PI3HUX KOMOiHALIN
6 1 T, IO TPU3BOAATH 10 BTPATH IJIACTHHOIO CTIHKOCTI.
[Ipu ¢ikcoBaHMX 3HAYEHHSIX CTHCKAIOYOTO HATPYKECHHS
© BEJIMYMHA 3CYBHOTO HANpPYKEHHS T 301IbIIYBAIACH JI0
MOMEHTY BTpaTH IUTACTHHOIO CTiikocTi. OTpuMaHi 3Ha-
ueHHs k_, k. TIpeCTaBIeHi Ha PUCYHKax 2—4.
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Puc. 1. Po3paxyHkoBa cxema IPSIMOKYTHOTO ILJIACTHHYATOTO
elieMeHTa 3 KpPYIJIIMM IIEHTPaJbHUM BHPI30M IIijJ Yac
OJIHOYACHOI Aii G it
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Puc. 2. [IpencraBnenHs rpaHUYHOT KPUBOT i) Yac OXHOYACHOT
Iii CTHCKArOYMX G 1 3CYBHHX T HalpyXeHb A CYIJIBHOT
KBAaJIpaTHOI IUIACTUHMU:

a — 3a gpopmynor (1); 6 — 3a ghopmynor (2); * — memoo cKin-
YeHHUX eleMeHmi6
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Puc. 3. ['pannyHi KpHBi NPSMOKYTHUX IUIACTHH 3 IIEHTPAJIbHUM
KPYIJIUM BHPi30M 3 Pi3HUMH CITiBBIIHOIMECHHAME 0 = a / d-

a — cyyinona niacmuna; 6 —0 = 0,1, 6—0=10,2; 2—0 = 0,3;
r—0=040-6=05

3a I0IOMOTOI0 anpoKCHMallii OTpIMaHNX TOYOK, II0
OTMCYIOTh TPAHWYHI KPUBI IS PI3HUX KOHCTPYKTUBHHUX



XapaKTepUCTHUK TUIACTUH Y Ta & = d / a, 11i KPUBI MOXKHA
HPEJCTaBUTH 3a JOIIOMOTIOI0 TaKoi (hopMyIH:

k. (K
== =1, 3)
ko \k?
c T
ae kS, k? — xoedinieHTH CTIHKOCTI TUIACTUHM
3 BUPI3OM TP OKpeMii 11ii G i T.

Puc. 4. T'pann4Hi KpUBI IPSIMOKYTHOT INTACTHHU 3 LIGHTPAJIbHUM
KPYIJIUM  BHPi30OM 3 DI3HUMHU CHIBBIJHOLICHHAMH O 3a

¢dopmymoro (3):

a — cyyinorna naacmuna; 6 —0 =0,1;6—0 =02, 2—0 =0,3;
r—0 =0,4,0-0 =0,5; *ma X — mouxu, ompumaHi memooom
CKIHYEHHUX elleMeHmi6

BUCHOBKH

BukoHaHI poO3paxyHKH CTIHKOCTI IPSIMOKYTHHX
TUTAaCTHHYATUX EJIEMEHTIB 3 LIEHTPAJIbHO PO3TALIOBAHUM
KPYDJIUM BUPI30M TIOKa3aJIy, I10:

CYOHOBYOAYBAHHA [\l F=ler=k

— HabmmwkeHa ¢opmyna (2) aas OMIHKH CTIHKOCTI
CYLUIBHHUX MPSMOKYTHHX IUTACTHH MA€ BUCOKY TOYHICTb;

— HasBHICTh BUPI3y Ma€ CyTTEBUH BIUIMB Ha eifjiepe-
Bl KPUTHYHI HAIIPYXKESHHSI [UIACTHHH;

— BiJgOyBa€eThCs JIEsIKe 3pOCTaHHSI CTIMKOCTI Iutac-
THHH T11J1 4aC OJJHOOCHOBOTO CTUCKAHHSI Yepe3 HasIBHICTh
BUPI3y BEJIHMKOIO PO3Mipy, TOOTO i3 CIiBBIAHOLICHHIM
HOro BUCOTH JI0 MEHIIO] i3 CTOPIH IJIACTHHY OLJIbIIE, HIXK
0,7 (nuB. puc. 3 mpu y = 1,4...1,5).

®dopmy rpaHnYHOI KPUBOT NP OHOYACHIHN Aii cTHC-
KaloyMX 1 3CYyBHHMX HalpyXeHb MPSIMOKYTHHUX IUIACTHUH
3 IIEHTPAJILHO PO3TAILIOBAaHUM KPYIJIUM BHPI30M 3 BHCO-
KOO TOYHICTIO MOXKHA onrcat Gopmysioro (3).

[Mopanburi gocnmipkeHHs: OyAyTh CHPSIMOBAaHHI Ha
OIIHKY BIUIMBY MiJKPIIUTIOIOYMX EJICMCHTIB Ha BiJ-
HOBJICHHSI CTIMKOCTI IIACTHH, MOCJIA0NEHUX BHpI3aMHu.
Takoxx OyayTh HOCIHIIKYBAaTUCh 1HII KOMOiHamii ckiai-
HOTO JIBO- | TPUKOMIIOHEHTHOTO HaBAaHTa)KEHHSI.
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