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PO3PAXYHOK 3AJIIBOBETOHHHUX KOHQTPYKIHFI 3
YPAXYBAHHSIM EBOJIIOIII B3AEMO/II APMATYPH 3
BETOHOM

Ipn fmoOCHi/UKEHHI KOPIyCy SIIGPHOIO  PEAKTOpa BHBYCHO MiJKPIIUTIOIOYMMA  BIUIMB
METAJOKOHCTPYKIIifl Ha HANpPYXCHHIl CTaH OCTOHHOrO MACHBY, PO3PaxOBaHO PiBEHb FPAHUYHOTO
THCKY, JOCIIUKCHO CXEMy BTPAaTH HECY4Ol 34aTHOCTI KOHCTPYKILi.

KurouoBi ciioBa: 3a1i300€TOHHI POCTOPOBI KOHCTPYKLIi, HeMiHilHE AeopMyBaHHS, 30HU
pyHHYBaHHS, METOJ{ CKIHUCHHHX CIEMCHTIB, KPHILKA KOPIIYCY PEaKkTopa.

Beryn

OO0’ eKTOM JOCIIKEHHS € TPOIECH HeNiHIHHOTO NehOpMyBaHHS, MMOsSBa Ta
EBOJIIOLISl  PO3MOBCIO/KEHHST 30H MPOrPECYOUOro pPyWHYBaHHS MAaCHBHHX
OyniBembHUX  KOHCTPYKII TiJ  Ji€f0 CTAaTHYHOTO 1  JIHHAMIYHOTO
HaBaHTaXCHHSA. [IpeMeT  MOCHiMKCHHS — TMapaMeTpud  HaIpyKEHO-
nedopmoBaHoro craHy, HeJiHIHHI agedopmarii, 30HH pyHHYBaHHS, IO
BUKJIMKAHI JI€F0 K MOCTIHHUX TaK 1 3MIHHUX Y Yaci CHJIOBUX HaBaHTAXKCHb.

B pamkax 1iei poboTu 3ami300€TOH MOJCIIOETHCS SIK MaKPOOIHOPLTHUI
JIBOKOMIIOHCHTHUH KOHTHHYYM, aHI30TpOIIis SKOTO 3YMOBJICHA IPOCTOPOBHM
apMyBaHHsAM Ta yrBopeHHsM TpimuH [3]. [epenbauaerbes, mo aedopmaris
MAaTpHIIi 1 apMyBaHHs BiOYBa€ThCS CIIBHO, a OIIp CYIIJIHLHOIO CepeIOBHUIIA
JIOPIBHIOE CyMi HampykeHb y OeToHi Ta apMmarypi. HeminiliHa medopmarris
MeTaJTy ONMCYEThCS Ha 0a3i Teopii TNIACTUIHOT Tedii, a 0eTOHY — BiAIOBITHO 110
nedopManiiHoi Teopii. 3a KpUTepid MIITHOCTI BUKOPUCTOBYETHCS: IS METATY
KpuTepiii Miseca, aiist 6eToHy - Kputepiit Kaprnenko.

Jlnst muckpetu3ailii 00'eKTiB pO3paxyHKY BHKOPHUCTOBYIOTHCS ITPOCTOPOBI
KUIbLIEBl HAMiBaHAJIITHYHI CKIHYEHHI €JIEMEHTH, OCOOJMBICTIO SKHX €
ypaxyBaHHs MPOCTOPOBOTO apMyBaHHs 1 TpimuH [1]. B Mexax CKiHYEHHOTO
eJIEMEHTAa JIOYCKAEThCSA BUHUKHCHHS B3a€MHO TEPICHIUKYJSPHUX TPIIIKH,
MICIIT YOro MaTepial He YHMHUTH OIip 30BHINTHIM HaBaHTaxeHHsM. [lnommHa
TPIIIUHHA OPIEHTYETHCS TAaKUM YHHOM, IO AOTHYHE i HOPMAJIbHE HAMPYKCHHS
B IUIONIMHI TPIIIUHU AOpiBHIOE HYyMO. Lle nocsAraeThcsl ULIIXOM KOPEKINl
KOHCTaHT TeH30pa AehopMallii.

AnropuT™ po3paxyHKy GasyeTbest Ha metozi Herorona-Kanroposuua [4].

D Baxenos B.A., Jlizynos ILII., Conozeii L.I.
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[IpoBeneHi 4YHCENbHI EKCIMEPUMEHTH 3acCBIIYMIN BHCOKY e€()EKTHBHICTD
3aMpOTIOHOBAHOTO MiIX0y Ta JOCTOBIPHICTH OTPUMAaHUX PillleHb Y MOPiBHIHHI
13 eKCIIEPUMEHTAIbHUMH JaHUMH.

JocaixeHHs1 0cO0TMBOCTEl HATIPY’KEHOTO CTAHY MEePEeKPUTTS

KOPIIYCY SIIEPHOT0 PeaKkTopa Ta CXeMH BTPATH Hecy4oi 31aTHOCTI

KOHCTPYKIii

Po3pobiieHa MeToIMKa MOAEITIOBAaHHS MPOTPECYIOUOr0 TPIIIMHOYTBOPEHHS
MacHBHHUX 3aJ1i300€TOHHMX KOHCTPYKLIH y TPUBHMIpHIH NOCTaHOBLI Ta
IporpaMHMX 3aco0iB, mo ii peanizyioTs, Oyia BUNpoOyBaHa NP PO3B'A3aHHI
3a7a4i 10 BU3HAYEHHIO HECYYOi 3JaTHOCTI MOJIEJ KPHIIKH KOPITyca peakTopa.
OTpuMaHi pe3ysbTaTH NOPIBHIOBAIUCS 3 JAHUMH HATYpHUX BHIPOOyBaHb [5],
a TaKOX 3 pe3y/bTaTaMH YHCENBHOTO eKcrepuMeHTy [6]. Bubip manoi 3amaui
0OyMOBJICHUII CKJIaJHUM XapakTepoM pYHHYBaHHsS TEPEKPUTTS BHACIIIOK
YTBOPEHHS TPIIIMH BiAPWBY 1 3CYBY, IO JOCHUTH MOBHO i JOCTOBIPHO OMHCYE
MEXaHi3M TPIIIHHOYTBOPEHHS peallbHUX 00'€KTIB.

Jliist po3paxyHKiB Oyna o6pana mmrta SLAB-IV tosmmuor 6in (puc. 14).
PapianbHe momnepeHe HANpy)XEHHS B YOTHPHOX HANPSAMKAX 3iHCHIOBAJIOCS
HATATOM apMaTypHUX KaHATiB 3 BHCOKOMIIIHOTO IPOTY B HE3aMOHOJIYEHUX
TOPU30HTANBHUX KaHamax giamerpom 0.5in, BepTukanpHe mNOMNEpeaHE
HAIPYXKEHHS PO3TAraHHAM 16 BUCOKOMIIHUX 00aTiB giamerpoM 1.5in, skumu
3aJ1i300€TOHHA [UINTA KPIHUiIacs 10 TOBCTOI CTAJICBOI IUIMTH OCHOBH. THCK Bif
OONTIB MmepenaBaBcs Ha IUIMTY Yepe3 CTaleBe OMOPHE Kijblie TOBIIMHOK 1in.
[Inuta HaBaHTaXKyBanacs HATHITAHHSIM Macja il TUCKOM Y T'yMOBY KaMmepy,
PO3MIIIEHy MK BHYTPIIITHHOIO TIOBEPXHEIO ITUTH 1 IIITUTOI0 OCHOBH.

JIyist 9MCeNIbHOTO MOJICIOBAHHS €KCIIEPUMEHTY IMPYKHI XapaKTepUCTHUKU
0€eTOHY, a TAKOX MEXI MIIIHOCTI Ha PO3TAT 1 CTUCKAHHS NPUIHATI 3rigHo [5] 3
ypaxyBaHHAM Bapianii MinHocTi Oertony: Ep = 42x10° ps, R, =8100psi,
R, =560psi.

IMpn 1moOynoBi CKIHYEHHOETIEMEHTHOI MOJEI, BPaxXOBYBAIOCS OCIa0ICHHS
MacuBy O€TOHY TOpPH3OHTAILHUMH KaHaJaMH Yy BIIMOBIIHOCTI 31 CXEMOIO,
3a3HayeHor0 B poboti [6]. Koedirient ocaabneHHs Marepialy I€HTpaabHOT
YaCTHHM IUINTH OyB mpuitHsaTuil piBauM 18.75%1i1 MomenroBaBCs BiIIOBITHUME
koedimieHTaMu apMyBaHHS. Uepe3 BiICYTHICTh TPYXHHUX XapaKTEPHUCTHK OOJITIB
BEPTUKAJIbHE OOTHCHEHHS BU3HAYAJIOCS 3 YMOBHU PiBHOBArd KOHCTPYKIIii.

SIk moka3zaaM YHCEeNbHI EKCIepUMEHTH, ICTOTHHH BIUIMB Ha pPO3BHTOK
IpOLIeCY TPIIIMHOYTBOPECHHS BHSBISIE MOJEIIOBAHHS BIAPHBY 1 KOB3aHHS
3a1i300€TOHHOTO MAaCHBY TI0 CTAJICBill IUIMTI OCHOBH, IO OUIBIIE BiAMOBimaEe
peaJbHUM YMOBaM KOHTAaKTy LUX Pi3HOpiIHHX MaTepiaiiB. Tomy, Ha BiIMiHY
Bix [6], mpu moOymoBi CKiHYCHHOETIEMEHTHOI Mogeni (puc. 1/) KOHTaKT
MacHuBy OCTOHY 1 CTaJICBOi TNTUTH MOJICIIOBABCS OJHOOIYHUMU B'SI35IMH, SIKI HE
MIEPEIIKO/PKAIOTh KOB3aHHIO OETOHY IO TUIUTI i JO3BOJISIIOTH HOMY BiIpUBAaTHCS
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Bil ocHOBU. Taki ymoBH nedopMyBaHHS 3a0e3MedyBaMCs BUKOPHUCTAHHIM
creriaabHuX KOHTaKTHUX CcKindeHHHMx eneMeHTiB (CKCE) mis mMomenroBaHHs
KOHTAKTHOI B3a€MOJIi CHCTEMH MPOCTOPOBUX TUI MPH il 3MIHHHX Yy daci
30BHILIHIX CAIOBUX HABaHTaXeHb [2].

" AHKEpHE KiNbUg KaHanu cuctemu
Anrepruit Gor 34" NONEPEAHEOTD HAMPYKEHHA
28" )
M1/ A 2z A .
| . BeToHHHA MacHe
%I | 5 [
o [

i
i
i
|

/AV |
| OnopHa nnuTa { Tpoknaaka MNpornagka

a 6

Puc. 1. Mopenb nepekpuTTs KOpIyCy peakTopa:
a — KOHCTpYKLis, 6 — po3paxyHkoBa citka MCE

MonemnioBaHHsT OJHOOIYHMX B'SI3ed y po3paxyHKax 3HiHCHIOBAIOCS
BBeleHHAM ToHKoro miapy CE. MexaHiuHI XapakTEpUCTHKHA KOXXHOTO
eJIEMEHTa IIapy 3MIHIOIOThCS B mporeci nedopmyBanHsi. B mouaTkoBumid
MOMEHT 4Yacy MOIyJb TIPYXKHOCTI Marepially KOXHOTO €JEeMEHTa Iuapy
NpUIMaEThCSl Ha AEKIJIbKa MOPSIKIB MEHIIE MOAYJS TPYKHOCTI Marepiary
00'ekriB. Ha ydacTkax, TOBIIMHA KX O B Tpoleci AehOopMyBaHHsS CTae
MEHIIOI0 32 IEsIKy 3aJaHy BeanmuuHy O, (mapameTp Tak 3BaHOI mrTpadHOl

JKOPCTKOCTI), MOJYJIb IIPY’KHOCTI MaTepiajay eJeMEHTIB, 10 HAJIEKATh YYACTKY
KOHTAaKTy, TPHAMAETHCS PIBHAM MOIYJIIO TMPYXKHOCTI MaTepiady OIHOTO 3
00’ extiB. Skio & crae 6inbioro 3a Oy, Moayis CE 3HOBY 3MEHIIYEThCS.

[Ipn moOymoBi AMCKPETHOI MOAENI KPHUIIKK BpaxoByBanacs IHKIIYHA
cuMeTpist 00'exTa. Posrisnascs cextop B 7.52pao, mo BiAnoBigae oaHil cOpok
BOCBHMI 4acTHHI peasbHO KOHCTPYKIIIi.

Jlnst  BHUKIIIOYEHHS TOXMOOK, TMOB'A3aHUX 3 HEIOCTATHIM CTYIEHEM
MUCKpeTH3allii o00'ekTa po3paxyHKiB, CKiHUEHHOEJNEMEHTHa CciTka Oyna
NpUHHATA HAJUIMIIKOBO I'YCTOIO, IO BifoOpasmiocs Ha mapaMerpax CHCTEMH
PO3PaXyHKOBHX PIBHSIHB. YHC/I0 HeBimomux 2448, mupurHa crpiuku 96.

[igumenus Tucky no 1000pSi BMKIMKAIO BipHB BHYTPIIIHBOTO Kparo
0ETOHHOI0 MAacHBY Bij KOPCTKOI OCHOBH 0€3 yTBOpeHHs TpimuH (puc. 24a).
Momaneie migsuinenns no 1100psi (puc. 26) 30LMBIIKIO 30HY BiApUBY i
MPU3BEJIO 0 YTBOPEHHS IEPUINX KiJbIEBUX TPILIMH B 00IaCTI BX1THOTO KyTa.
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0BnacTw BigpMBY NNUTH

a 6

Puc. 2.1louyaTkoBa cTafis pO3BUTKY TPILIMHOYTBOPEHHS MPH Aii BHYTPILIHBOTO THCKY

IIpomec HACTYNHOrO 3POCTaHHS BHYTPINIHBOTO THCKY 10 1750ps
CIPUYMHMB AaKTUBHMH PO3BUTOK MEPUAIOHAIBHUX TPIIIMH Ha BEpXHIH
MOBEPXHI MOJENI KpPHUIIKKM B HANPSIMKy OMOPHOro Kinbis (puc. 34).
[TapanensHO OCHOBHOMY MpOLECY TPIIIMHOYTBOPEHHS 00JAacTh KUIBIIEBHX
TPIIMH TPOCYyBanacsi B HANPSAMKY BiJ BXIJHOTO KyTa JI0 Kparo OIOPHOTO
Kinpisl. OfHAK 119 00J1aCTh TPILIMH IPOTrpecyBajia MEHII aKTHBHO.

IcroTHI 3MiHM B XapakTep pyHHYBaHHS KOHCTPYKIIl BHECIO YTBOPEHHS
HOBOi 00JIacTi KUNBIEBHX TPIIIWH BEPXHHOI YACTHHH MOJEINI KPHUIIKHA TPH
30inbIIeHHI BHYTpimHbOTO THCKY 10 1800ps (puc. 30).

Hactymamii po3BHUTOK 11i€i 001acTi, 32 OpMOIO, IO Harajye NepeBepHEHUHA
KyTIOJI, TIapaJielbHO 3 YTBOPEHHSIM B Hid CHCTEMH MEPHIIOHAJIBHUX TPIIIVH,
TIPU3BIB JI0 BUIABIIOBAHHS IMi€1 YACTHHU KOHCTPYKIIii 3 OCHOBHOTO MacUBY OCTOHY
npu BHyTpimHeoMY THCKY 2000ps (puc. 44). 3MiHa cTaHy TPIlMH 3 "BiAKPUTOT"
Ha "3aKpHUTY" 3yNHHWIIO MPOIIEC PO3BUTKY CHCTEMH KUIBLIEBUX TPIIIMH. 3a3HaueHI
TPIIMHN YTBOPIOBAIMCS Ha paHHIX KPOKAaX HAaBAaHTAXXECHHS 1 PO3BUBAINCS B
HamNpsIMKY Bifl BEPIIMHH BX1THOTO KyTa JI0 KPako OIOPHOTO KibIIS.

a

Puc. 3.Po3BUTOK MEpHIiOHAIEHHUX KiTBLEBUX TPIIUH

[Toxinm KOHCTPYKINii HA YACTHHH CYMPOBOJKYBABCS 30UIBIICHHSIM 00JacTi
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Bi[pHBY Macu O€TOHYy BiJ XOpPCTKOi OcHOBH. [lomanbiie IiJBUIIICHHS
BHYTpilIHBOro THCKY g0 2050ps (puc. 40) npu3BEIO0 10 aKTHBHOTO
pyHHYBaHHS 3BY)KEHOI IICHTpaJIbHOI YaCTHHH TepekpuTTsa. [Ipm moctiiiHoMy
3HaYeHHI BHYTPIITHHOI'O THCKY BiZAOyBanocs JIaBHHOOOpasHe pyHHYBaHHSI
OetoHy 1 pi3ko 30inmpmryBamucs (Ha TOPSOOK) aOCOIOTHI  3HAYEHHS
nepemMimeHsb. Y 3B'SI3Ky 13 MM BeIWYWHA BHYTPIIIHROTO THCKY, IO TOPIBHIOE
2050psi, npuitHATa 32 PO3PaxXyHKOBY MEKY HECYUOi 31aTHOCTI.

Obnacte
SAKPUTHX
TpilguH

Puc. 4.Po3BUTOK TPILIMHOYTBOPEHHS HAa MEXI HECYUOl 31aTHOCTI EPEKPHTTS

TakuMm YMHOM, THCK, NIpU SKOMY BiIOYBAaeThCS BHYEPIAHHSA HeCydol
3IaTHOCTI MOJIETI KPHMIIKH PEeakTopa, OTPUMAaHUK B Pe3yJIbTaTi pO3paxyHKIB 3
BUKOPDHCTAHHSIM 3alpOIIOHOBAHOI METOJMKH YHCEIBHOTO MOJIETIOBAHHS
OPOTPECYIOUoro TPIlMHOYTBOpeHHs1 piBauit 2050psi. ILle nume Ha 5.5%
HIDKYE 3HAUCHHS, L0 OTPUMaHe eKCIIepUMEHTalbHO 1 JopiBHIOe 2170ps
srigso [5].

[opiBassHHS TpadikiB 3aJeKHOCTI BHYTPINIHIH  THCK-TIEPEMIIICHHS
INEHTPaTbHOI TOYKH, N[0 OTPUMaHI 3a BHUKIAJACHOIO METOJUKOIO 1
eKCIIepUMeHTanbHO  [5],  Takok
AP CBIIYUTH po X Jo0pe

2200
y3romkenns (puc. 5).

2000 -
-

1300 s ABropu ekcriepuMenTy [5], Ha
1600 g mizacTasi BHBYEHHS PO3MHUITIB
1400 r/ BUNPOOYBaHNX MOJENeH 3arporo-
1200 Y HyBalll CXeMy pyitHyBaHHs (puc. 6):
1000 = UycenbHUi eKCNepUMeHT XapaKTepHe TUISt BI/IFI/IHy ITUT
200 — BUnpobyBaHHA

MepUliOHaJIbHE TPIIIMHOYTBOPEHHS
(puc. 64), x04a i TOYHHAETHCS HA
pPaHHIX CTajisIX HaBaHTAXXCHHS, HE
in ( ooAmax, i : T :
(ao)  Bimirpae pori B ocTaTouHil BTpari
0.0 001 002 003 004 005 0.06 007 008 009 0.1 HecquI 3IaTHOCTI, qKa

Puc. 5. Ipagix sanexoeri P=U (snyrpimmili o 5opaerreq B pesynprari scyBHOTO
THUCK—TICPEMIIIECHHSA LICHTPAJIBHOL TO‘{KI/I)

600
400
200
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pyliHyBaHHSI OETOHY; YTBOPEHHS IMOXWIIMX TPIIIUH 3CYBY TIOYMHAETHCS Y BEPXHIX

mapax IMTA OIS BHYTPIITHBOTO Kparo OMOPHOTO Kbl (puc. 60); HacTyIHE

YTBOPEHHS TOPU30HTATLHHUX TPILMH BiPUBY MPU3BONTE IO BiIUTIJICHHS YaCTHHH

KOHCTPYKIIii y opMi "mepeBepHyTOro Kymoia" (puc. 68); ocTaTo4He pyHHyBaHHS
BinOyBa€ETHCS MIPU MPOAABIIOBAHHI 0CIA0JICHOT IEHTPATbHOI YaCTUHH KPHUIIIKH.

Cxema BTpaTH HECydol 3/JaTHOCTI MOJIETi KpHUIIIKH, OTpUMaHa B Pe3yJbTaTi

BUKOHAHHS PO3PaxyHKiB, MPAaKTHYHO

g4 bh g IOBHICTIO 36iracThesi 3i CXeMoo, IO

~ ~ 3aMpOMOHOBAHA ABTOPAMHU EKCIIEPUMEH-

Ty [5]. BiaMiHHiCTh MOJISITae B TOMY, LIO

HA paHHIX CTaJifX HAaBaHTAKCHHSI

a 3'ABISETBCS O0JACTH KIIBICBUX TPIIIIHH,

- — SIKI  pO3TAaIlyBaIMCA  BiJi  BEPIIMHU

BXIJTHOTO KyTa B HIDKHIN 4aCTHHI MOJeIi

KPHIIKH JI0 KPal METajeBOro OMOPHOrO

KIJIBIIA.

B ommuci pesynprariB BHNpoOyBaHb
kpumku SLAB-IV BigcyTas iHdopMalris
PO HAsBHICTH TPIMIMH TaKOTo THITY,
Xoua iX MOXHA CIOCTEpiraTd IO
¢dororpadii kpumku SLAB-VII. Tlpu
BUKOHAHHI YHCEJIBHOTO EKCIICPUMEHTY

Puc. 6.Cxema pyitHyBaHHS IEPEKPHUTTS:

yTBOPEHHS MEPHIiOHATLHHX (3), [6] BoHHM Takox Mamu Micue. OueBHAHO,
MOXUIINX 3CYBHHX (0) Ta ABTOPH CKCICPHMCHTY HE AaKLCHTYBAaJMU
TODHM3OHTANBHUX (6) TDILINH yBard Ha TaKMX TPIilIMHAX y 3B'A3Ky 3

THM, IO IIPOLEC IX PO3BUTKY 3aracae€, i BOHM HE BHSBIIOTH BHPINMIAJILHOTO
BILIMBY Ha ()OpPMYBaHHS IPaHUYHOTO CTaHy Momaeii kpuimku SLAB-IV.

BucnoBku. JloOpe y3ro/pkeHHS pe3yiabTaTiB pPO3paxyHKIB 1 JaHHX
eKCIIEPHUMEHTY [I03BOJIIE€ 3pOOHUTH BHCHOBOK IIPO MOJJIMBICTH 3aCTOCYBAaHHS
3aIpOIIOHOBAHOI METOIMKHU JTOCITIPKCHHS IPOIPECYIOYOT0 TPIIMHOYTBOPEHHS
B MAacHBHHX 3ai300€TOHHHX KOHCTPYKIISIX Y TPHUBHUMIpHIM NOCTaHOBLI 3
ypaxyBaHHsIM (i3NYHOI HeNiHiHOCTI OeToHY.
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bascenos B.A., Jlusynos I1.11., Conooeii U.H.
PACYET JKEJIE30BETOHHBIX KOHCTPYKIHAN C YYETOM 3BOJIIOLIUA
B3AUMO/JIEMCTBHUSI APMATYPbI C BETOHOM
Ilpu wuccnenoBaHMU KOpIyca SIEPHOTO PEaKTOpa HM3YYEHO MOAKPEIUIAIONICe BIUSHUE
METAUIOKOHCTPYKLMH Ha HANpsDKCHHOE COCTOSHHE OCTOHHOTO MAacCHBa, INPOBEACH aHAM3
TPaHUYHOTO JaBJICHUS, HCCIIEOBAHA CXeMa TIOTEPH HECYIIIEH CMTOCOOHOCTH KOHCTPYKIIHH.
KuroueBble cj10Ba: 3KeiIe300€TOHHBIC MPOCTPAHCTBEHHBIC KOHCTPYKIIWH, HEITHHEHHOE
nehopMHpOBaHUE, 30HBI pa3pyLICHHs, METOJKOHEUHBIX JIEMEHTOB, KPBILIKA KOPITyCa PeakTopa.

Bazhenov V.A,, Lizunov P.P., Solodei 1.1.
THE COMPUTATION OF REINFORCED CONCRETE STRUCTURESON THE BASIS
OF THE EVOLUTION OF REINFORCEMENT INTERACTION WITH CONCRETE

In the process of reactor pressure vessel andhsisetal construction effect on stress state of
the concrete panel is investigated, critical pressanalysis is done, the schema of structure
destruction is studied.

Key words: reinforced concrete 3D structure, nonlinear defdram, areas of fracture, finite
element method, closure headassembly.
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B.A. BaskeHoB, 1-p TexH. HayK
O.B. ].I.lPlHIOBl, KaHJ. TeXH. HayK

*Kuisckuii nayionansnuii ynisepcumem 6yoienuymea i apximexmypu, Kuie
Tosimpoghromcokuii npocn., 31,m. Kuig. 03680

3ACTOCYBAHHSI CHEITAJIIBOBAHUX NIPOI'PAMHHUX
3ACOBIB ITPH BUKJIAJTAHHI BY AIBEJIBHOI MEXAHIKH

Ha xadenpi OyxniBenpHOT MexaHiku KHIBCBKOro HallioHaJbHOTO YHIBEPCHTETY OyIiBHHLITBA i
apXiTEeKTypH JUIsl TIPOBEJCHHS ITOTOYHOTO Ta MOJYJBHOTO KOHTpOIIB 3 AUCHUILIIHN «by/iBenbHa
MeXaHiKa» 3aCTOCOBYEThCS OpuriHampbHuM nporpamuuii kommiaekc KOHTPOJIb. Posrmsinaerscs
CTPYKTypa MPOTrPaMHOT0 KOMIUIEKCY Ta OCOOIMBOCTI HOTO BIPOBA/KEHHS Y HaBUaJIbHUMH IpoLIEC.

Kurodosi ciioBa: Oy/iBenbHa MeXxaHiKa, KOMIUIEKC, TECTYBAHHS, 3HAHHS, CTYACHTH.

BuBuenHs1 OymiBeIbHOT MEXaHIKHU MOB'sSI3aHE 3 OCBOEHHSM 3HAYHOTO 00'eMy
HaBYAILHOTO MaTepialy 1 3 BEJIMKUM 00CATOM OOYMCIICHb, SKi HEOOXiIHI IS
BUKOHAHHS Y4Y0OBHMX 3aBIaHb 1 PO3PaXyHKOBUX pOOIT. 3 mi€l NpUYUHH B
IHAMBITyanbHUX pOOOTaX PO3MNIANAIOTHCS, SK MPABUIIO, JOCTATHBO IPOCTI
pO3paxyHKOBI cxeMu. BukopucraHHs crieliati3oBaHUX HNPOTpaMHUX 3aco0iB,
ski 0a3yrOTbCS HAa CYYacCHHX KOMITIOTCPHHX TEXHOJIOTISX  JTO3BOJISIE
KOHTPOJIOBATH TIIPOLIEC 3aCBOEHHS HABYAIBLHOTO Marepiainy, 3MCEHIIYBAaTH
0o0car OOYMCITIOBATBHUX OMNEpamiii 1 TPOBOJUTH PO3PAXYHKH JOCTATHBO
CKJIAJHUX 00'€KTIB.

[Ipomec HaBUaHHS CKIAJAEThCS 3 TPEA SBJICHHS HaBUaJIbHOI iH(OpMaIlii,
BHKOHAHHSI PO3PaxyHKOBHX POOIT i B KOHTPOJI SKOCTI i 00'eMy 3acBO€HOI
inpopmarii. Ha xadenpi OynmiBenbHOI MexaHikum KHiBCBKOTO HAIiOHATBHOTO
YHiBepCUTETy OYIiBHUIITBA 1 apXiTeKTypW CIemialbHi HaBYaJIbHI 3aco0u
BHUKOPHCTOBYIOTBCS Ha BCiX €Tamax HABYAHHS.

[Iporpamui TPOMYKTH, HA SKHX 0a3yeThCs MPOIEC HABYAHHSI, MOXKHA
pO3MIMMTH HA TPU BUAW. CTaHAApPTHEC MPOTpaMHE  3a0C3MCUCHHS,
CIICIliaTi30BaHi HaBYAlbHI TPOTPaMH Ta CICKTPOHHA JIOTIOMOTa, a TaKOXK
IIMPOKO TOIIUPEHI B IIPOSKTHIN MPAKTHUII MPOTrPaMHi KOMIUIEKCH.

CranpapTHe nporpaMHe 3a0e3MeueHHs BKIFOYAE MPOTPaMHi MPOIYKTH, sKi
3a0e3neuyoTh  (QyHKmionyBanHs komm'torepiB (OC Windows), a Ttakox
BUKOPHMCTOBYIOTBCS JUId  mmiaroToBku jgokymenramii  (Microsoft Office,
AUTOCAD, Adobe ReaderapxiBaTopu, €JIeKTpOHHI Iepekianadi, 3acobu
KOMIT'FOTEPHOI rpadiku i TOMy Mo IiOHE).

CriemianizoBaHe MporpaMHe 3a0e3TNedeHHs MPOoIecy HaBYaHHs CKIaIa€ThCs
3 OpUTIHAILHUX TIPOTpaM, po3poOJICHWX BUKIafadaMu KadeapH, i BKIIOYAE

|:| Baxenos B.A., lIumos O.B.
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€JICKTPOHHUM MiAPYYHUK 3 OymiBENbHOI MEXaHIKH, NMPOTPAMHHUNA KOMILIEKC
ACHCTEHT, sikuif BUKOPUCTOBYETHCS NI BAKOHAHHS PO3PaXyHKOBUX POOiT,
i komruiekc KOHTPOJIb, mo 3xiiicHIOE TIEpeBipKYy 3HAHD CTYIEHTIB.

3a ocTaHHI pOKH Kadeaporo BHIAHO ACKiNIbKa MiIPYYHHUKIB 1 HAaBYAILHUX
NOCIOHHMKIB 10 Kypcy OymiBenapHoi Mexamiku [1,2], ski  ycmimmo
BHKOPHCTOBYIOTBCS yuboBOMY Imporieci. 3okpema, B 2007-2008pp. y pamkax
HepxaBaoi nporpamu "IHdopmaniiiHi 1 KOMyHIKaIliifHi TEXHOJOTIi B OCBITI 1
Haymi"  TiATOTOBIEHMH  YKpaiHOMOBHHMH  €JIEKTPOHHMH  MHiAPYYHHK 3
OymiBENbHOI MEXaHIKH.

[lizpydHUK 3MICTOBHO TIOBHICTIO BIJIIOBiZa€ Tporpami OakanaBpiB
OyniBHHLTBA 1 MICTUTH 28 TMaB, SIKi 3rPYINOBAHO Y BOCBMH PO3/iiax:

1. OcHOBHI MOHATTA NPHWHIMIHN 1 pIBHSIHHA OyIiBeNbHOI MEXaHiKH
CTEPIKHEBUX CHCTEM.

Po3paxyHOK CTepPKHEBHX CHCTEM METOJIOM CKIHYCHHX €JIEMEHTIB.
Po3paxyHOK CTaATUYHO BH3HAYYBAHUX CHCTEM.

Po3paxyHOK CTATUYHO HEBU3HAYYBAHHUX CHCTEM.

OCHOBM TWHAMIKH 1 CTIHKOCTI CTIOpyI.

Merto CKiHUEHUX €JIEMEHTIB ISl IBOBUMIPHUX CHCTEM.
Po3paxyHOK Ha pyxoMe HaBaHTa)KCHHS.

. HaBuanpHi nporpamMHi KOMIUIEKCH.

HmpquI/IK nigroroienuit y popmati PDF (Portable Document Format)
€ cucrteMoro (aimiB, 3B'I30K MDK SKUMH 3/IHCHIOETBCS 3a JOIOMOTOIO
rinepriocuiianb. Ha pic. 1 moka3anuii ¢pparMeHT CTOPIHKH i3 3MICTOM OJJHOTO 3
po3minmiB. IlepeMimieHHSI MO TEKCTY PO3IUTY 3MIHCHIOETBCS 3a JOIIOMOTOIO
TinepIoCcHIalb a00 IPOCTHUM TOPTAHHSIM CTOPIHOK.

OcCoONMBICTIO MMiIpYYHWKA € Te, IO BHUKIAJCHHS MaTepiady KOXKHOTO
pO3Iiny TpeACTaBICHO B JBOX BHIAX: JOKIAJHE BHUKJIQJAHHSA, SKE
CYNPOBOJIKYETHCSI TOKIATHUM TPEJCTABICHHIM TEOPETHYHOTO Marepiany i
YHCIOBUMH MPUKIAIaMH, Ta CKOPOYEHE, /¢ IMPUBOJATHCS TUIBKH OCHOBHI
MOJIOXKCHHS, a YHUCIOBI NMPHKIAAW BiACYTHI. [Hakmie Kakydd, MiIPYYHUK €
neomapoBuM. KopuctyBad BHOHpae TOH 4 iHIIMN croci6 BUKIaneHHs (1iap)
Oe3rocepeHbO B MPOLECi POOOTH 3 TiAPYIHHKOM.

Jpyra ocoOnuBicTh MiIpydHUKA TOJISTaE B TOMY, IO BiH CIIMPAETHCS Ha
nporpamHuil HapyansHUH kommiekc ACUCTEHT.

Ynponomx 0OaratboX pOKIB Yy HaBUalIbHOMY Iporeci Kadeaporo
OyniBenbHOI MEXaHIKM BHKOPHUCTOBYETHCS OPHUTIHANBLHUN  MPOTPAMHUMA
HavambHO-mocHigHUIbKUH ~ koMiuiekc ACHUCTEHT, npu3HaueHuidt is
3aCBOEHHS CTYIEHTAaMH OCHOBHHMX TE€M KypCy OYIiBEIbHOI MEXaHiKH, IS
BUKOHAHHS PO3PaxyHKOBHX pOOIT, a TaKOX ISl CTATHYHUX 1 JUHAMIYHUX
PO3paxyHKiB y KypCOBHX 1 IUIIJIOMHUX TPOCKTAX.

@ N~ WN
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Puc. 1

YrpaBiiHHA pOOOTOI0 KOMIUIEKCY 3MIMCHIOETHCS 3a JOMOMOTOI0 CIaJHHUX
MEHIO, PO3TAIlIOBAHUX Y BEPXHBOMY PSAKY TOJIOBHOTO BikHa (puc. 2).

R
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BYAIBEJIbHA MEXAHIKA CTEPAKHEBHX CHCTEM
ABTOMATH30OBAHWIA HABUATLHUN KOMITIEKC

—
—
He ci D Hq
Ug Ya
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Katenpa Gymisensnol mexanicy
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21:21:09 13.07.2012 Biin |

Puc. 2
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Bubip kypcopoM MHIIi TOTO YH iHIIOTO MYHKTY MEHIO TPHUBOIHUTH JIO
PO3KPUTTS MIAMIHIO MPOTpaMHKUX 3aco0iB, TPU3HAYEHUX JII BUKOHAHHS THX
abo iHmmx paid. Tak, BuOip mnyHkTy Po3paxyHKHM pO3KpHBa€ IIiIMiHIO
HIOKHBOTO  PIBHA, B SKUX TPUKIQJHI TpoTpaMH  3TPYIoOBaHi  3a
(yHKITIOHATEHUM TpU3HAYeHHsAM. [Ipu 1iboMy B po0Oode BIKHO BHUBOIMTHCS
CITUCOK MpOTpaM, sKi peani3yioTh po3B’ I3aHHS 3a/1a4 BiAMOBITHOTO PO3ILTY.

3okpema, Bubip nyHkry UYwmcaoBi Meroam (puc. 3g) [103BOJISE
PO3B’s13yBaTH CUCTEMH JIHIHHNX PIBHSIHB anreOpH, 3a1a4i MaTPUYHOI anreOpu
(ckmamanHs, BiAHIMAHHS, MHOKCHHS, TPAHCIIOHYBAHHS MATpPUIlb, O0OYHUCICHHS
BH3HAYHMKIB 1 BJaCHMUX 3HAYCHb MAaTPHIb | TOMY MOIiOHE), OOYHCITIOBATH
KOpEHi HeJHIHHUX anreOpaidHuX PiBHSHB.

PozpaxyHkk TECTYBAHHA 3HaHe Josiakn  Cepeic  [lpo nporpamy

YHCnoEi b 4 PoE'AZaHHA NiHIFHKE anre0paidHuy pieHAHE
PozpaxyHEOE poBoTH  F MaTpruHa anr

[Mpoek TYEaHHA » PoE'AZaHHA HEMHIMHKY anre0paidHHy piEHAHE
Bkl I

a

PospaxyHkk  TECTYEAHHA 3H3HE  J0BiakH  Cepeic  Mpo nporpany

YYCnoBi METOAH [

PozpaxyHOK TPHWaPHIPHO! SpEK
MpoeETYEAHHA k PozpaxyHOK nnockai depri
Emxizn Po3paxyHOK HepO3pizHOT Bankk

pakik METOAOM CEIHHEHHHX ENEMEHTIE

AMHEHIYHMA POSPAXYHOK pan HgH

PO3paxyHOK pam Ha CTIFKICTE

6

PozpaxyHkk TECTYBAHHA 3HaHe  fosiakk  Cepsic  [Npo nporpamy

YHcnosi METOAH 3
PazpaxyHKOB pofoTH  k

CTATHYHMA POSPEXYHOK MNOCKH: CTEPHHEEHX CHETEM
BHxia AHHaMIHHKA pozp Al TEMHHESHY CHCTEM
| CTIAKICTE MNOCKMX CTERHHEBH CHCTEM

6

Puc. 3

Bubip nmynkty Po3paxyHkoBi poGoTH BHBOAWTH CIHCOK NPUKIATHHX
porpam Jisi BUKOHAHHS PO3PaxyHKOBUX poOitT (puc. 30). Bei mporpamu
FOTO PO3JLUTY 3aCHOBAHI Ha 3araJbHill METOJWII, sIKa IMOJSTa€e B MOETHAHHI
"py4uHuX" 1 KOMIT'IOTEPHHUX pO3paxyHKiB. DparMeHTH NMPOMDKHUX OOYHCIICHD
JUIL JTaHOTO KOHKPETHOTO 3aBJaHHS BHKOHYIOTHCS BpPYYHY 1 pe3ylbTaTu
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BBOJSITBCSL Y BIIIOBIJHI TMOJS JiaJIOTOBOTO BiKHA. SIKIIO BBEACHI JaHi HE
30irafoThCs 3 KOMIIIOTEPHHMH, IMPOTpaMa BUBOJUTH ITOBITOMIIEHHS OO
MOXJIUBOT TIPUYMUHU TOMIJIKH. SIKIIO K PYyYHI 1 KOMITIOTEpPHI pe3yJabTaTH
30iraroThCs, TO MpOrpaMa MEPEeXOIUTh N0 MEPEBIPKH HACTYITHUX (DparMeHTiB
pPO3paxyHKy. SIKIIO pe3ysibTaTH BCiX MEPEBIpOK MO3WUTHBHI, B poOodYe BIKHO
BUBOJIATHCS OCTATOYHI YHCIOBI 1 rpadiuni pesympratd (TabnMii i emropu
3yCUIlb, TOJNIOBHI (GOpMH KONMHMBaHb i T.M.). UHCIOBI pe3ymbTaTH MOXKHA
PO3IpYyKyBaTH Ha IIPUHTEPI.

Sk mpukian mokasaHo poOodi BiKHAa MPOTpaM JAWHAMIYHOTO PO3PaXyHKY
pamu (puc. 44) Ta po3paxyHKy paM METOJOM CKiHYEHHX eJIeMEHTIB (puc. 40)
Iicasl BBEJCHHS MOYATKOBHUX JAaHWUX 1 Pe3yNbTaTiB "py4HHX' PpO3paxyHKIB,
KOJIH BCI TIEPEBIPKH MPOIAEH] YCITIIHO.

Crmixg 3a3Ha4uTH, MO KOXXHA 3 MPHUKIAJAHUX TPOrpaM sl BUKOHAHHS
pPO3PaxXyHKOBHX poOIT Mae CBOlO 0a3y poO3paXyHKOBHUX CXeM, SKi
IHAVBIAYaTi3yIOTBCS 32 paxyHOK BapilOBaHHA pO3MIpPIB 1 BEIUYHH
HaBaHTAXKCHb.

BuGip nynkry IIpoekryBanHsi (puc. 3g) JO3BOJISE 3aBAHTAKUTH
MPUKIAJHI TPOTPaMH Ui PO3PaxyHKY CTEp)KHEBOi CHCTEMH Ha CTaTHKY,
JIUHAMIKy a0o cTiiikicTh. [IporpaMu npu3HadeHi Uil BUKOHAHHS PO3paxyHKIB,
MOPIBHSHO, HECKJIQJIHUX CXEM y KypPCOBHX 1 JUIUIOMHUX IMPOEKTax i BUAAIOTH
rpadiuHi 1 YMCNOBI pe3ynbTaTh 0Oe3 NMpOMDKHHX mepeBipok. IIpore mepen
MOYAaTKOM PO3paxyHKYy HEOOXiJHO 3a NEBHUMH IpaBWIIAMH 3aJaTH BXiIHY
iH(pOpMaIlifo, sIKa BU3HAYa€ KOMI TOTEPHY MOJENb PO3PaXyHKOBOI CXEMHU.

OxkpiM BkazaHuX npukiagaux nporpam, komrmuiekc ACUCTEHT mictuth
JIOTIOMIXKHI TIpOTpaMu: KOPOTKHN JOBITHUK 3 OyMiBEIbEHOT MEXaHIKH, IPOrPpaMy
MEePEeBIpKU 3HAHb, CIICIialli30BaHUN KalbKyJATOp, MPOrpaMy OOYHCICHHS
crierianbHuX QYHKIIH IS pO3paxyHKy CTeP)KHEBUX CUCTEM Ha CTIHKICTh 1 T.1I.

Enexrponnnii miapyunuk i kommiekc ACUCTEHT po3Minieni Ha cTOpiHIT
kadenpu OynmiBenbHOT MexaHikn Ha WEB-caiiti KnuiBchbkoro HarioHaabHOTO
yHiBepcuTeTy OymiBHMOTBA i apxiTektypu (Www.knuba.edu.ya Koxen i3
3a3HauCHMX MPOTPAMHHX MPOJYKTIB MOXKE OYTH BCTaHOBJICHUI Ha KOMII'IOTEpi
OKpeMO 1 (PYHKI[IOHYBaTH aBTOHOMHO. SIKIIO K Ha KOMITIOTEpPi BCTAHOBJICHO
o0uBa MPOAYKTH, TO 3 EJIEKTPOHHOrO MiIpYyYHHKAa MOXKHA Oe3IocepeHbO
3Bepratucsi 1o kommekcy ACHCTEHT. Takum uuHOM, HiApYyYHUK 1
MIPOTPaMHHUI KOMITJIEKC YTBOPIOIOTh €MHY CHCTEMY.

Jns  motowHoro i MOAYNBHOTO  KOHTPOJIIO  3HaHb  CTY/ACHTIB
BHKOPUCTOBYETHCS  po3po0ieHM Ha Kadenpi mporpaMHUN  KOMIUIEKC
KOHTPOJIb. Komrekc nmpu3HaueHUN 1T POOOTH B MEPEKEHOMY PEKHMI.
Bci nporpamu i daitnm koMIUIeKCy po3TamoBaHi Ha KadeapaabHOMY cepBepi, a
BCi KOMIT'IOTEPH JIOKAITBHOI MEPEXKi BilirpatoTh POJIb pOOOUYMX CTAHIIIH.
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Nepamerpaucamh= | 6 K(8.9)= 427  Tpasumao
CunaPl= | 2 g 7 8 9 K(11.9)= 0.75  Tpaswmen
CunaP2 = 0 K13.9)= 0 TIpasumsn
K(14.9)= 0 TpaezasHo

I~ 3 CTOBMeUE MATPHU HORCTKOLT!

Inrencusricto gl= | 2
3

IrmencuBicTs q2=

Hoepcroenus [~
M KopCTKOCT]
10 L l12 l13

Beecy Beecmu
~Yncnosi peayen BusecTi enops
= | upwm| ( M Q N ‘
FET 3¥CMINIA B CTEPKHAX ++%

TIEpeEp
gr.  Hm e L o an Hn iz Heroe, || Busmed || Sucsnnae

. sweperioert | | cunn | | creprmy
01-0z2 -0.4568 -2.3715 -4.2862 -0.6382 -0.6382 -0.4109 -0.4109

02-03 -9.2591 +4.3640 +5.4872 +7.9492 -2.0507 -1.8946 -1.8946

03-04 +5.6385 +5.8329 -5.9727 +3.0971 -8,9028 -1.7645 -1.7645  =| EEERITH
iEpEspRy

GakiHmMTI |

6
Puc. 4

CepBep I03BOJIIE KOPHUCTYBadaM JIOKAJNBHOI MEPEki MaTH JOCTYI [0
(atimiB, posMimeHNX Ha Hocisx iHpopmamii cepBepa. B mporeci poboTu
YaCTHHA JIOTIYHOTO JHCKOBOTO MPOCTOPY POOOUOi CTaHIlii € BiMOOpaKeHHIM
YaCTHMHH JHCKOBOTO TpocTopy cepBepa. OcHOBHa o00poOka 1 TOMmyK
iHdopmamii I KOpucTyBada Oyab-siKOi po0OOdO0i CTaHIlii 3MIACHIOETHCS HA
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cepBepi. DyHKINT KITEHTCHKOI YacTHHM Ha POOOYid CTaHIl 3BOIATHCSA [0

BBEJICHHS JTaHUX 1 BiOOpakeHHs pe3ynbTariB. TakumM 4uHOM, poboda CTaHIIist

(xomIT' FoTEp KOpHMCTyBaya) JMIE 3abe3ledye JOCTYI JO0 OOYMCIIOBaIbHUX

pecypciB cepBepa, TOOTO MPAITIOE B PEKUMI BUAAICHOTO TePMiHAITY.

lojoBHE BIKHO TpOrpaMM MOXKE MaTHW JBa BHUDISAM. Burisim BikHa
aBTOMATUYHO BHOHMPAETHCS MPOTPaMOI0 3aJIe)KHO BiJl BHIY BINIOBiJI HA TECTOBE
mutanHs. Tak, sSKIIO BiIIOBIIb Ha TECTOBE 3allUTAHHS TIOBHHHA OyTH BHOpaHa 3i
CIUCKY TMPOIMOHOBAHUX, TOOTO HOCHUTH BHOIpKOBHIA Xapakrtep (e, SIK MpaBHIIO,
TEOPETHYHI 3aMTUTAHHS), BIKHO HAOyBa€e BUIIISII, MOKa3aHKUH Ha puc. Sa.

SIkmio x BiAMOBiAb Mae (iKCOBaHHN XapakTep (SK MpaBHJIO, LE YUCIOBHA
pe3yNbTAT PO3pPaxXyHKY, AKUH HEOOXiJHO BUKOHATH B MPOIECI TECTYBAHHS), TO
TOJIOBHE BIKHO aBTOMATHYHO MEPeOyIOBYETHCSA JO BHUIIIALY, MPEICTABICHOTO
Ha puc. 56.

Marepian mucummiinu "BymiBensHa Mexasika® po3outuit Ha 13 Moy
(tem). TecTyBaHHS 3IHCHIOETHCS MEPEBIPKOIO BiIIOBiICH HA TECTOBI OLIETH IS
BHOpaHoi TeMu. bieTn BUOMPAIOTHCS MPOTPaMOI0 BUITAAKOBAM YHHOM, TIPUIOMY
mporpama BiICTeXye HOMepa OiIeTiB, IO TPETSBISUIACS KOPUCTYBadeBi TpH
TIOTIEPETHIX TECTYBAHHSX 1 HE JIOMYCKAE 1X TIOBTOPHOTO TP/ SIBJICHHS.

KinmpkicTh 3amuTaHb y TeCTOBOMY OuleTi Moxe konuBaTucs Big 5 mo 10.
BBeneni BiANOBigl aHAMI3YIOTBCA NPOTPAaMOI0  IIISIXOM MOPIBHSHHSA 3
CTaJIOHHUMH BIAMOBiAsIMHA. HampuKiHII TeCTyBaHHS MporpamMa IOBIIOMIIIE
IHTErpaJIbHy OLIIHKY 3HaHb 3 BUOPaHOI TEMHU.

Komruiekc BUKOHY€E HaCTYIHI Jii:

» Jlo3BOJIsI€ BUOpATHU MEBHY TEMY JJIsl TECTYBaHHS.

* Bubupae BUNIaIKOBUM YHHOM TECTOBHM O1JIeT Ik BUOPAHOT TEMH.

e Jlae CTymeHTY MOXJIHMBICTh BHOHUpATH y OYIb-SIKOMY IOPSAKY ITHTaHHS
OiyleTa i BUBOJUTH HA €KPaH TECTOBI 3aITUTAHHS, PUCYHKH 1, y pa3i moTpeodH,
BapiaHTH MOXIIMBHX BiJTIOBiIEH.

* 3a MeBHUMU MpaBHIAMH TIAPaXOBYE KUTBKICTh HaOpaHUX OalliB i 3aJI€KHO
BiJl TXHBOI KUJIBKOCTI BUCTABISIE OI[IHKY 3HAHHSAM 1 YMIHHAM CTYJCHTa 3
00paHoi TeMHU.

» Jlo3Boisge B TpoOLECi TECTyBaHHS 3allycKaTH JOTIOMDKHI Hporpamu
(kanpKynATOp, MPOTpPaMy pO3B'sA3aHHS CHCTEM anreOpaidYHuX piBHSIHB,
KOPOTKHI [JOBimHHK 3 OyxmiBenbHOI MexaHiku i1 T1.a1.). Lli mporpamu
BHKJIMKAIOTBCS  O€3MOCEepPeNHhO 3 TOJOBHOTO BiKHa TpOTpamMu  3a
JIOTIOMOTOI0 MEHIO.

* ABTOMAaTHYHO CTBOPIOE, 30epirae i oHOBIOE (Dalimu pe3ynbTarTiB, Qaiim
CTaTUCTHKU JUIS KOXKHOI aKaJeMIpyld, a TakoX (¢aiin 3araibHOl
CTATHUCTHUKH ISl BCIX aKaJleMIpyII.

* BiagcTexxye CBO€YaCHICTh MPOBEACHHS TECTYBAaHHS 1 aBTOMATHYHO 3HIKYE
OLIIHKY, SIKIIIO TECTYBaHHS BIIOYBA€THCS IMi3HIIIE BU3HAYEHOTO TEPMiHY.
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d ,HOSBOJISIS BUKJIaJa4aM NEPETIIIAATH PE3YIbTAaTH TECTYBAHHS.

¥ HaBeOeHiR Ha PUCYHKY LUAPHIDHO-HEPYXOMIM ONOPI BMHKAIOTE

TMLLIE MOPKU30HT AMlEHa CMN0BAa peakLia
®
... FOPM3OHTANEHA | BEPTHKANEHA CHNOBI pearUl
ol
FOPHIOHTANBHA | BEPTMKANBHA CUNOE! PeaKLl Ta MOMEHT
]
®

T e
_ rewan | movac |

oMy NOPIBHIOE CTYMIHB FeOMETRIYHOT SMIHIOBAHOCTI PO3PaXYHKOBOT Cremu’?

Puc. 5
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IIporpamui komrexcu ACUCTEHT i KOHTPOJIb aBomoBHi. 3a apyry
MOBY TIpHiHATa pociiicbka. CTyIeHT BUOHpae MOBY Oe3MmocepeIHbo B MpoIieci
poOOTH 3 KOMITJIEKCAMH.

VY pe3ynabTaTi BHKOPUCTAHHS 3a3HAYCHHUX CIICIiali30BaHUX HaBYAIBHUX
3aco0iB MpW BUBYEHHI Kypcy OymiBeIbHOT MEXaHIKH JOCATAETHCS, TO-TIepIIe,
YCKIIQIHEHHS CXeM, IO TiIAraloTh pPO3paxyHKy, 03 CKUTbKH-HEOYIh
MOMITHOTO  30UIBIICHHS  TPYAOMICTKOCTi,  TO-ApYyre,  ITJBHIIYETHCS
JIOCTOBIPHICTH pe3yNbTaTiB 1, HApeliTi, MO-TPETE, CTYIEHTH ONAHOBYIOTh
OCHOBHI NPUHOMH POOOTH 3 POTrPaMHUMH KOMIUIEKCaMH, 0e3 SIKMX Ha JaHui
4ac He 00XOAUThCS PO3p0OKa MPOEKTIB IHKEHEPHUX CIIOPYA.
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baowcenos B.A., Lluwos O.B.
ABTOMATHM3ALIMA TEKYIIEIO U MOAYJIbHOI'O KOHTPOJISI 3SHAHUI
O JUCHUIIVIMHE «CTPOUTEJIBHASI MEXAHUKA»

Ha «xadenpe crpouTenbHOM MexaHWKM KHEBCKOrO — HAIMOHAJIBHOIO — YHUBEPCHUTETA
CTPOUTEIBCTBA ¥ APXUTEKTYPhl I IPOBEJACHUS TEKYIIEr0O M MOAYIBHOTO KOHTpONCH 110
qucruIrHe «CTpOUTeNbHAs MEXaHUKa» HCIOIb3yeTCsl OPHIUHAIBHBIN MPOrPaMMHBINA KOMIIIEKC
KOHTPOJIb. PaccmarpuBaercst CTpyKTypa IpPOTrpaMMHOIO KOMIUIEKCA W OCOOEHHOCTH €ro
UCHOJIb30BaHMS B y4eOHOM Mpolecce.

KioueBble c10Ba: cTpoUTeNbHAs MEXaHHKA, KOMIUIEKC, TECTUPOBAHUE, 3HAHUS, CTYCHTHL.

Bazhenov M., Shishov O.V.
AUTOMATION OF CURRENT AND MODULE CONTROL OF KNOWLEDGES
OF DISCIPLINE «<STRUCTURAL MECHANICS»

Original program complex CONTROL is exploited a¢ ttlepartment of structural mechanics
of Kiev national university of construction and kitecture for the purpose of current and module
controls of knowledge in the field of Structural chanics. The structure of program complex and
specific of its use in an educational process sagined.

Keywords: structural mechanics, complex, testing, knowelsdgeidents.
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YK 539.3

O.I. T'yasp’, 1-p. TexH. HayK
C.O. ITuckyHOB, 1-p. TEXH. HAYK
0.0. LIkpuab’, KaHI. TeXH. HAyK

*Kuigckuii nayionansnuti ynicepcumem Gydienuymea i apximexmypu, Kuie
Tosimpognomcoxuii npocn., 31,m. Kuis. 03680

NPU3MATUYHUI CKIHUEHHUI EJIEMEHT HA OCHOBI
MOMEHTHOiI CXEMUW CKIHUEHHUX EJIEMEHTIB

Ha ocuosi HMCE po3po6ieHo HOBHil NpU3MAaTHYHHN CKIHYCHHHH €IEMEHT 3 HMEepeMiHHOIO
IUIOLICIO TTONEPEYHOro TIepepidy B3JOBXK TBIPHOI, SKHH 3a PaxyHOK YMCEIBHOrO iHTEIpyBaHHS
NOBHICTIO BPAaxOBY€ 3MIHHICTh BCIX BEIMYMH B IIONEPEYHOMY Iepepisi. Bussmeno, mo
pospobaenuii Bapiant CE 103Boisi€ OTpUMYBATH JOCTOBIPHI pe3yabTaTH AT IPU3MATHIHUX Till 13
3MIHHOIO IUIOMIEIO TIONEPEYHOro Mepepisy B3A0BXK TBIPHOI.

KumiouoBi cjioBa: mpocTopoBa 3ajava, HAMIBAHATITHYHMA METOJ CKIHYCHHX €JICMECHTIB,
MaTpPHUIIS )KOPCTKOCTI, YNCENIBHE IHTEIPYBAHHS, IPYXKHE Ae(OPMYBaHHS.

Beryn. EdexrtuBHicts BukopucranHs CE KOMIUIEKCIB 3HauHOIO Miporo
BU3Ha4YaeThes pisHoMaHiTHICTIO CE 6asu. B maHiit poboTi peanizoBaHO BapiaHT
CKIHUYEHHOTO €JIEMEHTY, MaTpHIll >KOPCTKOCTI 1 BY3JIOBI peakiii sKoro
BH3HAYAIOTHCS Ha OCHOBI YMCENBHOTO 1HTETPYBAaHHSA B 00JACTi MOTEPEIHOTO
nepepisy.

1. CkiHyeHHHUIi eJIeMeHT 3 YHCeJbHUM IHTErpyBaHHSIM B MOMEPEYHOMY
nepepizi. Ommc nporecy aeGopMyBaHHS TPOCTOPOBHUX TUT 3MIHCHIOETHCS Y
BiJIMTOBIAHOCTI 10 BapialifHOTO MPUHITUITY MOXKITUBUX TIEPEMIIIcHb. PiBHSIHHS
piHoBaru cucremu N CE, mo anpokcUMyIOTh AOCHIKyBaHHH 00’ €KT, Mae
BUTJIS;

N
> (3w, -3A,)=0.
n=1
Bapiauis eneprii nedopmanii omHoro npusmaruyHoro CE moxe OyTH
3arcaHa y BUTIISAIL:

= X da
dW= [ [ 8"%;\§ dtd% d. (1.1)
=l 2=l e

IIpencraBumo ¢izuuni nmedopmarii dUepe3 HEHOPMOBaHI Koe(DilieHTH
po3knany pedopmaniii B pang MakiopeHa 3 ypaxyBaHHSIM 3MIHHOCTI
KOMITOHEHT METPUYHOTO TeH30pa B ronepeuHomy neperudi CE

O T'ynap O.1, [Tuckynos C.O., Hlkpuis O.0.
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B =&
9i Gj;
Jc

o

e 2 _ : 3a). .
a(a) — ) ) ) - )
€ (o) 8a(a)+[8a(a) (3-a) Ea(a)ha(a)(era)jx( € 1p=€12
&3 :€a3+(5a3,(3-a )‘%Sa {haa 3a yrhas @ JJ SR
533=€33+(§33a —€33h 331J X

Tomi ¢opmyay (1.1) i3 BuHKOpHCTaHHAM HE(DI3UYHHX KOMIIOHCHTIB
HamnpyXeHb Ta AeGopMariiii mpecTaBUMO B MaTPUIHOMY BUTIISAIL

xl% xz% o=
sw= [ [ [ &g {o}J/b atadk ok, (1.2)
xlz—% xzz—% x3=1

ne
T_
{E} _{Ell 21580 X3 £138 3b,
{o}={o1 01,05 030,503}
Crissignomennst  (2.11) [1], 1mo ONMCYIOTh  3aIEKHICTE  MiX
HEHOPMOBAaHUMH KOMITOHEHTaMH JedopMaliii — CKIaJIOBUMH Koe(]imieHTiB
poskianeHHs GizmaHMx Aedopmaiiii 'y psag MakiopeHa 1 koedirieHTaMu

pO3KJIafeHHs mnepeMimiens 3a moiiHomamu (2.3) [1], y Mmarpuuwniii dopmi
MAarOTh HACTYITHHH BUTJISL;

{z}=i([éﬂ¢“>+{ °le¢$'3’j{ u};
e 1=0
{U }|T :{UlTe e 1 - M e (rl)} ;
{UWiss) :{U'r(si,sz)} {U'z(%,sz)}{ula'(s,sz)}i

[éa]:[[ Bal 5 O[ By U By €M By “;”] (1.3)

CkJiiag MaTpHIb [Ba](sl@) € HAaCTYITHHUM:
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o (31,%)
5]

ac

o 18

ac

1s2+(m), % 15249, % 0
Yszrss] 4 54 5% 0
1s,2+(8), % 15 2+( B, X 0
0 0 1235+(8), #
_233SZ+( a)e )%
0 0 ]
(8),=58 43 4} $% b
(8),=S$ Z+3 Zr3 $% s
(B),=SS 2+ % %l $% b
(B),=SS 2} £r5 $% s
(8)5=3S 22 $ % s
(Bl)G:S% 2 ) % % £1
0 0 0
0 0 0
0 0 0
1754(8),® 173H(8B), % 0
%10212+( Bz)3 NS %10222+( Q)4 % 0
0 0 12%(s) #(B), %
(3) =525, 2 a4 4
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2 ho;

foo] 1=

(8) =325, B0 Zu)-

(3) =328 2 2a)-1 8 o

©lr ol
NN

~

N,

_1 ‘2. "
(32)4—2[232 Z+ 2,3 4
_1s°3. _le '
(B)s=59 751 (B2)6=5S 25
MMigcraBasroun (1.3) B (1.2), 3anmimeMo Bapiamiro eHeprii medopmariii
eJIeMEHTa uepe3 IepeMilleHHS {u} Ta BY3JIOBI peakiii {ro} :
w=3{4 {r}, (1.4)

Jc

[

_1 2_
x=1 =5 3gq

=1 I [B] {0} Yok de dx. (15)

:—l 2:—l' X3=—1
x==3 X3

BukoHyroun uyncenbHE ~IHTETpyBaHHS, OTpUMaeMO (GOpPMyTy Ui
004YHCIIeHHS BY3JIOBHX peaKliii CKIHUCHHOTO €JIEMEHTa 3arajlbHOro BUTIIALY i3
3MIHHAMH MEXaHIYHUMH Ta TeOMETPUYHHMU MapaMeTpaMu:

I J K -

{r}=3 % XI[Bl {oorHH] , . (16)
izl j=1 k=1 CRRS)

ne |, J, K - KiTbKicTh TOYOK iIHTETpYBaHHS IO x|1 ij, xf ,BiANOBiNHO, H;, H]- ,

H, - Barosi QyHkiii, xil, ij, Xf - KOOpJIMHATH TOYOK iIHTETpyBaHHS.

Jlist BUBOMY MaTpHIli JKOPCTKOCTI CKIHYEHHOTO €JEMEHTa IPEICTaBHMO
3B’ 130K MK HAIIPpY>KeHb 1 leopMariiid y BUIIIsAI:

{o}=[D]{¢} . (1.7)

Jc

Dllll D1112 D1122 D1133

[D] _ D1211 D1212 D1222 D1233
D 2211 D2212 D2222 D2233

D33ll D3312 D3322 D3333

EnemenTr Matpuiii [D] BU3HAYAIOTHCS 3rigHo Gopmya (2.7) [1].
Bapiamis eneprii geopmariii Mo)kHa 3aITUCaTH SIK:
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Al el o

3W= jz [ Xj 6{3} [D]{e} /gdR d¥ dX. (1.8)

2 —
—= X 1 X°=:
2

[onaroun  nedopmarii lIepe3 Koe(illieHTH pO3KJIasy IEpEeMIlleHb,

OTpI/IMa€MO:
aw=5{4"[4{ § (1.9

ae [k] - MaTpUIL )KOpCTKOCTi'

4= jl

BI/IKOpI/ICTOBy}O‘{I/I d)opMyny YHCEIHHOTO IHTETPYBAaHHS:

k] = Z Z Z ﬂB]T[D][B]J_H H . H ](M . (1.11)

i=1 j=1 «=1

2=t
2 =1

J: j [B]T[D][B]x/_dxlolxzdx3 (1.10)

2. KoutpoabHi mnpukaagm. Jlns oOrpyHTYBaHHS JOCTOBIPHOCTI
PpO3pO0JICHOrO MiAXOAY AJIS NPU3MATHYHHUX TiT OYJIO PO3IIITHYTO TECTOBHH
npukiax npo aedopMyBaHHS B yMoBax Iutockol nedopmamii B ImoromuHi

-2 CTPYDKHA 31 3MIHHOIO 3a JIIHIHHUM 3aKOHOM IUIONICIO TTOTIEPEYHOTO
nepepizy (puc. 1). 3miHa miomi B AaHOMY BWIAJKy € TOTOXHBOIO 3MiHi
XapaKTepPHOTO pO3MIpy Iepepisy B HANpPAMKy B HampsMKy Z-. Moaymb
npyxkHocti E = 0.1 MIla, xoediuient Ilyaccoma v =03. B nuckperHii
mozeni MCE (puc. 2) posramysanus nedrpieB CE B3goBxk Bici cTepikHs
30ira€ThCsl 13 PO3TANIyBaHHSAM TOYOK IHTETpYBaHHS B JWCKPETHIH Momemi
HMCE. [uckperna mozmens HMCE yrBopeHa i3 BHKOPHCTaHHSIM OJHOTO
npu3matuaHoro CE 3MiHHOI TUTONII MOMEPEYHOro Iepepidy i 3a BUTISAOM
MOBHICTIO 1ICHTUYHA PO3PaxyHKOBIiH cXeMi.

l1=10a

Puc. 1.Po3paxyHkoBa cxeMa NPU3MaTHYHOTO CTEPHKHS
31 3MIHHOIO ITOLICIO OIEPEYHOr0 epepizy B yMOBAX PO3TATY

Ipu posrisiai pos3tary crepxkus (puc. 1) CriBBiIHOIIEHHS IUIOII TOPIEBUX
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nepepisiB  npuitasto 2:1 (0=2a, CHOiBBiAHOIIEHHS NPHUPOILNEHHS PO3MIpY
nepepisy 10 n1oBxuHU ctanoBmwio 1/10).
OtpumaHi pe3ynpTaTH — PO3NOAIIEHHS HANpyKeHb Ogzq 1 HEepeMillieHb

U® B3goex Bici crepxkns (3a mampsmxom z> — B MCE i 2° B HMCE)
HaBeneHi Ha puc. 2. I3 BukopucranasmM MCE i HMCE ortpumani TOTOXHI

pPE3yNIbTAaTH PO3IMOAUICHHS TIepeMillieHb 1 HanpykeHb B310BX Bici CE, moxubka
BH3HAUEHHS HANPYKECHb 1 IEPEMIIIeHb JISKUTh B Mexkax 1% .

U3, em; O3z MMa

1 P
4 Z 0.9
1 p -
! — 0.8 e
| —=
WE £ L L E 22 o7 -
—k— " los
Y ——
e — = T 0.5 /’
0.4 //
0.3 _—" U3, MCE
s 0.2 + U3, HMCE
// == COg3 MCE
/— 0.1 a G 33, HMCE
P 0
=50 4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 40 z3cm

Puc. 2. Po3nozisieHHs mapaMeTpiB HaNpy»KeHO-1e(hOpMOBAHOTO CTaHy
B CTEpP KHI 3MIHHO] IUIOMII MONEPEYHOT0 Mepepizy

ITpn po3B’si3aHHI TecTOBOI 3ajayi MpO 3rMH LIAPHIPHO oO0mepToi Oanku
3MIHHOT TIUIOIIi TIOTIEPEYHOTo IMepepidy IMiJ BIUIMBOM  PO3IOIIIEHOTO
HaBaHTaXXeHHS (pHc. 3) CHIBBiAHOMIEHHS IUIOII TOPIEBHX MEPEPI3IB CTAHOBUIIO
1,5:1 p=1,53, criBBigHOIIEHHs MPUPOILEHHS PO3MIpY IEPEPi3y 10 JOBKUHU
cranoBuio 1/20).

SHHTHUTHU LTI

L T e e
A7

Puc. 3.Po3paxyHKOBa cxeMa MPU3MATHYHOTO CTEPKHS
31 3MIHHOIO IUIOLIEIO TTONEPEYHOr0 Mepepisy B yMOBax 3THHY

BukopucTani mpu po3B’si3aHHI 3a/1a4i JUCKPETHI MOJICNI € TAKUMH XK, SIK 1
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BHTIAJKY po3Tsry. PesymbTath, oTpuMmani i3 Bukopuctanusm MCE i HMCE
TaKoX  JOOpe  y3TO/DKYIOTBCS, IO  MiATBEPIKYETHCS  OTPHUMAHHMHU
PO3IOIiICHHAMY [POTHHIB IO JOBKHHI Oaiku (puc. 4) i po3moaileHHsAM
HalpyXe€Hb 110 BHMCOTI B HaMOULIBII HaBaHTaXXeHOMY Iiepepisi (puc. 5).
36iNbIIEHHS CIIIBBIAHOIIEHHS TUIONT Hepepi3iB q0 2:1 (K y BUIAIKy pO3TATY)
Mpu3BeIO 0 OUIBIIMX BIAMIHHOCTEW y BeIMYMHAX MaKCHMalbHUX
HarpysxeHp — 10 10-12%.
-5a u'-107 MM 5a
0.0 0 2¥
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Puc. 4.Pe3ynpTaTu po3noiny IPOTUHIB 110 JOBXUHI OaIKu
3MIHHO] ILIOMIi TOIEePEYHOTo Mepepisy MpHu 3rHHI

Z1,‘MM
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Puc.5. Po3nonineHHs Hanpy»XeHb 110 BHCOTI B HAWOLIbII HABAHTAXKEHOMY Iepepi3i Oanku

TakuM YWHOM, OTpUMaHi pe3ynbTaTH CBigYaTh, IO pPO3poOIeHi
npu3matuuHi CE 3MiHHOT MO MOMEpPEeYHOro TMepepidy TO3BOJSIOTH
OTPUMYBATH JTOCTOBIPHI PEe3yJbTATH SK JUIS BHIIAIKY PO3TATY TaK 1 JJIs 3THHY.
Meki 3MiHHEHHSI IUIOII, NMPH SKiH OTPUMYBaHI pe3yJbTaTh € JOCTOBIPHUMH
JUIS BUNIAJIKY 3TUHY € 0OMeKeHHMH, ToMy BukopucTanus 1ux CE B meBHHX
BHIIAJIKaX MOTpeOye MOmepeaHbOT0 JOCIiHKEHHS JOCTOBIPHOCTI pPE3yIJIbTATIB.

Ha ocHOBi aHamizy OTpUMyBaHHMX pO3B'S3KiB TECTOBUX 3aaad BIEpIIe
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MOKa3aHo, W0 ypaxyBaHHSA 3MIHHOCTI BH3HayHHMKa METPHYHOTO TEH30pa B
HaIPsAMKY YTBOPIOIOYOI 3a0€3IMeYmsI0 NOCTOBIpHE BHM3HAYECHHS HAIPy>KEHO-
ne(hOpMOBaHOTO CTaHy MPU3MATHYHUX T i3 3MIHHOIO TUIOIICIO TIOTIEPEIHOTO
nepepizy pH Pi3HUX BUIAX HAMPYKEHOTO CTaHy.

TakuM grHOM, po3poOieHnii B fanomMy posmim Ha ocHoBi HMCE amapar
YHCETHEHOTO BU3HAYCHHS HAIPYKCHO-AE(OPMOBAHOTO CTAHy IPOCTOPOBHX Til
i3 3MIHHMMH (i3MKO-MEXaHIYHUMH Ta T€OMETPUYHMMHU IIapaMeTpamu Jae
MOXIIMBICTh CTBOPEHHS €(QEKTUBHMX MIJAXOIIB O pO3B’SI3aHHSA 3a1ad
JIMCKPETHOTO PYHHYBaHHS HEOMHOPIJHHMX NPH3MAaTHYHHX HPOCTOPOBHX Til
ckiagHoi KoH(Iryparii 3 JOBUIbHUMY I'PaHUYHUMH YMOBaMH Ha TOPLISIX.
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Tynap A.U., Iluckynos C.O., Uxkpoins A.A.
MPU3MATHYECKHWI KOHEYHBIN SJIJEMEHT HA OCHOBE MOMEHTHOM
CXEMbI KOHEYHBIX SJIEMEHTOB

Ha ocHoBe MOJYyaHAJIUTUYCCKOr0 METOAAa KOHEYHBIX J3JIEMEHTOB CO31aH HOBBIH KOHEYHBIH
3JIEMEHT C nepeMeHHoﬁ TuIomaabro MOnepeyHoOro CEUYCHUs BAOJIb 06pa3yl0meﬁ, KOTOpLIﬁ 3a CYeT
YHUCJICHHOI'O MHTETPUPOBAHUS ITOJTHOCTHIO YUUTBIBACT IEPEMEHHOCTD BCEX BEJIMYHH B ITOIIEPEIYHOM
CCUCHUMH. HOKa3aH0, 4qTO l'IOJ'Iy‘{eHHLIﬁ BAapUaHT KOHCYHOI'O DJJIEMEHTA IO3BOJIACT I0J1Yy4YaThb
JOCTOBEPHBIC PE3YJbTAThl IJIs1 INPUIMATHYECCKUX TEI C nepeMeHHoﬁ miomaaplo nonepeyHoro
CeYeHus BIOJb 00pa3yromIei.

KimioueBble cj10Ba: MPOCTPAaHCTBEHHAsl 3ajava, MMOJYyaHAIUTHYECKUH METOJ KOHEYHBIX
3JIEMEHTOB, MAaTPHUIIA )KECTKOCTH, YUCICHHOE HHTETPUPOBAHHKE, yIpyroe J1ehopMHPOBAHHE.

Guliar A, Piskunov $2., Shkril’' 4.
PRISMATIC END ITEM ON THE BASISOF MOMENT FINITE ELEMENTS SCHEMES
Based on the semianalytical finite element metlaodew finite element with a variable cross-
sectional area along a generator, which is duaki® fully into account the numerical integration of
the variability of all the variables in cross-seati It is shown that the resulting variant finite
element allows to obtain reliable results for thismpatic bodies with variable cross-sectional area
along a generatrix.
Keywords: spatial problem semianalitic finite element methstiffness matrix, numerical
integration, the elastic deformation.
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YK 539.3

10.B. Boponal, KaH/. TEXH. HAyK
A.A. Kozax!
0.C. Yepnenko*

*Kuisckuii nayionansnuti ynicepcumem Gydisnuymea i apximexmypu
Tosimpoghnomcokuii npocn., 31, m. Kuis. 03680

IT'PAHUYHOEJEMEHTHA METOJUKA JOCIIIKEHHSA
JUHAMIYHOI'O HAC NPYKHUX MACHBIB

3anpornoHoBaHO Ta peati30BaHO HAOIMKEHUH MiIXi JO OOYHCIICHHS CHHTYIIIPHUX CKIIaJOBHX
TPaHUYHUX IHTErpaJbHHUX PIBHAHb B 33[Ja4ax MPO IBOBUMIPHI TapMOHIYHI KOJMBAHHS MPYXHHUX
MacuBHHX 00’ €xTiB. [loka3zaHa mpane3qaTHiCTh TAKOTO MigXOAY NP BU3HAYEHHI KOMIIOHEHT SIACp
iHTETpanbHUX pIBHAHb B IIMPOKOMY [iama3oHi dacTorT. HaBemeHo mpHKIam 3acTOCYBaHHS
PO3pO0IIEHOT YUCEIbHOT METOIUKH.

KorouoBi ci1oBa: rpaHHYHi iHTETpanbHI PiBHAHHS, CHHTYISPHICT, ABOBHMIpHI IepioANYHI
KonuBaHHA, GyHKUii [aHKens.

HasBHicTb B cknajii cygacHuX Oy/1iBeIbHUX KOHCTPYKIIH MaCHBHHX €JIEMEHTIB
cKyaHOT ()OPMU Ta TIParHEHHS JI0 3HIDKCHHS X MaTepiaIoEMHOCTI 3YMOBITFOIOTh
PO3BUTOK CYJaCHHUX YHCEITbHUX METOIIIB PO3PaXyHKy TAaKHX €IEMEHTIB Ha BIUTUBH
pi3HOI mpupoau. BaxkimBe wMiclie cepen CydacHHUX YHIBEpCATbHHUX METOIIB
YUCENFHOTO aHaji3y KOHCTPYKIHA 3aliMae METOJM TpPaHWYHHUX IHTErpabHUX
piBustap (CIP), sSkuii 103BOJISE 3HANTH aMIDTITYIH MEPEMIIIEHb | HaPYKEHb HA
TpaHMIli, He MiATAI0YN TUCKPETH3allii caMmy po3paxyHKOBY 00:1acTh. OCKIJIbKH TIPH
BUBYEHHI HanpyxeHo-nepopmosanoro crany (HJIC) macuBiB [0OCHTH YacTo
TPAIULIIOThCS BUIAJKH, KOJH JOCTATHHO 3HATH TEPEMIIICHHS 1 HANpPyXCHHS
TUTBKM Ha TPaHUI Ta B JeSAKid OOMEXEHIH KUTbKOCTI TOYOK BCEpeauHi
PO3paxyHKOBOI 00JACTi, TO BIATIOBIHO KOJIO 3a1a4, U PO3B’ I3aHHS SKUX MOXE
eextrBHO 3acTocoByBartuch Metoa ['IP, € nocuts mmpokum [1, 2]. B Toii xe vac
ATOPUTMH, SIKI YHCENBHO pEAN3yIOTh IIeil MeToj Uil PO3B'sA3aHHS 3a/1a4
JIAHAMIKH, IIe TOTPEOYIOTH JOTPAIFOBAHHS 1 BIOCKOHAJICHHSL.

B npamiit crtarti HaBOAATBCS pe3yAbTATH POOOTH IO CTBOPEHHIO 1
3aCTOCYBaHHIO €(EKTHBHOI YHCENBHOI METOMWKH JUIL  JOCHIJDKCHHS
BUMYIIICHHUX yCTaJ€HUX KOJWBaHb MPYKHUX ABOBHUMIPHUX 00 €KTIB CKJIATHOL
dbopmu. B sAKOCTI adroOpUTMIYHOI OCHOBH OOYHCIIOBAILHOTO TIPOIECY
BUKOPHUCTOBYEThCSI TPaHUYHHMHA aHamor ¢opmynun CoMiJliaHU Ui aMILTTY
MepeMIIleHb, SIKi BHHUKAIOTh TPH IBOBUMIPHUX TAPMOHIYHUX KOJIMBAHHSX:

%ujm(f('w): JTE (y!ijk (;(!yiwﬁry_JuE(y!w)rjk 62 ,)7 w)jry! J!k = 1|2! (1)
r r

D Bopona 10.B., KozakA.A., Yepnenko O.C.
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ne ujD()?, W) —j-a KOMIIOHEHTa KOMIUICKCHOI aMILTITYIH KOJHUBaHb 3 KPYrOBOO

actotoro  ®;  X{X, X}, Y Y, YbOr; T — rpanuus obGmacti  V;
(v, )= A (9,%) aujD()"/, ®) , 09U (.,%) v - KOMITOHEHTH
T5(y, ) =An; (y) ox +U e + dy, N ()

KOMIUICKCHOI aMIUTITyAH HANpYyXEHb HAa IUIOMMHIN 3 HOpMawmo M{n, ng ;
U jk()?, Y,w) — dyHnamMeHTanbHuM PO3B’ 30K 3a1aui (aMIUTTYM TEpeMilleHb

B MIPY>KHOMY JIBOBUMIpHOMY IPOCTOPI Bif Jii 30CepePKeHOT CHIIH, OTUHUIHOT
aMILTTY M, sIKa IPUKNIaeHa B To4li X B Hanmpamky oci 0x) [2]:

U (X y,0)= 4I_ll [6ij0(rv(’3)+r1j r,kUZ(r,(o)]; )
@ @)
Uo(r,(D): H(gl)(klr)_Hl (er)+ U,Hl (klr) : (3)
ko1 kir
U,(r,m)= HP (kor)—aH P (k) ; 4)
. e _[A+2n. _CE _ar Y TX .
k]—cly CZ _\/;1 C]__ p ’ G_ny raj_ayj_ r y
r=\/(y1 —X1)2+ (v, —X2)2 — BiJCTaHb MiXK TOYKaMH X 1 Y ; P - T'yCTUHA

Marepiany; A i | — koHcTaHTH Jlame; HS) - ¢yskuis [ankens 11o poxy
nopsanaky K T (X, V,) — ys3aralpbHeHa NOXigHa (yHIAMEHTAILHOTO

O3B’ 3Ky, TOOTO HAMpPYKCHHS HA IUIOIMIMHKAX 3 KOMIOHECHTAMH HOPMaJi, SKi
BHHHUKAIOTh B TPYKHOMY JIBOBHMIPHOMY IIPOCTOpi Bif Aii BHUIIe3ramaHol
oxuHUYHOI crin [3]:

. U, (%, V,w)  [0U,, (%, V,w) OUy(%Y,0))
. =An; () —km km =
T (X, ¥, @)=An; () oy +H[ oy, + oy Nn(Y)
i or or .
_Z[r,kanl+(6jk%+r,jr1<)T2+rkr,]- %T3] : 5)
T, = 2[HP o )-aH P ()] -2 ki O ) - (6)
1= M2 e 2 K TR TR
T, = 2 2HE (e ki G - 2H Y & )] Y
T = 2l HO ()P ks ok HO kg raH Pk @)

UYucenpHa mpoueaypa pose'szanHs cuctemu [IP (1) Gasyetbes Ha
NIPEJICTAaBIICHHI TPaHWIl PO3pPAaXyHKOBOi 00JacTi CyKYyNHICTIO TIPaHHYHHX
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enementiB (I'E), B Mexax KOXHOTO 3 SKHX 3aJaHi TOYKH KOJIOKAIlil, a HeBimoMi
3MIHIOIOTBCS 3@ INPHU3HAYEHUM 3aKOHOM. B pesynbrari  cucrema (1)
TIEPETBOPIOETHCS HA CUCTEMY JIIHIMHNX areOpaiyHuX PiBHSHB BiTHOCHO 3HAYCHB
He3aJI]aHUX TPAaHUYHVMH YMOBAMH TIEPEMIIIICHD 1 HATIPYXKEHb Y BY3JIaX KOJIOKAIIii.
KoedimieHTn MaTpuili CHCTEMH OOYHCIIOIOTBECS IUITXOM IHTETPYBAaHHS TIO
okpemuM I'E mpu moCHiZOBHOMY CYMIIEHHI T. X 3 KOKHHM KOJIOKAI[HHMM
By31oM. CHUTYyallisl 3HAYHO YCKIIATHIOEThCS, KOJM IHTETPyBaHHS MPOBOJUTHCS 10
TOMy CamMOMy €JIEMEHTY, Ha SIKOMY pO3TamioBaHa T. X. B IbOMy BHIAIKy
BiJICTaHb MiXK TOUYKaMH X 1 Y MOKe CTaTH HECKIHUYEHHO MAJIOO, a ITi{iHTerpaabHi
BUpa3H HAOYTH HECKIHYCHHO BCIHMKHAX 3HAYCHb, IO POOHUTh HEMOMIIUBHM
OesmocepesiHE OOYMCIIEHHS JTiaroHaJbHUX KOC(DIIiEHTIB anreOpaidHOro aHajora
cucteMH. J{Js OIoTaHHs BKa3aHOi mepernkou (GyHKIii ["aHKes, o BXOAATh 10
cknany sinep I'IP, HaOmKeHO 3aMiHIOIOTBCS IOYATKOBHMH BIpI3KaMH STy
Maxopena. [Ipy mpoMy KOMIIOHEHTH sep HAOYyBalOTh BUTIIALY CYM, TIEpIIHi
JIOJAHOK SIKUX BUSBIISIETHCS PIBHUM KOMIIOHEHTI BIATOBIJHOTO CTaTUYHOTO
MOTEHIATY, TOAI SIK iHIT J0JaHKH pH I =0 MaroTh CKiHYECHHI 3HAYCHHS:

Uo(r, m)——{(1+a)ln(r)+ > +y(1+(1)+a|n[k21J+ln(k22j
2
A o n( gl
B(kZZJ [V(5+ )- 22+3512+a3ln(%J+5In(k—22rjﬂ}+
(1+za) [ J [(3+a?)- (kﬂ (B+a®)]+0(r®), ©)
. 2
Ua(r,0)=L (a—1)+('%rj {( 3)1-a%)- azln( 2j+ln(k2rj—
2
A3 bl 5

( J[(l ("er @-a®]+o(r?), (10)

3-do+ 52
4

s o Y -

T(r.0)=— ! [ 20+ (rkz) [7(1—2a+312)—
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_% 2(3- Sa)ln[ j+ln[k2rjﬂ}+

(kzj [(1-20+32)- (k2rj (1-30.°+50 )]+o( ) (11)

A 0))——{2(;(4.% Y(1+Ol )+1+3} ZIn(%j‘ln(k_gj_

A (el anl )
( j[(l (kzrj (2+3)]+0(r?), (12)
T(r,) :#[4(1—01 )+%(rk2)2 [ (I-a® )

+%(%’er (@(1 )+4a3|n(k12 j 4In(k Z m}+ (13)

k2 [kzr j (a-D(1+o+a )+O( ) y=0.577215664 - eiinepoBa craia.

3

OCKIiNTbKY 1HTErpYBaHHS si[ep CTATHYHOI 3a/1a4i TPYAHOIIIB HE BHUKJIHKAE,
To mpobnemy anreOpaizauii cucremu I'IP MoxHa BBakaTH BUpIIICHOIO, 1
JIMIIAETHCS TUIBKH 3’ SICYBATH MEXi 3aCTOCYBAHHS HAOIIKEHUX MPEICTABICHD
(9) — (13). Iy 1pOoro KOKHY 3 KOMIIOHEHT SiIEp OOYHCIIOEMO IPH Pi3HUX
3HAUEHHSAX apTyMEHTIB Oe31mocepeHbo 3a oaHiero 3 hopmyn (3) — (7),a mortim
— 3a BIAMOBIHUM HAOJVKCHUM TIPEIICTABICHHSM, YTPUMYIOUH OfvH, ab0 1Ba,
abo Tpu wieHH psAy. Pe3ymbTaT OOYHCIIEHb MICTATBCS B Tadmuisx 1-5,
puUuoMy 3HadeHHs mapamerpa N BIiAMOBITa€ KiTBKOCTI yTPUMaHUX HWICHIB
pAAy B HAOMMHKEHOMY TIPEICTaBICHHI.

Tabmuug 1
kr ReU,(r,w) ImU(r,w)
> [Toume [N=1 |N=2 | N=3] Toume |[N=1 [N=2 | N=3
0.0z | 0.643 0.643 0.643] 0.643 -1.592 -1.5p21.592| -1.592
0.2 | 0.635 0.643 0.635 0.63p -0.636 -0.6490.636| -0.636
0.t 0.596 0.643 0.595] 0.596 -0.222 -0.2[/40.221| -0.222
1.C 0.463 0.643 0.450] 0.463 0.126 0.093 0.139 0.1
1.5 | 0.272 0.643 0.210] 0.276 0.30p 0.175 0.355 0.3

26
05
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Tabmuns 2
kor ReU, (r,w) ImU, (r,w)
> [Touwne [NS1[N=2 |N=3 | Toune |[N=1 |[N=2 | N=3
0.02] 4610 | 0. | 4610 | 4.6-10° | -0.228 | -0.227| -0.228 | -0.228
0.2 | 46:10°| 0. | 4610 | 4.6:10° | -0.234 | -0.227| -0.234| -0.234
05 | 0.028 | o. 0.029] 0.028] -0.254 -0.2270.255| -0.254
1.0 | 0.105 | o. 0.115] 0.105| -0.27F -0.2270.287| -0.277
15| 0210 | o. 0.258] 0.207| -0.26l -0.2270.294| -0.258
Tabmunsa 3
kr ReT, (r,w) ImT, (r,w)
> [Toune [N=L[N=2 [N=3 | Toune |[N=1 |N=2 | N=3
0.02] 3410 | 0. | 3410 | 3.4-10° | -0.091 | -0.091| -0.091 | -0.091
0.2 [ 3410 0. | 3410 | 3.4.10° | -0.096 | -0.091] -0.096 | -0.096
0.5 | 0.0205] oO. 0.021| 0.0208 -0.108 -0.0910.109| -0.108
1.0 | 0.0754] oO. 0.084| 0.0751 -0.118 -0.0910.216| -0.118
15| 0147 | o. 0.189] 0.143] -0.09B -0.091:0.121| -0.090
Tabnuus 4
kr ReT, (r,w) ImT,(r,w)
> [Toune [N=1[N=2 [N=3 | Tounme |N=1 [N=2 | N=3
0.02] 541F | 0. | 541F | -54.1 | 0.0911] 0.091d 0.0911 0.0911
02 | 541¢ | 0. | 541F | 5.4.10° | 0.0980| 0.0910 0.098 | 0.0980
0.5 | -0.0325| 0. | -0.0338] -0.0325| 0.114 | 0.0910 0.116 | 0.114
1.0 | -0115] 0. | -0.135] -0.114] 0.113 0.09100.130 | 0.112
1.5 | -0208| 0. | -0.304] -0.198) 0.04¢ 0.09].00.100 | 0.039
Tabiuus 5
kr ReT, (r,w) ImT,(r,w)
> [Toune [NS1[N=2 [N=3 | Tounme |N=1 |[N=2 | N=3
0.02 (3310 | o. 0. |-33-10° | 0.455 | 0.455| 0.455 0.455
0.2 |-32:1°| o. 0. -3.3-10° | 0.458 | 0.455] 0.459 0.458
05 |[-1.3.10°] oO. 0. -1.3:10° | 0.474 | 0.455| 0.473 0.474
1.0 | -0.019] o. 0. -0.020| 0544 0.455 0528 | 0.541
15 | -0.089| o. 0. -0.103| 0.648 0.455 0.6190.659
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Sk cBimyaTh JaHi, HaBENEHI B TAONHIIAX, B MIEPEBAKHIN KiJTHKOCTI BUTIAJIKIB
npu 3HaYeHHsX mapamerpa Kor <1 moxubka 0OYMCICHHS KOMIIOHEHT siiep 3a

HaOMDKeHUMH (GopMmynamMu He mnepeBumrye 1%, skmo y Bupaszax (9)-(13)
yrpumytotbes Tpu wieHn (N=3). Takum uuHOM, TpOOIEMYy OOUYHCICHHS
niaroHanpHHUX KoeillieHTiB MaTpuii anrebpaiuHoro ananora cuctemu (1)
MOYKHa BBa)KaTH BUPILICHOIO.

Posrisnemo 3amauy mpo nBoBuMipHuMi amHamidanit HJC rpyHTOBOTO
MacHBYy TiJ TpyOONpPOBOIOM Y TIpOIleci HOro YIIIbHEHHS JBOMA IUIOCKUMH
MOBEPXHAMH, IO PYXaroTbCS OJHA MPOTH OAHOI 3a HAMIBCHHYCOINAaIbHUM
3akoHOM i3 actototo f =257y (puc. 1).
bo |

V
Puc. 1

CriHKM TpaHIIel MaroTh 3HAYHO OUTBIIMHA MOIYJb NMPY)KHOCTI, HIXK MacHB
IPYHTY HiJ TpyOOrO0, TOMY IX HOBEpXHI BBaXKalOThCsl HeneQopMiBHUMH. Jlist
niameTpa Tpy6onposoay D,,,=1,22u BiCOTa IPyHTOBOTO MacHBY CTAHOBHTHME
H =0,82x; reomerpuuni po3mipu tpanmei h =3,0xm, b, =4,4.m, b,=2,62.u [4].
MexaHi4HI BJIaCTHBOCTI HACHIHOTO IPYHTY XapaKTepPH3YIOTHCS MOIYJIeM
npyxkHocti E=20MIla, xoedinientom Ilyaccoma v=0,3 Ta TycTHHOIO
p=1760xzlr>.

BimoMo, 1m0 3 TEXHOJOTIYHWUX TPUYMH TigiioM TpyOom B TIporeci
YIITBHEHHSI € HENIPUITyCTUMHUM [5], ToMy MeTa po3paxyHKy MOJsIrae Imepiu 3a
BCe B TEPEBIpIi 3HAKIB BEPTHKAIBHHX IEPEMIlIEHh TOYOK BEPXHBOT
BUKPHBIICHOT MIJISHKH KOHTYpY. Po3paxyHOK NpPOBOAMTHCS B JBa CTallH.
BripozioBk mepiioro eramy aHaJdi3yIOTbCS YCTaleHI KOJUBAHHS MPY>KHOTO
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MacHBY TiJ Ji€I0 TUCKY Ha OOKOBi MOBEPXHi, IO Ma€ BUTIISAI TEPIOAMIHUX
IMIyJIbCiB, NPUYOMY B MeEKaxX KOXXKHOro mepiomy tpuBaiictio 1=0,04 ¢
IHTEHCUBHICTh THCKY 3MIHIOETHCS 32 3aKOHOM

qosin((ot),nT<tsnT+I
q(t)= 2 n=0,12, ..., (14)

0, nT +12<ts (n+1)T

ne w=21t , gy=0,2MI1a.
HaniBcuHycoiganpHuiA iMITyJIbC MOKHA ITOJATH Y BULIILAL psiay Dyp’e

_%| 4, Sin(t) < cos(&wt )
=S 1 500). 55 costen), (1s)

TCIIS 90TO 3a/ada 3BOAUTHCS J0 Oaratopa3oBoro po3s’si3aHHsA cuctemMu ['1P
(1) npu pisHKMX 3HAYEHHAX YACTOTH KOJIHMBaHb K.

Crnin 3a3Ha4MTH , MO0 HA BEPXHIO KPHUBOIIHIHHY TIOBEPXHIO IPYHTOBOTO
MacHBY TeEpEJaroThCs IOJATKOBI BEPTHKAIBbHI HaBAaHTAXXEHHS, CIPUIHHCHI
CHJIaMH 1HEpIlii, 10 BHHHUKAIOTh BHACIIJIOK HEPIBHOMIPHOTO BEPTHUKAIHHOTO
pyxy TpyOw. SIKIIo mpuiHITH HAOMMKEHY MOJETh MPO 3aMiHy MpUETHAHOI
MacH TpyOH He3B' I3aHUMH MikK COO00 TOYKOBUMHU MacaMH, TO B KOXHIH TOYII
30HU KOHTAKTY

57 (7,)=-m,, U,(¥.1),
. .

e m,, =F_’ Q. - NMOrOHHAa Maca Tpy6u; [, - MOBXKMHA Iyr'u KoJa,
on.

B3JIOBX SIKOT BiZIOYBAE€THCSI KOHTAKT TPYOM Ta IPYHTOBOi OCHOBH.
OCKITbKH pO3B' 130K 3a/1a4i IIYKAETHCS Y BUIJISII CYMH CTalliOHapHUX
TapMOHIYHHX CTaHIB, TO B KO)KHOMY TaKOMY CTaHi

000. [T 4\ — 2 O
T2 (yvt)__rnmp.(*) u2(yvt) .
TakuM 4YHHOM, MK JONATKOBHMHU IHEPIITHUMU HaBaHTA)KCHHSAMH i

nepeMillleHHsAMH TOYOK TpaHHLi icHye miHiiHa 3anexHicts. Tomi T'IP (1)
HaOyBa€ BUTIISLY

2% = [ WO R+ [ UG o) Ti &Y o)
T o, r

-mu’U (%, ¥,0) T, = [T/ (7.0 j .y )l . (16)
r

Ioronny Macy TpyOu 3HaxoaumMo 3a hopmyiioro [4]:
qmp. = n[tmp(Dmp _tmp.)pCm. +ti3.(Dmp. _ti3.)pi3.] ’
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e t,, =0,012u - ToBIMHA CTIHKK TPYyOONPOBOAY; Py, =7800x2/n° - rycruna

Mmarepiaiy Tpy6wu; t,, =0,03m - ToBImMHA i30iAIHHOTO IApy; P;, =1100«z/r*
- TYCTHHA 130JIA1Ii1.

3 ypaxyBaHHSIM HaBEJCHHX 3Hau€Hb Ma€eMO mmp_:480;<2//w2 . Kpim Toro,
neMItgpipyBaHHs, 3yMOBJICHE BHYTPILIIHIM TEPTSIM B MaTtepialli, BpaXOBYETbCS 3a
TaK 3BAHOI KOMIUICKCHOIO TinmoTe30t0 [6], mpuuomy KoedillieHT HEMpYKHOTO
onopy mopisuroe 0,12,

Ha puc. 2 wmaBemenuii rpadik 3aJeKHOCTI BiI Yacy BEPTHKAIBHOTO
mepemimeH-H1 B T.4 Ha
BEpXHii BHUKPHB-JICHI I
JUJISTHIT KOHTYPY.

Haiibinpmoro  3HaueHHA
U, =17510°m  mepemi-
IICHHS B Iiil TOYIl AOCSTae B
momeHT dacy t =0,0076 c. B
TOW Ke Yac Jpyrui eramn
PO3paxyHKy ITOKa3aB, IO Bif
nii BIacHOi Bard IPyHTY Ta
Baru TpyOompoBomy Touka A
MEpeMIlIyeThCsl  BHH3 — Ha

gAY
1.5%107>
Ix107°
5x107*
0

—5x10°*

—1x107>
0

001 002 003 004 005 tc

Puc. 2 semmunny  1,92710° v, mo

Oinplie 3a 3HA4YCHHS, 3HAWAEHE NPH IUHAMIYHOMY po3paxyHKy. Taka cama
KapTHHA CIIOCTEPITaeThCcsl 1 B IHIIMX TOYKaX Ha BEPXHIM IUISHII KOHTYpPY
OTKe, BUMOTA III0I0 HEMOMYIICHHS MiAHOMY TPyOH 3a10BOJBHSIETHCS.

Ha puc. 3 noka3saHi rpaiku 3aJexHOCTI BiJl yacy HanpyxeHb Op; B TOUKax

Ha oci cuMerpii mepepidy MacuBy. bauumo, 10 HaHOUIBIII 3HAYCHHS
HampyXXeHH1 Oq; B YyCIX TOYKaX Ha BEPTUKAIl MiA MEHTPOM TpyOH

croctepiralotbcss B MoMeHT yacy t= 0031c¢, komu Gﬁ’) =596«lla,

Gﬁz) =863«klla, a Gﬁ)) =107,7 klla. 3a3HaunMO, IO BCi Ii HANPYXCHHS €

JIOIATHUMU, TOOTO BiATIOBIIalOTH PO3TATY.
3 iHmoro OOKy, HampyXeHHS B 3a3HAYCHHWX TOYKaX, CIPUYHUHEHI Ii€r0
BIIaCHO{ BarW IPyHTY Ta Bard TPYOOIIPOBOIY € BiJ €MHUMH 1 OiIbIINMHU 3a

MOAyJeM HDK TpH JAWHAMIYHOMY pPO3PaxyHKYy - Uﬁ) =1178«ll1a,
Gﬁ:) =1314«lla, 0&?) =1225k/[Ia. TakuM YUHOM, CyMapHi HaPYXeHHSA Oqq
B TOYKaX MiJ TpyOOO € CTHCKAIOYNMH, TOOTO IPYHT 3a3HAE YIIITLHCHHS.
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O1,k1a

90

60
30

-30

- 60

-90

- 120

- 150

(=]

0.01 0.02 0.03 0.04 0.05 t,c
Puc. 3

OT)KG, HaBeﬂeHi PE3yIbTaTU CBi,H‘-IaTL mnpo T¢, 1o po3p06neHa YHUCCJIbHA

METO/IMKa MOKe OYTH YCIIIIHO 3acTOCOBaHa [yl aHaNi3y IUHAMIYHOTO
nsoBuMipHoro H/IC npy>kHHX MacuBiB CKIaaHOi (GOPMH IPH NEPIOANIHOMY
HaBaHTaKCHHI.
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Bopona FO.B., Koszax A.A., Yepnenro E.C.,
TPAHUYHODJEMEHTHAS METOAUKA UCCJIEAOBAHUS JNHAMUYECKOI'O
HJIC YIIPYTUX MACCHUBOB

IlpennoxxeH u peanu30BaH NPUOIMIKECHHBIM TMOAXOJ K BBIYMCICHHIO CHHTYISPHBIX
COCTaBIBSIFOIIMX TPAHHYHBIX HHTETPATbHBIX YPABHEHHH B 3a/[a4ax PO JIBYMEPHBIC TAPMOHUYECKUE
KoJieOaHUsl YIPYyrHX MacCHBHBIX 00BeKTOB. IlokazaHa paboTOCIOCOOHOCTh TAKOTO MOIXOAA MPH
OTpe/ICTICHHN KOMITOHEHT siIep HWHTETPANbHBIX YPaBHCHHHA B MIMPOKOM [HAIa30HE YacTOT.
IpuBeseH mpuMep MPUMEHEHHUSI Pa3pabOTAHHON YHCICHHON METOIUKH.

KiroueBble cJi0Ba: TIpaHWYHBIC HHTErPAbHBIC YPAaBHEHHMS, CHHIYISIPHOCTb, JBYMEpPHbIC
MepUOANYECKHEe Konebanus, pyHKIUKU XaHKeIs.

Vorona Yu.V., Kozak A.A., Chernenko O.S
BEM TECHNIQUE FOR THE ANALYSISOF 2D ELASTIC SOLIDSDYNAMICS

A numerical approach to calculating the singulatpaf the Boundary Integral Equations for
2D elastic solids harmonic vibration is proposele Talidation of the approach in wide range of
frequencies is demonstrated. The developed nun@&t el technique is appliead to the problem
of elastic solids periodical vibration.

Keywords: boundary integral equations, singularity, 2D pdicael oscilations, Hankel
functions.
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YK 539.3
ILIL. JlisynoB, 1-p TexH. HAyK

*Kuisckuii nayionansnuti ynisepcumem 6ydienuymea i apximexmypu, Kuie
Tosimpoghnomcoxuii npocn., 31,m. Kuis. 03680

KOJIMBAHHSI COEPUYHOI OBOJIOHKH B IIEHTPAJIBHOMY
CHJIOBOMY IIOJII

OTpuMaHi CIIiBBiJHOIICHHS, SIKi OMHCYIOTh KOJIHBAaHHS 0e3MOMEHTHOI cepHIHoi 000IOHKH,
1[0 PYXA€EThCS 32 KPYrOBOIO TPAEKTOPI€IO B IICHTPAIBHOMY CHIIOBOMY TIOJI.

Kurodosi cioBa: rpasiralliiiHe HaBaHTaXKCHHs, CTALliOHAPHUI PyX, LEHTP Mac, BUIbHI KOJH-
BaHHSI.

PosrasHeMo 3amady mpo KOJWBaHHS O€3MOMEHTHO1 c(heprudHO1 000JIOHKH,
II0 € YaCTHHOIO CIIOPYAH, EHTP Mac SKOI PyXaeThCs 3a KPYTrOBOIO TPAEKTOPI-
€10 B IIEHTPAJIILHOMY CHJIOBOMY TIOJi. BiflbHI KOJIMBaHHS CIIOPYAM B IUIOIIHHI
pyxy il IEHTPY Mac MPHU3BOAATH 0 BUMYIICHUX KOJIHBAaHb 00OJIOHKH, 110 30y-
JUKYIOTBCS KiHeMaTHYHO. [IpUiHATO, 10 KOJMBAaHHS OOOJOHKHM HE 3MiHIOIOTh
MOMEHTH 1HEPIIil CIIOPY/IH 1 He BILTUBAIOTH Ha 11 BUTbHI KOJUBaHHSI.

BBenemo HacTymnHi npaBi NpsIMOKYTHI cuctemu koopausat: O,X,Y,Z, — ab-
COJIIOTHY CHUCTEMY KOOPJAMHAT 3 MOYaTKOM B IeHTpi rpasitaunii; OXYZ — op6i-
TaJIbHY CHCTEMY KOOpAMHAT, Bick OZ SIKOi € IPOJOBXKEHHSIM pajiyca-BeKTopa
{3(0) , TIPOBE/ICHOTO 3 rpaBiTauiiiHoro neHTpy O, B IEHTp Mac CIIOPYAH, a BiCh

OX nexuTh B IUIOIIMHI, IO MPOXOJUTH Yepe3 pajiyc-BEKTOP {3(0) Ta BEKTOP

MIBUAKOCTI IIEHTPY Mac cropyau. byseMo 3acTOCOBYBAaTH TaKOX CHUCTEMY KO-
opauHatT Oy, OCi K0T HaNpaByIeHi B30BXK I'OJOBHUX HEHTPAIbHUX OCEH iHep-
il copyau. Y BUMAJKy CTAI[lOHAPHOTO PYXy CHOPYAU B LIEHTPAILHOMY CHJIO-
BoMYy TioJ1i oci OZ Ta O, ciBnanamTh. BUMyIieHi KonuBaHHS B 000JIOHII BH-
HHUKAIOTh B pe3yJIbTaTi BIAXMWICHHS oci cuMeTpii criopyan O, Big oci OZ Ha KyT
. BBememo Takox KpHBOMIHIMHY cHCTeMY KOOpAMHAT (J1X1XpX3, MOB'I3aHY 3
He1e(hOPMOBAHOKO MMOBEPXHEIO 00OJIOHKHU.

Bu3HaunMMoO HaBaHTa)XCHHSI, IO AIOTh Ha CIEMCEHTH CHEPUIHOT 0OO0TOHKU
y BUMAJKY, KOJIU CHOPYJa 3/1HCHIOE BUTbHI KOJMBAaHHS BIJHOCHO CTaHy CTaIli-
oHapHOTO pyXy. Ilig 9ac pyXy B IIEHTPaJbHOMY CHJIOBOMY IIOJi Ha KOXKHUUI
eJeMeHT OOOJIOHKH Ji€ HaBaHTaXXCHHsI, IO CKIAMA€ThCA 3 TPaBITAIMHUX Ta
IHEePIIHHUX CHIT

G=0°+9. o

Bekrop rpaBiTamiifHOro HaBaHTa)XEHHS, IO i€ HA OJMHUYHHUHN E€IEMEHT

TTOBEPXHi 00OJIOHKH, BU3HAYAETHCS 32 (POPMYIIOIO

O Jlizynos ILIT.
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_q_ yphr
qg - 2 (2)
r
ne y=fMy; f —rpasirauiiina crana; M, —Maca rpaBitariifHoro ueHrpy; p
— WTBHICTh MaTepiany 000J0HKH; h— i ToBIIWHS,; F* — omuHudHuMiT BEKTOD,
AKUIl BU3HAYAETHCS CHiBBimHOmMEHHIM T =I [ T — paziyc-BeKTOp elleMeHTa
006osoHKH B cuctemi koopauaat O, X, Y, Z,; ¥ =|F|.
CkJ1a0Bi TpaBiTaIlifHOI CHIIH, IO AIIOTh B HANpsAMi KOOPAWHATHHX JIiHIH
X1, X2, X3 KPUBOJIIHIHHOT CHCTEMH KOOPIUHAT, MAIOTh TaKuil BUTIIAA [1, 2]:
g _Yph L 2
g =% (cosx cos sip- sing cos {) 42 R cog- e Japs
Pe) ©
+Rsin x cosx sinp] } ;

o :-%}?sinx2 siny{ Bp—zo[ Rcosg- e)cog+ R sik cox s}

O, :—%(sinxl cosx, sinp+ cos; cap {)+
0,

+pi[(RCOS)§_—e)CO$|J+ Rsinx cosx sif] }, (3)
(0)

e R —paniyc kxpuBH3HM 00OJIOHKH; € — BiZICTaHb MiXK IIEHTPOM KPUBU3HH 000-
JIOHKH 1 IIEHTPOM Mac CIIOPY/H.

BekTop iHEpIifHOTO HaBaHTa)XEHHS, JIFOYOTO Ha eleMEHT O0OOJIOHKH, BU-
3HAYAETHCS 32 POPMYJIIOIO

a]‘ — —_
q'=-pha, 4)
P (] é - BeKTOp a6COJ‘IIOTHOFO HpI/ICKOpeHHﬂ CJICMCHTA 060J‘IOHKI/I, HKI/If/i € I'co-

METPHYHOIO CYMOIO IIEPEHOCHOro a° , BigHocHOro a' Ta KopiodicoBa a° mpu-
CKOpPEHb

a=a‘+a'+a. (5)
BeKTOp TNIEPEHOCHOT'O MPUCKOPCHHA ,HOpiBH}OG
a°=3, +ExT, +Q(QxT,), (6)

Ie 8p— BEKTOp MPHUCKOPEHHS! LEHTPY Mac CIIOPYAH; € — BEKTOpP KyTOBOTO
NPHUCKOPEHHST CHUCTEMHU KOOPAMHAT Oyy,; ) — BEKTOp il KyToBOI IIBHAKOCTI,
SIKMH CKJIAJIA€ThCsl 3 BEKTOPIB KYTOBOI IIBUAKOCTI PyXy LEHTPY Mac 3a Kpyro-
BOIO TPAEKTOPIEI0 G T4 KyTOBOI IIBMIKOCTI BIacHOro obepraHus ) ; f, — pa-

,uiyc-BeKTop eaeMeHTa 000J0HKH B CHCTEMI KoopAuHAT Oxyz.
CKJ'Ia,HOBi BCKTOpa MEPCHOCHOTO MPUCKOPCHHA B HaHpHMi KOOPpAUHATHUX
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JHIN X1, Xp, X3 MalOTh BUrILSIA [1]

a)‘fl:[mgp(o)sinmﬂe— Rcosx) - Hw,+P)® sinx cosy cosg cog
—[mgp(o)coquRl]'J sinx cose+( e R co@(woﬂb)z] sing
ay, =[ R( +)*sin X COSX%~ WP ) Si—( e Rcosy ] siny
ay, =[R(Q)O+LIJ)ZSin % cosx—( e Rcos&t])—wz(p(o) sim] sinx cos¢-
—[wgp(o) cosy+ R sinx cose+( e R cosy)(wgth)” cos (7

BeKTOp BiHOCHOTO MPHCKOPEHHS &' eNeMeHTa 0OOJOHKH BH3HAUAETHCS
(hopmyoro
a=u, (8)
ne U —BekTop nepeMilleHHs elTeMeHTa 000JIOHKH.

CkI1aIoBi BEKTOpa BiIHOCHOTO MPUCKOPCHHS B HAIIPSMI KOOPIMHATHUX JIi-
Hill X1, X, X3 JOPIBHIOIOTH

— . .
&, =0 &,=V 4,=W ©)
Iie U, V, W — KOMIIOHEHTH BeKTopa repemimenns U enemenTta 000JIOHKH.
KopioiicoBo npuckopeHHs eJeMeHTa 000JIOHKH BU3HAYAETHCS (POPMYIIOI0

a°=20xV", (10)

e V' — BEKTOP BiTHOCHOI IIIBUAKOCTI €JIeMEHTa 000JIOHKH.
CkI1azioBi BEKTOpa KOPiogicoBa MPUCKOPEHHS B HAPSMI KOOPIUHATHHUX JIiHIH
X1, X2, X3 MAIOTh BUTJISII;

ay, =2(wy+)(Wecosx,+0 sing cosy)
ay, ==2(wy+P)(Weosx + U sinx) sing
ay, =2(wy+P)(Vecosxy sinx— U cosy) (11)

Ipoekii iHepIiTHOrO HaBaHTAXKEHHS, IO JII€ HA SIEMCHT OOOJIOHKH, B Ha-
npsiMi KOOPAMHATHUX JIHIN X1, X, X3, 3 ypaxyBaHusaum (4), (7), (9), (11)marots
BUTJIS

qxll=—ph{[m§ Py SINW+ (e~ Reos x Ji— Rop+ § sin x cosyx
XCOS¥, cos<2—[w%p(o) cog+R) six cos+ & R cog wyf+U 2]) sir
++2(wy+) (Weosx + v sing sinx)}
a5, =—ph{[ Ry +P)?sin x cos%-wp o) sink— (& ReosxP] siny+
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+U—2(wp + ) (Weosx + U siny) sinx}
qj;s =—ph{[ Ry +)? sin % cos%— (e Reos x-wip o sim] sinx cosg
~| @§ Py Cos+RY sing cose+ € Rcos Mgl %) cogt
+V+2(wy + ) (Veosy sinx— U cosy)} (12)
[Mincrapusiuu B (1) BUpasu mis rpasitauiitnoro (3) ta inepuiitoro (12)
HABaHTAXKEHb, 3 ypaxyBaHHIM yMOBH Y/ p?o) =w§ piBHOBAru rpaBiTalliiHUX Ta

IHEpIIHHMX HaBaHTAXXEHb B IIEHTPI Mac CIOPYAH, OTPUMYEMO CKJIaJJOBi BEKTO-
pa MOBHOTO HaBaHTAXKCHHS, LIO Ji€ HA €JIEMEHT 00OJIOHKHU B3I0BX KOOPIMHAT-

HUX JHIT X1, Xo, X3
qxl=ph{2w§[(Rcos>1— g cog+ Rsinx cosx sip| (cox cog sin
—sinx coap H € Rcosy I- R+ ) sinx cos cox cos+
+ R{sinx cosx+ (& Rcosx Yoo+ 3| siny"u
—2[ (wp + ) (Weosx, + v siny sinx, J}

O, =ph{[(e— Reos x)— Rwp+W ¥ sin xcosy siny-
-2uf [ (Rcosx —e)cogp+ Rsinx cosy sip] sy sjn-
—+2[ (o + ) (Weosx + U sinx ) sinx]}

O, =P{[ (e~ Reos x)— Rwo+P ¥ sin xcosy sinx cosx-
-2 (sinx cosx, sinp+ cog, cap)| R cog-e )aps
+Rsin x cosx sinp]+[ Rp sinx coss+ ufg+P ?) & Rcos(] ) cog
~W=2[ (wy+) (Veosx sing=u cosg)}} (13)

JudepeHuianbHi piBHSIHHS pyxXy 0€3MOMEHTHOI chepryHOI 000JIOHKH Ma-
10Th Burysin [1, 3]
1 6N11+6N12+
sinx, 0% 0%
1 0N +0N22
sinx, 0% 0%
~Ny;~Ny+ Rg, =0, (14)
e Nij, Noo, Nip — 3ycmiunst B cepenuHHIN MOBEepXHi 00OJOHKH, sSIKi BH3HAdYa-
IOTBCS] HACTYITHUMH (hOPMYJIaMH:

2Ny,Ctgx,+ Rg, =0,

+(Np =~ Nyyctgx,+ Rg, =0,
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Eh
N,,=——(g,,+VE N € ,5tVE N € 15
n= 2 (11 22); 22‘1 ( 23"VE 1, 12—2(1+v) w (15)

IIC €11, €22, €12 — KOMIIOHCHTH TeH30pa JaedopMalliid, siKi BUPAKAIOTHCSA depes
CKJIaJIOBi BEKTOpPA MEPEMIIIICHb eIeMeHTa 000JIOHKH U, V, WB3I0BX KOOP IIHA-
THHUX JIHIA X1, Xp, X3 TAKKM YHHOM:

1 1 du ou
€= R(smxzc%g uctgx2+wj €9p= R{d)fwj

du 1 odu
312—R(6X2 ot % a)ij (16)

E —wmonyns npy>XKHOCTI Matepiainy 000s0HKH; U — koedinieHT [Tyaccona.
Cucrema nudepeHIiaIbHUX PiBHSIHB, 10 OIHUCYIOTh KOJMBAaHHS Oe3MOMEH-
THOT cpepryHOI OOOJIOHKH B LIEHTPaJbHOMY CHJIOBOMY IIOJI, 3 ypaxyBaHHSIM
Bupasis (13) — (16) Mae Bursm;
E d%u_ ow, 1+u_ 9%V
————| ——-(+V)—
Ra-0)| o ow 2sinx axdx

gxlaxl
40399 OV (2 e 170 0L 52T (Reosk— ) cog+
2 sinx, ox, (U HEIO %) S x 02 ol (Reosx~ e)cog
+Rsinx cosx, sin|( cosy cog, sip- sk apy-[ e(R ca8po)
—R(uwy+)*sin x cosx,| cosq cosg+| R) sing cog+
+(e-Rcos ) o+ )2] sinx—"ir 2 (wy+P)( weosx+ vsiny siny |=
E 1+u__0°u ,1-u[ 9% 1 0%,
sin®x 0§

}[(e— Reos ) §-

R%(1-u?)| 28inX 0%0% 2 a_>g2+Ctgxl_vJ+

L3-u gy ou _1t+u ow , (Imu)(E 2c08 % )
2 sinx 0x, smxlax2 2sin? x,

~R(o +1)? sin % cosx] sinx— B[ ( Rcosg- ¢ cas+
+Rsin x cosx, sinp] simg sip—"# A0+ P)( W cog+ u siy)  sig]=

5 o L_ov l1o°w
m{{ V[S'”Xlaxz mtg&j(lw) }[H Rale

1 av 1 9w ow
+uct 1+U w|| = ————+ctgx=— | |+
Vo g 9™ }{ R(sinle 0X2 g‘axﬂ}
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+[ (e~ Rcos x) ()~ Ry + ¥ sin x cosy| sinx cosg-
—~2u (sinx, cosx, sip+ cog, cag)[ (R cog- ¢ aps
+Rsin % cosx, sin|+[ R sin coss+(wetW)? € Rcog) coge
~W—2[ (wy +) (Veosx sin— U cosg) = ( (17)

Iarerpyroun piBHsiHHA (17), MOXKHA BU3HAYATH F€OMETPUYHI ITapaMeTpH Ta
aMIDTITYIW BUTBHUX KOJIMBaHb CIIOPYIH, TPU SKUX cepudHa 0O0OJOHKA, IO
PYXa€EThCs 32 KPYTOBOIO TPAEKTOPIEIO B IICHTPAIBHOMY CHIIOBOMY TIOJIi, 30epi-
rae 3amany gopmy.
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Jluzynoe I1.11.
KOJIEBAHUSA COEPUYECKOM OBOJIOYKH B HEHTPAJILHOM CHJIOBOM MOJIE
ITomy4eHsl COOTHOILICHUS, ONHCHIBAIONINE KOJeOaHHss OE3MOMEHTHOI cepruueckoil 060104-
KH, ABIDKYIIEHcs 110 KPYTOBOM TPaeKTOPHU B IIEHTPAILHOM CHJIOBOM IOJIE.
KuroueBble cj10Ba: rpaBUTALIOHHAS HArpy3Ka, CTAllMOHAPHOE JABIIKCHHE, LICHTP Macc, CBOOO-
JTHBIE KOJIEOAaHMSI.

Lizunov P.
OSCILLATIONS SPHERICAL SHELL IN THE CENTRAL FORCE FIELD
These ratios, which describe the oscillations mdrfrere spherical shell that moves on a cir-
cular path in a central force field.
Key words: gravity load, steady motion, center of mass, ¥ibeations.
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YK 539.3

A .]Ierocmcnl, KaHJI. TeXH. HayK
H.A. I'peuyx’

*Kuisckuti nayionansnuti ynisepcumem 6yoienuymea i apximexmypu
Tosimpognomcoxuii npocn., 31,m. Kuis. 03680

METOJUKA JOCIIIKEHHA HAITPYKEHUX OBOJIOHOK
IIPU YJAPHHUX TA IMITYJIbCHHUX BIIJIMBAX

Buknanena mocTaHOBKa 3aadi MIOJ0 aHANII3Y peakniii 000IOHKU Ha yJapHi HaBaHTa)KCHHS 3
ypaxyBaHHSIM CyTT€BOI HEMiHIIHOCTI MaTepiamy oOononku IIpuBeneHi TEOpETHUHI MOJIOKCHHS
JIAl0Th 3MOTy MOOYIyBaTH e(eKTHBHI alrOPUTMH DO3B'S3aHHS 3ajad AMHAMIKM OOOIOHKOBHX
KOHCTPYKIIH.

KaiouoBi cioBa: 000n0HKa, ynapHi HaBaHTAXXEHHS, IEPEXiJHUH Ipolec, MIapoBa JacTHHA
TEH30pa HAIPYXKEHb, i/icalibHa IACTUYHICTb

PiBustHHS pyXy 00O0JIOHKH MOJIaMO B y3arallbHEHHUX KOOPAWHATAX, Y SKOCTI
SKAX TIPUHAHATI NEpeMIllleHHs BY3JiB KOHTAaKTy CKIHUCHHUX €JIEMEHTIB B
0a3nCHIN 1eKapTOBii cUCTEMi KOOPIMHAT

B4+ Ax-b=QtqTq, (1)

ne B — omepartop 3 marpuiiero, eleMEHTH SKOi XapaKTepU3YIOTh IHEPITiiHI
BIIACTHBOCTI CHCTEMH; A — oImepaTop, MaTPHUIlI SKOTO XapaKTepU3ye MPYKHi
B's131 MK TOYKAMHM CHCTEMH, D — BEKTOp CTATHMYHHMX HaBaHTaXeHb, Q —

BEKTOP HEKOHCEPBATHBHUX 30BHIIIHIX HABAHTAXKCHb.

JlocmipkeHHS TepeXiTHUX TPOIECiB B MPY)KHO-TUITACTUIHUX O0O0OJOHKAX
BUKOHYETBCSl IUIIXOM YHCEJIBHOTO IHTErPYBaHHS CHUCTEMH 3BHYaiHUX
mudepeHmianbHux  piBHAHE pyxy (1) OTpHMMaHOi METOJOM CKiIHYEHHHX
€JIeMEHTIB. [HTerpyBaHHs PiBHIHHS PyXYy 3[IACHIOETHCS 3a SIBHOIO PI3HUIIEBOIO
CXEMOI0 HACKpi3HOTOo paxyHKy. Ha KoXHOMYy M-My KpoOIli 3a dYacom
BUKOHYETHCS PO3PAXyHOK MIBUAKOCTEH AedopMariii

1 .
§=5(G ¥ +G ), )
[IBuaKoCTi 3MiHA 00’ €My
Q=34d, 3)(
JIEKapTOBO1 YaCTUHU TeH30pa MBHUAKOCTeH nedopmarrii
& =404 )

BEITMYHMHU 3MiHH 00’ €My

U Jlerocraes AL, I'peuyx H.A.
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B(me1) =6(m) +OAL (5)
IIBUJIKOCTEH JIeBiaTOpa TeH30pa HAMPYKEHb
§=cM@ (6)
1 KOMITOHEHT JIeBiaTOpa TeH30pa MOBHUX HATIPY)KECHBb
Strmiay = It 84 (7)
[ToTim, 3TiHO MPUHHATOMY PiBHSHHIO MIOBEPXHI HABAHTAXXCHHSI Ma€eMO:
f(s', 16" ,0,)=0, ®)

ae O :\ES” § + IHTCHCHUBHICTH Hampyru; T — TeMmmeparypa; qu)

KOMITOHEHT T€H30pa KJIACHYHUX JieopMalii.
Ha ocnoBi mocrynary Jlpakkepa BHUKOHYETHCS KOpEr'YBaHHS JieBiaTopa

UN
TEH30pa IIOBHUX HATIPYXCHb S(m+1) :

‘. . "
Si. 1(9, T £).06)70- &, (9)
Peanizaniss KOHKpPETHOi IOBEpXHI 3aBaHTa)KCHHS BHHECCHA B OKPEMHH
¢izuununii Ook. Bix Termep MoXyTh OyTH BHKOPHCTaHI PiBHSHHS CTaHy, IO
BiIOOpaXYIOTh ifcanbHy IUIACTHYHICTH (YMOBa Tekydocti Miseca), miHiiiHe,
TpaHCISLiNHE 1 130TPOIHE 3MiHEHHS.
JIyst BCTaHOBJIEHHS LIAPOBOi YaCTHHHU TEH30pa HANPY>KEHb PO3PAXOBYETHCS
TiAPOCTATUIHUHA THUCK 32 (POPMYIIOIO:

Rms) =0o(Nmy~D+a,(N (ml)_1)2 +0 (N ()~ 1yP+e'T mn  (10)
ae Ny =Bm +1:AV—V — BinHOCHHH 00’eM; 0,04,0, — KoedillieHTH 110
BU3HAYAIOTHCS JJI1 KOHKPETHOTO Matepiaiy no aniabatoro ['rorowio [1].
Ha BenmM4uHY ripoCTaTHYHOTO THCKY HACKJIaYIOThCS OOMEKEHHS
Rim1) 2 Prin (Pnin =_%Us) . (11)

IMicns  koperyBaHHs JeBiatopa Hanpyrm 3a  ¢opmymoro  (9) i
riIpOCTAaTHYHOrO TUCKY 110 (opmyiri (11) BUpaXOBYETHCS KOMIIOHEHTA TEH30pa
MOBHUX HANPYKEHB!

O-I(Jn+1):S(Jm+1)_( I?rml)"' qm+2)) d . (12)
3HadeHHs SKHUX MiJACTABISIOTHCS B PI3HUIIEBI PIBHSAHHS PYXY,IO J03BOJISE

pO3paxyBaTd MPHUPOIICHHS MIBUAKOCTEH, IIBUKICTh TPUPOLICHHS KOOPIHHAT
Ta KOOPJUHATH BY3JIiB JUCKPETHOT MOoJiemi Ha M+1 kpori 3a yacom.
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Y ¢opmyni (12) wryuHa B'A3KICTB gy, fAKa BBOAMTBCS JUIs

3a0e3meueHHsT HeMePePBHOCTI PO3B’sI3yBAIbHOT (DYHKIIH TPH MPOXOIKEHHI
yAapHUX XBWJIb, TPUHMAEThCSA y (HOpMI, aHAIOTIUHIHN TiH, Ky BBiB M.ViNIKiHC
[2] mpu po3paxyHKy HBOBUMIpPHHUX MPYKHO-TUIACTUYHHX TEUii

B mporieci po3paxyHKy HUIIXOM YHCEJIBHOTO IHTETPYBaHHS 3HAXOASTHCS
HACTYITHI XapaKTCPUCTUKH :

Kinetnuna eHeprist

1 2 \Y
Ec=5/p(X)Bdv, (B=-—), (13)
2\{ Vo)
EHepris npyXHUX Aeopmarii
E,=[[d" & )pavdt, (14)
tv
EHEPris TUIacTHIHNX Aedopmartiit
E,=[[o’ B avdt, (15)
tv
eHepris 00THCKAHHS
Es :”(p+ g)6p du dt, (16)
tv
eHepris (GOpMO3MIHIOBAHHS
E,==[[S gB d dt. 17)
tv
BHyTpimHs i moBHA eHepris
E =E_ +E, E =E +E, (18)
6H e [/ nos 61 K

KoHTponp pimeHHS 3OiHCHIOETHCS TIEPEBIPKOIO 3aKOHY 30epeKeHHS
eHeprii. CTIfKICTh PI3HUIICBOI CXEMH JTOCATAETHCS BUOOPOM KPOKY 33 YaCOM Y
BiAMOBiTHOCTI 3 KpuTepieM Kypanra.
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Jlecocmaee A J1., I'peuyx H.A
METOJUKA UCCJIEJOBAHUA HATAHYTbIX OBOJIOYEK ITPU YJIAPHBIX U
UMITYJIbCHBIX BO3JEMCTBUSX

W3noxeHa MOCTAHOBKA 3aJaul IO aHAIN3Y PeaKknuid OOONOYKM HAa yAapHbIE HATPY3KH C
ydeToM HMelolleiicss HeTMHEHHOCTH MaTepuana o00070ukH. IIpuBeneHHBIE TeopeTHUECKHE
TIOJIOKEHUSI TAIOT BO3MOXKHOCTH OCTPOUTH (P ()EKTHBHBIEC AITOPUTMBI PEIICHHS 3a1a4 JUHAMUKH
000JI09eUHBIX KOHCTPYKITHIL.

KiroueBbie cjoBa: 0007104Ka, yIapHble HAarpyskH, IEPEXOJHON IpOLEC, IIapoBas 4acTb
TEH30pa HaNpsLKEHUH, neanbHas INIaCTUYHOCTb.

LehostayevA.D. , Grechukh N.A.
TECHNIQUE TO STUDY STRETCHED MEMBRANESIN SHOCK AND IMPULSE
ACTION

Formulation of the problerin analyzingreactiongto shell shockconsideringmaterial
nonlinearityshell material is described. Thetbeoretical positionsake it possible tbuild
efficient algorithms for solving problems of dynaiof shell structures.

Keywords: shell, impact load, transition process, ball padtress tensor, perfect plastisiti.
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JLO. I'purop’ ea’, kau. ¢iz.-Mar. Hayk
A.A. Kupuuenko-, kaua. ¢i3.-Mat. HayK
H.O. Ba6koBa®

*Kuisckuii nayionansnuti ynicepcumem Gydienuymea i apximexmypu
Tosimpoghnomcoxuii npocn., 31,m. Kuis, Yxpaina. 03680
2Hayionansnuii asiayitinuil yrisepcumem

npocn. Komaposa, 1,m. Kuis, Yxpaina.

BU3HAYEHHS EJIEKTPOPYIIIMHOI CUJIM MOJSAAPU30BAHOIL
IO TOBIIUHI KIIBIEBOI IJIACTUHU ITPU MEXAHIYHOM Y
35YPEHHI

3anpornoHoBaHO METOJ| AJIsi BU3HAYCHHS CICKTPOPYILIIHHOI CHIIM TOHKHUX KUIBIIEBUX MOJISIPH-
30BaHUX I10 TOBUIMHI I’ €30KE€PaMiYHUX IUIACTUH 3 €JICKTPOIOBAHUMH TUIOCKMMH TTOBEPXHIMHU TPH
HECTAllIOHAPHUX MEXaHIYHUX HaBaHTAKCHHSX. [IpoBeICHO YHCEeNbHY peai3allilo 3ampornoHOBaHO-
ro Meroxy, o jaae 3Mory epextuBHO 3Haxoautn EPC m'e3oenemMeHTa npu pi3HHX crnocodax 3a-
KpIIUICHHS 1 HaBaHTa)XCHHS. BUKOHY€ETBCS JIOCHIIPKEHHS IMHAMIYHOTO EJICKTPOMEXaHIuHOro CTa-
HY [UIACTHHH, [0 BHHUKAE TIPU LBOMY.

Kuro4oBi ciioBa: 1’ €30KepaMivHa KisblieBa IIACTHHA, YUCETBHUM METOJI, Pi3HHUIIS MTOTEHIia-
7B, IWHAMIYHHH eNEKTPO-MEXaHIYHUM CTaH, eJCKTPOpYyIIiHA CHIa IT'€30€IeMEeHTY, He-
CTalliOHApHE MEXaHIYHE HaBAHTAXKCHHS.

Beryn. IT'e30enexTpuuHi eneMeHTH TulacTHHYAcTOi (OpMH € MIMPOKO 3a-
CTOCOBYBaHHMH CJICKTPOMEXaHIYHUMH TICPETBOPIOBAYAMH TPU TapMOHIYHHX
Ta IMITYTBCHUX CNEKTPUYHUX 1 MEXaHIYHUX 30ypeHHsx [5, 7 Ta in.]. Teoperu-
YHHM Ta CKCIICPUMEHTAIBFHUM JIOCITIKCHHSM IMX TUT IPU CTAJTUX TapMOHI-
HHX KOJIMBaHHSAX MPHCBSIYCHO HayKoBi poboTu [3, 5Ta in.]. ¥V crarrax [10, 11]
BHUBYAJIMCS TAPMOHIIHI TOBIIMHHI KOJIMBaHHS HEOTHOPITHUX Ta M'€30€IEKTPH-
YHUX LIApiB 3 BUKPHUBICHUMH TPAaHUIIMH. [IMTaHHS HECTALIOHAPHHUX KOJH-
BaHb po3risaanucs B [4, 8, 9ra in.].

JlocTmipkeHHST TOHKUX IePETBOPIOBAUIB JIOMIILHO TPOBOJUTH B HAOIH-
JKE€HHI TIJIOCKOTO HANPY>KEHOTO CTaHy, BPaXOBYIOUH JIHIHHUA pO3MOMIT €IeKT-
PUYHOTO TIOTEHITiaTy 10 TOBIIMHI. Ha OCHOBI 3aIpOIIOHOBAHOTO HAOIMKESHHS B
[4] mocnmimxyBamuch HecTaliOHApPHI KOJHBAHHS I €30KEPaMiuyHHUX KiJIbIIEBUX
IUIACTHH TPH EIEKTPUYHUX 30ypeHHsX. [Ipu MexaHIYHOMY HaBaHTa)KCHHI
I’ €30€JIEKTPUYHI TIEPETBOPIOBAYI MPAIIOIOTH B PEXXUMI MPSIMOTO 1’ €30e(eKTy i
€ JDKEpEeNIOM EJIEKTPUYHOTrOo cTpyMy. EnexTpnmuna Hampyra Ha pO3IMKHYTHX
CJICKTPOJAX I’ €30€JIEKTPUYHOTO €JIeMEHTY OyJe eJIeKTPOPYLIIHHOI CHIIO0
JoKepesia CTpyMy. BU3Ha4eHHsS eNeKTpopyHIiiHOI cuiiM I’ €30€JIEeMEHTIB NpH
rapMOHIMHMX HaBaHTAXXEHHSAX MPOBOAMINCH B poborax [1, 6]. ITixxig mo Bu-
3HaueHHss EPC s muacTMHYACTHX €JIeMEHTIB B HECTalllOHAPHOMY BHIIAJKY

O I'purop’eBa JI.O., Kupuuenko A.A., babkosa H.O.
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3aIPOTIOHOBAHO B [2] 3a JOMOMOTO0 iHTErpaNsHOTO piBHSHHS Bombreppa. B
JaHili CTaTTi PO3poOJEHO Ta peani3oBaHO YHCEIBHHUH CIOCIO 3HAXOKEHHS
EPC Ta mocmimpkeHHS TMHAMIYHOTO OCECHMETPHYHOTO EIEKTPOMEXaHIdHOTO
CTaHy TOJSIPU30BAHMX IO TOBIIHUHI IT €30KEPAMIYHAX TOHKHX KiTBIIEBUX ILIAC-
THH TIPA MEXaHIIHOMY 30ypeHHi.

1. OcHoBHi 3ajie;kHOCTi. BUBUa€eThCS TUHAMIYHUN OCECUMETPUIHHN €JIeK-
TPOMEXaHIYHUN CTaH MOJSIPH30BAHUX MO TOBIIMHI IT €30KEPAMiIYHUX TOHKHUX
KiJIbIIEBUX TUIACTUH. TOBIIMHA MIacTHHU h, KoopauHATa ' 3MIHIOETHCS B Me-
xax Rp<r<R,. KomuBanHs Tina B 3araJibHOMY BHIIAJIKy ONUCYIOTHCS PiB-
HSHHAM pyXY [5]

00, . 0,—0q __0°U

ryr - T
ar : p prext (1.2)
Hampy»xeHHS 3a10BOBHSIOTH CHiBBiZ[HOLHeHH}IM
1 Y
o, = ( =V ——(1+ve)dy E,)
311(1 VE) r ’

1 (v oy
sS@-vZ) ©or 0f

E . . . . .
e S, S_EZ - 00epHEeHI 10 MOZIYJIB HPYXHOCTI MarepiajibHi KOHCTaHTH TPH

Op = +T‘(1+V )ds1E,) (1.2)

CTayiif HATPY/KEHOCTi ENEKTPHUHOrO0 TOMs, Vg =—S,/ S - aHator Momyis

[Tyaccona B obepHeHOMY 3aKoHi ['yKa.
PiBusiHHs konuBaHb (1.1)B mepeMileHHIX

2 2
0%, 10y y _10% L.3)
ar2 ror r2 a2at?
TyT WBUIKICTH MOUIMPEHHS E€IEKTPOIPYIKHOT XBHIII
2 1
a=————. (1.6)
(1-vE)sip
3 (1.2) maemo

1 LU PSS (1.4)
si-vg) o T

EnexTpuyHa iHIyKIlis B 3aralbHOMY BHITaJIKy BU3HAYAETHCS 32 (OPMYIIOI0

g, t0g =

Dz:dls(or+09)+d330-z+81:—33E2' (1-5)
HamnpykeHicTh €IeKTpUYHOTO TOJIS
__0¢
E, 0z @

JIyist TOHKHMX TUIACTHH BBaXaeMo [5], 1110 eNeKTpUIHUI MOTEHIIaN Beepean-
Hi TiJIa 3MIHFOETHCS 110 JIHIHOMY 3aKOHY
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¢=UT(t)z,
3BIJIKH
EZ=—UT(t). (L7

Tyt U(t) - mykana ejgekTpopyuiiiiHa cuiia epeTBOpoBaya, sSKa BU3HAYa-
€TBhCS 3 YMOBH PiBHOCTI HYJIEBI CprMy an/I PO3IMKHYTHX €JIEKTpOaax

j —dA =0, (1.8)

+
ne A” - TIOBEPXHS MUIACTHHH, MTOKPUTA ENIEKTpoaaMu, Q - 3apsj Ha eJIeKTpo-
nax. 3 (1.8) BurinBae

Q=-[] D,dA" = cons. (1.9)
Ai
3 (1.5), (1.4), (1.7)pu BincyTHOCTi HAaBaHTa)KEHb B3/IOBXK BiCi Z MaeMo
d dru 2d7; Ut
et A (120 00 (1.10)
S2(1-Ve) Sil-ve)

SIkmio TIIOCKI TIOBEpXHI TUIACTHHH TIOBHICTIO TOKPHUTI €JIEKTPONaMH, TO
A* = A= H(Rlz - Rg) . Inrerpyemo (1.9)3 Bpaxysanusm (1.10) :

G 10y, U(t)

o ﬂ sd-ve) " or (65~ S.tEl(l_VE Save) b

ndl 2di \U()

-Q=— 1.11

(v )(RM(RD BH( B N-E5 £ (v E)) ho A (111)

Sxmro mpu t =0 3apsx Q(0) =0, to Q(t) =0. 3 (1.11)oTpumyemo Bupas mist
3HAXOKEHHS SJIEKTPOPYIIIHHOT CHITH

2
VO A )

rdrd6,

(RYU(R, - Ru(R ). (1.12)

) 2dZ, 5 . .
Tyt kp =————— - IUlaHapHWA KOe(ilieHT eIeKTPOMEXaHITHOTO

E T
S11(1-Ve)ess
3B’ SI3KY.
IlepeTBOpuMO BHpa3 s O,

_ 1 %_'_V Tl(l VE)

g o T A R (R IR . (113
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30ypeHHS B TUTACTHHI BUHUKAIOThH IIISTXOM TPUKIAIAHHSI MEXaHIYHOTO TH-
CKy 10 OOKOBHX TOBEpPXOHbL. [Ipu 1IboMYy Apyra O0OKOBa MOBEPXHSI MOXKE OyTH
JKOPCTKO 3amieMiieHa abo BilbHA BiJ] HABAaHTA)KEHb:
o, (R.)=R(® C u (R,9=0,i=0,1 (1.14)
VY HOYaTKOBUI MOMEHT Yacy 3aJJal0ThCs IEPEMIIICHHS TOYOK IUTACTHHH 1 X
LIBUIKOCTI

u, (r,t=0)= u(r) (rt 0)-v(r) (1.15)
[epetinemo 10 6€3p03MIPHUX BEIHIHH
R=r, U R=y, t_=%t. (1.16)

[Mincrapmsiroun (1.16)B (1.3),0TpuMyeMO piBHSHHS KOJIHMBaHb B Oe3p03MipHHX
3MIHHHX

or2 T of p2 g2

PiBustabs it HanpykeHs (1. 2)0663p03MipIOIOTBC$[ HACTYITHUM YHHOM:

2 — - a2
o0 104 4 07y (1.17)

G, =0, sp3(1-VE )__+VE +(1+VE)U ®).

Go=0sfi0-vE)=ve T+t (v )0 ), (1.18)

ac eneKTpopymiﬁHa CHJIa 3HAXOOUTHCA 3 CHIBBIL[HOHICHHH

2
(RY (R - RU(B X (1.19)

— d
Ut)=—3U(t)==
h A, (- kz)
Hanaii 3raku 6e3p0o3MipHOCTI OYAyTh MPOITYyCKATHCS.
2. YuceJbHHIi MeTOX PO3B sI3aHHA. J[JIsI YHMCEIBHOTO PO3B’A3KY 3aaadi
(2.17), (1.18)1pu mouarkoBux ymosax (1.15)i rpannunux ymosax (1.14)BBo-
JUThCS pO3OUTTA Bifpizka Ry<r<R

Q={r, =Ry Hi-0.5)A, |A =(R-R)/(n1), =0,...,n}. (2.1)
[Tpu 3amiHi TOXITHUX IO MPOCTOPOBIA KOOPAWHATI IEHTPATbHO-PI3HUIIEBUMH
BUpa3aMu piBHSHHA pyxy (1.17)mepeTBOPUTHCS A0 BULY

2
Ul_q+1—2q+l1-11 B By -

, 1=1,...n=-1 (2.2)
o n? 2, r2

VYV BUIDAAKy 3aJaHUX Ha TrpaHuIsxXx HampyxkeHb O, (Ry), )=R(1) Ta
0, (R, t)=R(1) 3Hauenns Uy(t) i u,(t) MOXHa BU3HAUMTH, BUKOPUCTOBYIOUH
HACTYIIHI allPOKCUMAIIil HAMPYKEHb
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2

_ (Wtw T[(1+VE)
Oro0 Ar o R 2A, - k2)

(R(h+4)- R+ @)= B X,

Uty (Ut ), TCHVE) K
O n +Vg R A - kp)(ﬁ(lh Yba)- R4+ @)= B (2.3)

3BifCcH OTPUMYEMO CHCTEMY JUI 3HAXOIUKEHHS 3aKOHTYPHUX 3HA4eHb
Uo(t) 1 u,(t) mpu BinoMuX 3HaUYSHHSIX nepeMimeHL B BHYTPILIIHIX TOYKAX:

Gf A AR W ARKE B+ + A ¥ ARy,

— _E 4 Ve
AR+ (2Rl+Ar+ AR W= RX+ AR (- Ar+2Rl+ AR, (24)
mitve) Kp
2
2h,  (1-k3)
IIpu 3amanuXx mepeMileHHs X Ha OHIHM 3 TPaHMIb 3AJTHINAETHCS JIUIIE OJTHE

3 piBHAHB (2.4),1 00YKCIIEHHS IOMITHO CIIPOIIYIOThCS.
EnexrpopyiiiiHa cuiia 3HaX0IUTHCS BiAIIOBIIHO 10 ciiBBigHommeHHs (1.21)

V0= RO+ th)= R+ ). (26)

Jla iHTerpyBaHHS 10 Yacy po30MBAEMO JOCHTIHKYBaHy YacOBY MIJISTHKY Ha

ne A=

iHTepBamM NOBXHMHOIO [\; 1 3aCTOCOBYEMO 3araJbHONPHIHATI METOMAH, HANPH-
KJaJ, sIBHY YHCENbHY cxeMy. Y siBHi# cxemi mepeminieHns Ha (K + 1) -my mmapi
3HAXOJSIThCS TI0 BiIOMOMY po3moniny nepemimens Ha K-my i (k —1) -my gaco-
BHIX IIAPaX HACTYITHUM YHHOM

& 2.1 1
e HAZ MJ% (E Fjw[&z MJ%} A @D

BHacnitok yMOBHOT CTIHKOCTI SIBHOT YHCEJILHOI CXeMH KPOK 3a 4acoM Y pe-
KypeHTHHX (opmynax (2.5), (2.4)noBuHeH OyTH B KilbKa pa3iB MEHIIE KPOKY
0 TIPOCTOPOBIH KOOpAMHATI. 3a3BHyail Npu MpUHHATOMY 00€3pO3MipeHHi 10-
cratHbo B3aTHH A =0.JA, . 3HaueHHs nepeMillleHp Ha THMYACOBUX MIapax

=01 t; = A, Bu3HaUarOTHCS 3 MOYaTKOBUX yMOB (1.17).

3. AHaJti3 oTpuMaHuX pe3yabTatiB. [IpoBeeMo aHami3 KOJIUBAHb KiJbIle-
BOI IJIACTHHU TiJ Ai€l0 MexaHidyHOro THUCKy. ToBmuHa ractuau h=2um ,
30BHIIIHIA paxiyc R =5cwm, Bmytpimmiii R,=3cm. Marepian mmactuHu —
i’ e3okepamika IITC-19, st sikoi MaeMO HACTYIIHI MaTepiajbHi mapameTpu [3,
5]:
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s5=15,210"u2 H , c5=-5,810%x2 IH ,
dy3=—12510"%Kz IH , €3,=13608,8510® 4,p=7740c In*.

Ipyu TakuX MaHWUX MIBHAKICTH TOMIMPEHHS EICKTPOIPYKHOT XBUIII B IUIac-
tuHi @=3150.xm /e . TIpu 06e3po3mipenHi npuiimanocs R=R.

Po3rnsiHeMo peakiiifo MIacCTHHH Ha MHUTTEBO mpukianeHe npu t =0 30y-
penns O, (R, t)=R()=Psinwt, 0,(R,,t)=0. [duns o6uncieHs Bi3bMeMO
P =1, Gespo3mipHa yacToTa HaBaHTaXeHHS W=WR/a=1l, sxiii Bigmosimac
4acToTa B repuax w=6.311d pao k.

Ha puc. 1 HaBeneHo 0e3po3MipHi TWHAMIYHI KPUBI JJIs MIEPEMIIICHb 30BHi-
ITHIX MMOBEPXOHb Ta EJIEKTPOPYIIIHHOT CHIIN TIPH OTIMCAHOMY BHIIE 30ypEeHHI.

[ ‘ ‘ ‘ ‘ u(Ry)
10 | P | S | S P u(R))
| A
5
0 S50 T B I B N Ak T 5D 4 '--' ..... o B N B B A N A
5 v v
I ! y
10t ' '
0 20 40 60 80 t

Puc. 1

Puc. 2 noka3ye 1uHaMIiKy 3MiHU OKPY)KHHMX HaIpyXeHb Og Ha 30BHIIIHIXK
MOBEPXHAX KIIBIIEBOI IUIACTHHY. BHSABHIOCH, IO OKPYXKHI HampyXKeHHS Ha
noBepxHi =R, Bumi 3a paxianeHi B 8 pasiB 3rifHO OO TPaHUYHUX YMOB, a
MAaKCHUMaJIbHI HAaIPYXKEHHA Og, =15 BHHUKAIOTh Ha BHYTpIlIHIM HMOBEepXHi

r=R,.

(o) T
0 — op(R)
----- cg(R
10 e
| ¥ N
0
—10 | v V|
-20 ‘ ‘ ‘
0 20 40 60 80 t
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Ha puc. 3 HaBeneHo kpusi EPC npu pisHHX 3HAYCHHSX 9aCTOTH 30ypEHHS

. baunMo, mo MakcHMaNbHHUX 3Ha4YeHb ENEKTPOpYLIifiHa cuia HabyBae IpH
w=1. HailimeH1ry o61acTh 3MiHU Pi3HUIL MOTCHIIANIB MaeEMO TIpu W=2 .

Puc. 4 inroctpye qUHAMIKY 3MIHM €JIEKTPOPYIIIHHOT CHIIH IS TUIACTHH 3

Pi3HHMHE pajliycaMy BHYTPIIIHBOIO OTBOPY, OTpuMaHi nmpu W=1. Makcumas-

Ha PI3HUI MOTEHINANiB BH-
Hukae npu R;=0.6. Takum

YUHOM, 3 YCIiX PO3TISTHYTHX
BUIAAKIB MakcumaiabHa EPC

BUHHUKAE Tpu W=1, F_?O=O.6
1 Jocsirae 3HAYEHHS
U e =1.22.

Takum 4uWHOM, 3aIporno-
HOBaHUM YHUCEIbHUU METO.
3HAXOKECHHS  €JIEKTPOpY-
IIHHOT CHIU T €30eJeMeHTa
NpY HECTalOHAPHHUX MeXa-
HIYHUX HaBaHTOKEHHAX Ja€
3MOTy e()eKTHBHO BU3HAYATH
EPC s kinpueBux II' €30-
KepaMiuyHUX IUIACTHH 3 pi3-
HAMHM yMOBAaMH 3aKPiIUICHHS
Ta HaBaHTaxeHHs. Jlocoi-
JUKEHHS JWHAMIYHOTO eJie-
KTPOMEXaHIYHOTO cTaHy
IUTACTHHH, IO CTAE BiIOMHM
IpU I[OMY, MOXXE OyTH BU-
KOPUCTAHO TIPU MPOCKTYBaH-
Hi Ta BUOOpI ONTHMAIBLHHUX

Puc. 4

yMOB (hyHKIIOHYBaHHS I' €30KEepa-MigHOTO IIEpEeTBOPIOBaYa.
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I'pueopvesa JI1.0., Kupuuenko A.A., Babrkosa H.O.
ONPEJIEJIEHUE JIEKTPOJIBWKYIIEN CUJIBI TOJISPU30OBAHHOW IO TOJI-
IIAHE KOJBIEBOM IMJIACTAHBI ITPU MEXAHUWYECKOM BO3BY KJIEHUN

Ipennoxen MeTon s ONPEACICHUS IEKTPOABIKYIIEH CHUIIBI TOHKHX KOJI- IIE€BBIX MOJSPH-
30BaHHBIX [0 TONIIUHE MbE30KePaMUIECKUX IUTACTHH C JJICKTPOAUPOBAHHBIME INIOCKHMH IIOBEPX-
HOCTSIMH IIPH HECTallMOHAPHBIX MEXaHHYECKHX Harpyskax. [IpoBeneHO UHCICHHYIO peaan3amiio
HPEUIOKEHHOTO METO/Ia, YTo No3BoisieT 3¢ dekrrBHO HaxoauTh DJC Mbe30371eMeHTa IpH Pasiu-
YHBIX CIIOC00aX 3aKpEeIUICHHs M HAarpy3KH. BEIONHEHO HCcIef0BaHHE BO3HUKAIOMIETO IIPU 3TOM
JIMHAMHYIECKOTO JIeKTPOMEXaHHIECKOIO COCTOSHUS ILIACTHUHEL

KuroueBble ciioBa: mbe30KepaMUUecKas KONbLEBas IUIACTHHA, YHCICHHBIA METOJ, pasHHIA

MOTCHIHAJIOB, JMHAMUYECKOE ICKTPOMEXaHHYECKOE COCTOSHUE, SIIEKTPOABINKYINAs CHIIA Mbe30-
9JIEMEHTA, HECTALMOHAPHOE MEXaHUYECKOE HarPyKEHHE.

Grigorieva L.O., Kirichenko A.A., Babkova N.O.
DEFINITION OF ELECTROMOTIVE FORCE OF POLARIZED ONT HICKNESS
ANNULAR PLATES UNDER MECHANICAL PERTURBATION

A method for determining the electromotive forcettod thin ring polarized on the thickness
piezoceramic plates with electroded flat surfaceten unsteady mechanical loads is proposed. The
numerical implementation of the proposed methodblesaefficient founding of piezoelement
EMF at different ways of fixing and loading. It getermined studying of dynamic electro-
mechanical plate state.

Keywords: piezoceramic annular plate, numerical methodem@il difference, dynamic
electro-mechanical state, piezoelement electromdtikce, unsteady mechanical loads.
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VJIK 539.4

.M. Vaitin®, II-p TEXH. HayK
C.M. Ilapenko’, KaH. TexH. HayK

I'BY3 «[loneykuii Hayuonanbrblli mexnuyeckuil YHUBepcumem»,
eyn. Apmema, 58, m. Joneywr, Vipaina, 83001. E-mail: tzarenko@rambler.ru

YIAAP KOHIYHOI'O CTPHKHA OB ’KOPCTKY INIEPEHIKOAY

B cTaTTi po3rIHyTO 3a1ady PO MOB3IOBKHIN yAap KOHIYHOIO CTPIDKHS 3MIHHOTO IIepepisy.
Ha mincrasi aHamizy BIUIMBY HMapaMeTpiB KOHCTPYKIIT Ha 3HAYEHHs TOJIOBHOI YaCTOTH KOJMBAaHb,
HaJaHi PeKOMEHIalii NP0 BUKOPUCTAHHS HAOIMKEHOrO0 METOy po3paxyHKy. OTpuMaHi 3aJ1eKHO-
CTi U BU3HAUCHHS NEpPEMIlIeHb 1 HANpyXXeHb Iepepi3iB CTPIDKHS. 3ampoIIOHOBaHA iHXKEHEepHa
3QJICKHICTh 1711 BASHAYCHHSI MAKCUMAJIbHOI BEIMYNHH 3YCUILIA B yIapHOMY Tepepisi.

KurouoBi ciioBa: koHiuHHMi cTprokeHb, Meton Dyp’e, HOB3IOBXKHI KOJMBAHHS, TOB3IOBXKHIH
yZap, MEXaHiYHi HANPyKECHHS.

CuIoBi IMITYJIBCHI CHCTEMH ITUPOKO BUKOPHUCTOBYIOTHCS B MAIllMHAX, IO
BHKOHYIOTh Pi3HOMaHITHI TEXHOJIOTIYHI TPOIECH: INTAMITYBaHHS, KyBaHHS,
pYWHYBaHHS TipChKHUX TOPij, OSTOHHUX MOKPUTTIB, 3aHypEHHS MaJb 1 Tak JIaJi.
[IpoGnema miaBHUIIIEHHS TPOAYKTHBHOCTI MAaIllMH YAApHOI il pO3B’ A3YETHCS HE
TUTBKH 32 PAXyHOK 301IBIIEHHS TOTY>KHOCTI, @ TAKOXK 32 PaXyHOK ITiIBUIIIEHHS
e(heKTUBHOCTI TIepe/iavi eHeprii B cepeny, mo o0podiserses. OcTaHHE nocsra-
€TBCS, B TOMY YHCJIi, Ha TIJCTaBl BUBYCHHS Tpoliecy GopMyBaHHS XBHIIb Jie-
¢dopmariii Oolikamu pi3HOI reoMmeTpii Ta MOUIYKYy KOHCTPYKLiM OO¥KiB, IO
CTBOPIOIOTH XBUII fehopMalliil 3 pallioHATbHUMH apaMeTpaMu [1].

I[Mpu po3risaaHHi pi3HUX MOJENeH MOB3I0BKHBOTO CHIBYIapsHHS Tid [1, 2]
32 OCHOBY NPHUHMAETHCS XBHIbOBa Mojenb ynapy CeH-Benana, Tak sk BoHa
HaHOUIBI MOBHO BifoOpaXkae pealibHi TUHAMIYHI TPOIECH B Tijax, IO CIIiB-
YAApsIOThCS, a JUIS ii MPaKTUIHOI pealtizaiii BUKOPUCTOBYIOTh MeTox JlaimaMm-
Oepa. TouHe po3B’s13aHHA XBHJIbOBOI Mozei nae Metox Dyp'e [3], neski okpe-
Mi BHMAJIKH JHHAMIYHOTO PO3PAaXyHKY 3 BUKOPHCTAHHSM LBOTO METOAY IJIs
CTPHIKHIB CTAJIOTO Mepepizy po3risHyTi B poborax [4, 5].

[Tpu po3B’ s13aHHI PiBHIHHS MO3JOBXKHIX KOJUBAaHL CTPHIKHIB 3MIHHOTO ITe-
pepi3y, y BUNAaKy ynapy, BUHHKAIOTh IIEBHI TPYAHOLII MaTEMaTHYHOTO XapaK-
Tepy SIK, HAPUKIAA, OTPUMaHe PIBHSAHHS € PIBHSAHHAM 31 3MIHHUMH Koedirie-
HTaMH, OPTOTOHAIBHICTh BJIACHMX (QYHKIIH Ta iHme. ToMy aisl crpouIeHHS
PO3B’sI3aHHS TaKUX 3aJa4 BHKOPHCTOBYIOTH Di3Hi rinmoresu. Tak B po6oTi [6]
CHCTEMH 3 PO3MOAICHUMH [apaMeTpaMy 3aMiHIOIOTHCS Ha OJJHOMAcoBy (Te€o-
pist Kokca) a6o pisHi ii yrouneHHs [7], a60 BUKOPHUCTOBYETHCS alPOKCHMALis
IuHaMivHEX GopM medopmaniii cratnaaamu [8, 9]. Y poborax [2, 10, 11]po3-
IJISHYTO MOJIEJi IMOB3I0OBXHBOTO YIapy CTPHKHIB pi3HOT KOH(DIrypartii 3 BUKO-

O Vairis I''M., Hapenko C.M.
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PHCTaHHSIM alpOKCUMAIIIT iX MOBEPXHi MOCIIOBHO CHONYYSHUMH [HIIHIPUY-
HUMH JISTHKAMH.

Meroro 11i€i poboTH €:

- OTPUMaHHS PO3PaxXyHKOBUX 3aJIEKHOCTEH VIS JTOCIIHKEHHS HAIpy>KeHO-
ne(hOpMOBaHOTO CTaHy CTPHIKHS 3MiHHOTO Iepepisy, 10 BUHHUKAE ITiJT 9ac yJia-
pY; ) .

- JOCITi/DKEHHS BIUIMBY TEOMETPUYHUX MApaMETPiB CTPHKHS HA HAIpyKe-
HO-e)OPMOBaHHI CTAaH HA OCHOBI AHANI3y 3MIiHH MEPIIOT YACTOTH BIACHHUX
KOJIUBAHB;

- OOTPYHTYBaHHS IH)KCHEPHHUX 3aJICKHOCTEH Uil BU3HAYEHHS PO3PAXYHKO-
BUX ITapaMeTpiB.

B skocti marematmyHOl Mozeni 00'ekTa, IO v,
pO3IIISIIAETBCS,  Bi3bMEMO  NPYXKHUH  CTPHIKEHB -
koHignoi  Qopmu  goexkuHor | (puc. 1). s _)
JOCIIDKEHHS MTOB3IOBXHIX KoiauBaHb U(X,t), sKmio X
BHOpaTH CHCTEMY KOOPAMHAT 3 OOKY MCHIIOI OCHOBH, /
HOTPiOHO O3B’ SI3aTH 3aJa4y

0 ou Puc. 1.Ynap koHiYHOTO
E——(F(X ; 1 6
FOgrR @ e
u(0,t)=0; 2
u,(I,t)=0 3)

3 IOYaTKOBUMH YMOBAMH
u(x,0)=0; u(x,0)=—vye(x), (4)
ne E —monyns npyxuocti, F(X) — mroma momnepevHoro mnepepisy CTprKHs, Y —
TYCTHHA Matepiany, Vo — LBUAKICT yAapy, &(X) — omuHIIHA QyHKIIiS.
Jlst mepepisy ctpuskus (ycidena mipamina a6o xomyc) F(x)=(ax+b)?
koe(irienTy a Ta b BU3HAYaArOTHCS FCOMCTpiC}O nepepiszy, HampuKIag s Cy-

[IBHOTO YCIYEHOTO KOHYCY a——1/ , b=d{/1/4, ne D, d — niamerpn

OLIBIIIOT Ta MEHIIIOI OCHOB BiIITOBIIHO.
Crio4aTKy po3IJITHEMO BHUIIAIO0K BUIBHUX KOJMBaHb i jjist piBHsAHHA (1) BU-

. _ax+b . .
KOPHUCTAEMO 3aMiHy Z= . Toni BOHO TIpHiiMe BUTJIS]T

zau ou_- 6
72 +2z5 = V22 o2 (5)

ne y=y1?/E.

3 nepioi mo4atkoBoi ymoBH (4) o1epKUMO



58 ISSN 0132-14Muip matepianis i Teopis criopyn. 2014.Ne 93

u(zt)=3 A Z, (2)sinet, ©)
n=1

ne u(zt) — mepeMillieHHs, BUKJIHKaHI IOBiJOMJICHHSAM IIBUAKOCTI Vo, A, —
JOBLNBHI cTaii, Z,(Z) —BuacHi GpyHKUIl BiANOBIAHAX TPaHUYHUX 3a]a4, ), —

YaCTOTH BJIACHUX KOJIUBAHb.
Nudepenuianpuuii oneparop piBasuus (1) € camocnpskeHnM, oTKe, QyH-

kuii Z,(z) OyAyTb OPTOrOHAIBHI 3 Barow p(2)=7> wa Bingpisky [z 2] [12],
ne z=k; z,=1+k, k=b/(al), nanpuknan ans crpwkus B Gopmi yciueHOro

k

. d
KOHYCY K MO’KHA BU3HAUUTH 3 CINIBBIIHOIICHHA Bzm .

Jliist BU3HAUEHHS BIACHUX QYHKILH 3anadi (5) oTpuMyeMo piBHIHHS
n I 2 —
zZ,+27Z +\;zZ,=0, @)
e A, =w, \N — BJIaCHI 3HAYEHHSI.
3aranpHui po3B's130K piBHAHHS (7) Mae BULIIA

SinA .z CoS\ .z
Z,(2)=C, "=+ Cp %, (8)

SIKIO 3a70BOJBHUTH KpaiioBuM ymoBaM (2) i (3), To 3 ypaxyBaHHsIM BUpa-
3y 1JIs BiacHuX QYHKUiH (8) oTpuMaeMo PiBHAHHS 1/ 3HAXODKEHHS BJIACHUX
3HaYEHb

tanA, (2,2 )=\, 2,. 9)
Toni BnacHi QyHKIIT MOKHA TIPEACTABUTH Y BUTIISI
SinA .z COS\,Z Sil\, £-z
Z.(2)=C,| —=""—tanA .z n< = n = 1/ 10
2(2)=C, 22 "2 o (10)
Posrnssuemo BruMB mapa-
1 MeTpa K Ha 3HadeHHS mepmoro
A pa k P
1 BJIACHOTO YHCJa YaCcTOTHOTO
= /f<3' piBrstans (9) A, (mepuroi Bia-
1.0 / CHOI 4acTOTH (x)l=)\l/\/\:/).
0.5 Ha rpafI)iKy prc. 2 moxkasa-
Ha 3aJIeXKHICTh A, BiJ BeIU4H-
0 5 4 6 A x 1 mapameTpa BiIIHOCHOTO mo-
nepeyHoro posmipy K, Ha
Puc. 2.3anexuicTs A, Bij 3HAYEHHS NapaMeTpa rpadixy 6a4umMo, IO IIpH 3Ha-
BIJHOCHOTO TIONEPEYHOro p03Mipy k . lIeHHi k>8 , 10 BiILHOBiL[aC
1 - it CTPHKHS 3MIHHOTO TIepepisy; CIiBBiIHOIICHHIO po3mipiB

2 — 15 cTpuKHs crajtoro nepepisy (A, =1,571) OUIBIIOT TAa MEHIIOT OCHOBU
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MeHI, HK 9:8, 3HaUYeHHS mepIrol BIACHOI 4acTOTH Oyae BiApPI3HATHCSA Bif
YaCTOTH, OTPUMAHOI JUIS MOJENI CTPIXKHS cTanoro mepepisy [3], He Ginmbime
HiX Ha 5%. BpaxoByroun, mo K 3anexuth TiNbKH Bifl po3MipiB OCHOB Ta HE
3aJICKUTH Bifl JTOBXKHUHU, OJCPKAMO CIIBBITHOIICHHS PO3MIPIB CTPWKHS, NPU
SKOMY B SIKOCTI PO3paXyHKOBOI MOJIENIi MOKHA MPUAMATH CTPUKEHB CTaJIOrO
nepepizy
< b
16tam ’

Je O — KyT Konycy. Tak, Hanpukiam, ;s o =1" 1<3,58 , takuM yuHOM, Ha-
BITh JUJISl CTPUKHIB 3 MaJliM KyTOM KOHYCY BHKOPUCTaHHS pO3paxyHKOBOI MO-
JIeNTi CTPYDKHS CTAJIOTO TIepepi3y NacTh 3HAYHY TOXUOKY.

Jnsi cripollieHHs1 BU3HAYCH-HS KBajpara HOPMH BIAacHUX (YHKI# mepe-
HaemMo 70 TpaHUIl Mpu M — N y BUpa3i Bix J00yTKy BIacHUX (QYHKIIH 3 pi3-
HHUMU 1HIEKCAMU

(\o- m)Jz

(11)

B pPe3yJIbTaTi 4OTO OJIEPIKYEMO

1\|2
, 0Z, _ 0Z J (12)

2 n
j 7’z (z)dz——( Erw |
1

Tonmi 3 CHiBBiZ[HOH.IeHH}I (12) xBagpaT HOPMH BJIACHHX (PYHKINH 3 ypaxy-
BaHHSIM Baru Oyjie BU3HaYaTHUCS 32 (OPMYIIOIO

. 2
2, (z-7)-sinA, @-2) " _

AZ= =
4\, coé A,z |Zl
_2\(z,—z)-SINA, (2,-2;)_ A,-sind, _ (13)
4\, cog .z A, cod) k

SIKIIo 3a0BOJIBHUTH APYTiit movyaTkoBiit ymoBi (4), To y Bupasi (6) koedi-
nieHTH A, NpuUiMyTb BUIIIAN

A]:—W\{)z}\nk(sin)\n—)\n(ﬂk) COR\+A k) (14)

Po3B's3anns (6) mpu 3HaueHHsX KoedilieHTiB (14) BU3HAYAE MPYKHI
MepeMilIeHHsT KOHCTPYKITIi

v_oli 4(sinA,—A, (Frk)cos\ ,+A k

C 2% (2)\ -sin2\,)

u(z,t)=- )sm)\ n(z=k)sinwt, (15)



60 ISSN 0132-14Muip matepianis i Teopis criopyn. 2014.Ne 93

ne C:\/E_/y - IIBUAKICTh XBHJI TOB3JIOBXKHIX KOJIMBaHb CTpUXHSA. Toxai Ha-
TIpY>KeHHS OyAyTh BU3HAYATHCS 3AICIKHICTIO
2 4(SinA,—A,, (Bk)cod,+A k 2(
o} ZN2(2A,-sinA,)

X(zZA,cosh,, -k )} sim\, -k ))simt. (16)
A BUpa3 Ais 3yCWIIA B YIQPHOMY Tepepi3i OJEepKUMO Y BUTIISIL

Vo & 4(SinA =, (rk ) cos\ +A k

PO="ERc X ( I:)\n(;)fn—s)in )

c;(z,t):—Ev—C0

%in%t , a7

ne Fy=b?.

Sk mpuknan, po3risHEMO yaap KOHIYHOTO OOMKa, YHCIEHHI JOCIiIKECHHSI
JUTs sikoro Oynu mpoBeneHi B poboti [1]. Maca 6oiika craHoBuna 4,4xe, mia-
MeTp yaapHoro topus — 25mum, Kyt konycy — 0,5, momxuna — 720mm. Ha

puc. 3 IpeacTaBICHUH Tpa-
ik BITHOCHOT BETMYHUHU
3YCHJUIS B yAapHOMY Tiepe-

P
2

—] pisi I5=—L£ 3aJIEXKHO
I\/\/\/‘" EFO VO

1
Bil 0e3po3MipHOrO dacy

0 0.5 1.0 1.5 T T=|Et . 3 rpadika, 3po3ymi-

Puc. 3.T'pacik 3MiHN BeNMINHN BiTHOCHOTO 3yCHILIS P . ~
70, wo ¢yHkuiro P(T) mo-

JKHA alPOKCUMYBATH JIIHIHHOIO 3aIEXKHICTIO Ha minsHii nepioxy T =21/c
P(T)=d@+1. (18)
KoeoinieaT d Bm3HaumMO depe3 immyisc cumn (17)3a mepion acy |
d =§: 2(sinA,—A,, (Bk)coa ,+A k
e KA2(2\,-sin A\, )
Ha rpadiky puc. 4 HaBeeHa 3anexHicts koedimienry d Big mapamerpa K. Y
Bunaaky K>8, koedimient d HaOIMKEHO MOKHA BU3HAYNTH BUXOMIMYHU 3 BiJo-
MOTO CIiBBiTHOIIEHHS, SKIIO BBaXXaTH CTPWKEHb aOCONIOTHO MPYXKHHUM,
2
[ 2
2Mvo= [ P(t)dt, ne M :de% — Maca CTpHKH,
0
d=Ltk
3k

{1— cosA,)- 1. (19)

§20
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TakuM 4MHOM, 3 BUKOPUCTaHHAM rpadiky puc. 4 abo 3anexHocti (20) mpu
3aJaHKX mapamerpax 0oika, MOXXHA BU3HAYUTH MaKCH-MabHY BEITMIUHY yia-
pHoro 3ycwuisi. Hanpuxnan,
Juist Ooiika 3 miaMeTpoM ymap-

HOTO TOpIt 25 MM, KyTOM KO- \

2
Hycy 6°, momxuHor 250 mm \

[1], Bu3Hauaemo mapamerp 1
25 I S R
k= b __ =0,47€, 3 ;
2tam 22501an6 0 2 4 6 E
rpa¢uxy puc. 4 — d=2,081, Puc. 4.3anexHicts d BiJ BeNMUMHN apaMeTpa
' BIZIHOCHOTO MOIEPEYHOro po3mipy K
0JIEP)KUMO
Prax=2,0812 ¥ 5,16. Ha 5
puc. 5, A7 pO3TISIHYTOTO TIPH- 4 _—
KIamy, mobydaoBaHi rpadi-Ku —
it 2
P(1) 3a 3anexnoctamu (17)Ta f-f’/
(18)' 0 0.5 1.0 1.5 o
Bucnosok
VY crarTi po3riisHyTa 331a4a Puc. 5.I'padik 3MiHN BenTHUMHH
PO TIOB3/IOBXKHIM y#ap KOHIY- BiaHOCHOTO 3ycuiis P

HOTO CTPYDKHSI 3MiHHOTO TIepe-

pi3y, 10 Mozemoe poboTy OolKa CHIIOBOI iIMITyJIbCHOI cucteMu. Ha mincrasi
aHai3y BIUIMBY IapaMmeTpiB KOHCTPYKIII Ha 3HAYEHHS TOJIOBHOI YacTOTH KO-
JIMBaHb HAJaHO PEKOMEHJALl] PO BUKOPHUCTAHHS HAOIMIKEHOTO METOIY PO3-
paxyHky. OTpuMaHO 3aJeKHOCTI JUIsi BU3HAYCHHS TEPEMIlleHb 1 HaNpyXeHb
TepepiziB CTPUXKHS, a TAKOXK Ui BEJIMYUHHU 3YCHIUIS B yAapHOMY Tepepisi.
IIpoBeaeHo rpadiuHmil aHaTI3 3aJI€KHOCTI 3yCHIUIS BiJl 9acy, Ha MiJCTaBi YOro
3ampoIOHOBaHa IH)KeHEepHa (hopMyJa Uil BU3HAYCHHS MaKCHMAIBHOT BEITHYH-
HU 3yCHJUIA, sSKa JO3BOJISE€ BH3HAYATH HEOOXINHI TCOMETPHYHI MapaMeTpu
Ootlika.
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Vaumun I'M., Lapenxo C.H.
VIAP KOHUYECKOI'O CTEP)KHSI O JKECTKHI OTPAHUYUTEJIb

B cratbe paccMoTpeHa 3a/1a4a 0 MPOJOJIFHOM YAape KOHUYECKOTO CTEPIKHS CILIOIIHOTO cede-
Hus. Ha ocHOBaHMM aHanM3a BIUSHUS MApaMETPOB KOHCTPYKIIMHU HA 3HAYCHHE TNIABHOH YaCTOTHI
KOJIeOaHUH, JaHbl PEKOMEHIAIMU 00 MCIIONB30BAHHU MPUOIIIKEHHOro MeTona pacyera. [lomyde-
HBI 3aBUCUMOCTH IS OTIPEICTICHHS IEPEMEILCHUIT U HaNPsDKEHUH cedeHui cTepikHs. [Ipennoxena
MH)XEHEPHAs 3aBUCUMOCTD UISl ONPEACICHNUsI MAaKCUMAJIbHOM BETMYMHBI YCHIIMS B YIapHOM cede-
HUH.

KuroueBble ¢10Ba: KOHUYECKUU CTepxeHb, MeTon Dypbe, NpOaoNIbHbIE KOJIeOaHus, MPpoJIo-
TBHBIH yIap, MEXaHUUECKIE HATIPSKCHUS.

Ulitin G., Tsarenko S
IMPACT CONICAL ROD ON HARD LIMITER

The problem is considered of longitudinal impaatical rod in article. A recommendation on
the use of the approximate method of calculatidmaised on an analysis of the influence of design
parameters on the value of the main oscillatiogUemcy. There was obtained an equation of the
displacement and stress of the rod. Engineering@rdgmce has been proposed to determine the
maximum force in the impact section.

Keywords: tapered rodFurie method, longitudinal oscillations, longitudinmpact, stress.
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YK 539.3

B.IL. AnjipieBchKumii’, KaHI. TeXH. Hayk
10.B. Makcum’ 10K?, Kans[. TeXH. HayK

*Kuiscuii nayionansnuii yHisepcumem OyOigHuymea i apximexmypu
Tosimpoghromcokuii npocn., 31,m. Kuig. 03680

METO/JUKA PO3B' SI3AHHSI BICECUMETPUYHHUX
3AJJAY CTAIIIOHAPHOI TEIUIOIMPOBIJHOCTI TA TEPMO-
PYXKKHOCTI HA OCHOBI MCCE

HaBeneHi OCHOBHI pO3paxyHKOBI CITIBBITHOIICHHS BiICECHMETPHUUYHUX 3a/1ad CTAI[IOHApHOI Te-
IUIOIPOBITHOCTI Ta TEPMOIPYXKHOCTI B KPUBOMIHIIHIA cucTemMu koopaunat. Ha 6a3i 0CHOBHHX
0JIOKCHh MOMEHTHOI CXEMHU CKIHYCHHHX CJIEMCHTIB OTPUMAHO CITiBBiHOIICHHS JUISl BU3HAYCHHS
TeMnepaTypHux gedopmarniil. [IpoBeneHi ducenbHi JOCTIIKEHHS 11 0OIPYHTYBaHHS JOCTOBIPHO-
CTi pe3ybTarTiB.

KiouoBi ci10Ba: TemIonpoBigHiCTh, TEPMONPYKHICTH, BiCECUMETPUYHI Tila, MOMEHTHA CXe-
Mma ckinyenHux enementis (MCCE).

Beryn. 3HauHa KiNBKICTh BiANOBiIambHUX 00’ €KTIB CYy4acHOT TEXHIKH, Ta-
KHX SIK, POTOPH MapOBUX TypOiH i Ta30TypOiHHUX YCTAHOBOK 3HAXOMATHCS TIif
JIE€I0 TEPMOCHIIOBOTO HABAaHTAXKEHHS OB’ 53aHOTO 3 HEPIBHOMIPHHM PO3IOi-
JIOM TeMIiepaTypd. B 3HauHiH KiNBKOCTI BHIIAJIKIB IX eKCIuTyaTamisi BinOyBa-
€TBCS TIPH YCTAJICHUX 3HAUCHHSX IEpeJliueHNX 30BHIIIHIX (akTopiB. B npomy
BUMAJIKy BH3HAYCHHS HCPIBHOMIPDHUX TEMIICPATYpHUX TOJIB MOTpeOye
PO3B'S3Ky  CTAaIliOHApHOI  BICCCHMETPHUYHOI  3aJadyi  TEIUIONPOBITHOCTI.
Po3B’ s13yBanbHI CITIBBIAHOIICHHS 3a1a4i TEPMOIPYKHOCTI OTpUMaHi Ha OCHOBI
METOIUKH MOMEHTHOI CXEMH CKIHUEHHHX eJleMeHTiB [1].

1. MaTpuus TenJONpoOBiAHOCTI 1Jis1 BiceCHMeTPUYHHX TiJl B MicueBii
KPpUBOJTiHiiHIN cucTemMi koopauHat. [Ipu nocmimkeHHI TeMIIEpaTypHUX TI0-
JIiB BiCECUMETPUIHUX TUT 06epTaHHs Ha ocHOBI MCE nOIiTbHO BUKOPUCTOBY-
BaTH JIBi CUCTEMH KOOPAWMHAT: 0a3WCHY 1 MicIeBy. Po3risiHEMO BicecuMeTpud-

e Tino (puc. 1) B GasucHil Kpyrosiii HuIiHApHYHiN cucTeMi kKoopauHat 2'

Bick 2% skoi CIBIIA/Ia€ 3 BICCKO 0OcpTaHHS, a 2?2

CHpsIMOBaHa B3JIOBXK pajiy-
ca. Bici z' Ta 2% GasucHoi chctemu KOOpJMHAT PO3TAalIOBaHi B IUIONIMHI

MEPHUIIOHABHOTO TIEPETHHY Tia oOepTaHHsS, a BIiCh 2° Opi€HTOBaHA IO
OKpYXHill KoopauHaTi. basucHa crcTteMa KOOpIUHAT NpU3HAYCHA ISl 3aBJIaH-
HsI BUXIITHOT iHpoOpMaIIii mpo reoMeTpito o0’ €kTa Ta TpaHUdIHI YMOBHU. B cBOIO
yepry MicleBa cucTeMa KOOPAUHAT X IpU3HayeHa [y BUBEJCHHS PO3PAXYH-
KOBHUX CHiBBifHOIIeHb cKkiHdeHHOro eneMenTta (CE). Bona nmpupoaHbo moB's-

] Annpiescekuii B.I1., Makcum' 1ok FO.B.
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3aHa 3 TEOMETPIEI0 MEPUIAIOHATBHOTO TIEPETHHY MOCIIHKYBAHOTO 00'€KTa, MPU

ILOMY BiCh x> 36iraeThes 3a HaIPSMKOM 3 z. .
Bynemo BBaxkaTH, IO B KOXHIM TOYI Tijia

BiJIOMi KOMIIOHEHTH TEH30pa MEePETBOPECHHS z']-

MicieBoi Ta 6a3MCHOT CHCTEM KOOpAUHAT [2]: xi/
i _0zZ 3 L
z i :a—z., 4= % =0. ;/A

"oox! R g

TyT i B noganmpioMy BCi iHAEKCH, TIO3HAYCHI
TpelbKuMHU OyKBaMH, OyayTh TIpUAMATH 3HAYCH-
Ha 1, 2,a no3Hayeni natuHchbkumu — 1, 2, 3.

KOMITOHEHTH METPHYHOTO TEH30PY Uy, B 7

MICIICBIf CHCTEMi KOOpPJMHAT MOJaMO dYepe3
KOMIIOHCHTH METPUYHOTO TEH30py 0a3HCHOI cH-
cTeMU 3a GOPMYIIOIO:

gmn:meZ,jngi' i (1)
Jlnst BU3HAYEHHsT PO3MOAUICHHS TemrepaTyp i3 BukopuctanHsm MCE B

SIKOCTI BUXIJTHOTO B3STO BapialliiiHe piBHIHHS BiCeCUMETPHUYHOI 3aj1adi CTaIlio-
HapHOI TeronposigaocTi [3]:

_ oT 05T°a[3 2 —
Sy = P ICCA N dX d¥=0. 2
xXJIXIZTaX(,axﬁg V3 @

€ g - BUBHAUYHMK ManI/IIIi, H06yL[0BaH0.1. 3 KOMIIOHCHT METPUYHOI'0 TCH30PY;

A —xoediuieHT TeruonpoBinHocTi; T — QyHKLIs, 10 OMUCYE PO3IOALICHHS

TEMIepaTyp B IUIONIUHI JJOCTIKYBAHOTO 00’ €KTa.
[Ipu ckiHueHHOETEMETHIN anpoKcuMalii JOCHiKYBaHOTO 00’ €KTa Uil CHU-
cremu 3 N CE 3a3HaueHe piBHsHHS (2) HabyBae BUTIIALY:

N N x1:1/2 XZ:JZZ . N
oSond 1] | T8 oatatzo. @
n=1L r|=1x1:_1/ 2 XZ:—JZ 2 aX a

s uncenbHOTO po3B’ I3aHHS 3a/1ayu TEIUIONPOBITHOCTI po3polieHui Bice-
CHUMETPUYHHI CKIHYCHHHUH €IEeMEHT, 3arajJbHUi BUTIISA SIKOTO B Ga3ucHii (a) i
Miciesiit (0) cucTeMax KOOpAWHAT HABEACHUIT Ha puc. 2.

B mexax CE nepenbadaerscs, 10 KoedillieHT TeluionpoBigHocTi A Ta
3HAYEHHS KOMIIOHEHT METPUYHOTO TeH30py (' HecyTTeBO 3MIHIOETHCS B
wionnay CE 1 npuiiMaroTbest piBHUMH X BiINOBIAHUM 3HAYCHHSM B IIEHTPI!

M=Ar=hrla, gi=gi=gl| .
T3 =N |ay, 00 =0=d
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zV

S,=+1 x! §,=+1

1~ 1~
SZ= -1 Sz_ +1

x2
: Sy=-1 Sy=-1
7 S,=-1 5= +1

a 7]
Puc. 2

B sikocTi HEBiOMHUX TIpU PO3B’ sI3aHHI 3374l CTAI[iOHAPHOT TETIONPOBITHOCTI
TPHIMAETECS 3HAYCHHS TEMIICPATypH B BY3/IaxX elleMeHTa g s -
Posnoxinennst temmneparypu y Mexkax CE onmicyeTsest OUTiHIHHIM 3aKOHOM:
- 1 1 1,2, 1
T=Y ¥ TspGat+s s &+ s85%D), (4)
§=*1 S=t1
ne T( SS,) — BY3JIOBi 3HAYEHHS TEMIIEPATYPH.

Bupasu i noxiiHUX BiJ] TEMICPATyPH MAOTh BUTIIS:

— 1
Ta=2 Y Ts9G+Sa ™) 8. )
Sl 9=l
[Micns mincranoBku B (3) 3HaueHp TemmepaTypu (4) Ta ii moxiguux (5)
OTPHMAEMO:
X=2 x%=y2 1 e
&= | [ }\T|: > X (T(sisz) (§+§3—a))é )) %)x
et P—y2 | SIS
1 3 ° \/7
xyY ¥ (5T(F,lp2) (§+ Pap) X B>) @j gﬂ gdx dx. (6)

R=t1P=t1
[pyHTYIOUMCh Ha BBEIEHMX IilOTE3aX HPO MOCTIHHICTH TEMIO(I3UYHUX i
TCOMETPUYHUX XapaKTEPUCTHK B Mekax momepeuHoro mepepizy CE, a Ttakox

Ticiist o04MCIIeHHsT HACTYHUX iHTerpadis ro rionti CE:

=2 x%=y2 =2 x%=y2
| [ dxd¥ =1, | [ x%dxdx¥ =0,
X=-y2 x?=-12 =12 x>=-12
K=y2  x’=12 0, a#p
[ x*PdXd¥ :{1 L, )
W=—12 xP=-72 12’ a=p

OTPUMAEMO:
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Xn=Ar 2 2 2 2 T(sl,sz)aT(BB{%% Eogﬁ"‘l—lz §§1Pf§06]\/?

S=t1 $=+1 P=+1 Bt

a00 B MaTpUYHOMY BUTJISI:
L

L
B, =3 3 S(T) (AT, ®
I=1lm=1
ne { T}T :{T(—1;—1) Ta-1) T T(1;1} — BeKTOp Temnepatypy; [Al — marpumi

TEIUIONPOBiTHOCTI BicecumerpuuHoro CE, mo o04ucIorThes 32 OpMYIIOr:
1 o 1 ° °
[A]| {ZS‘ R QXB+1_2 $ PP O&]\/’@ . 9)

3 METOI0 JIOBEACHHS JOCTOBIPHOCTI Pe3yJbTATiB po3B’ 3Ky 3a1adi crario-
HapHOI TEIUIONPOBITHOCTI i3 BUKOPHUCTAHHIM
OTPUMAaHUX CIIBBIZHOIIEHb PO3TJSIHYTO TEC-
TOBY 3a7ady IpO TEILIONPOBITHICTH HECKiH-
yeHoro mwiiHapy. Jduckperna monens MCE

N,
il

x
I
I
[ SOOI
HaBCIICHA Ha pHUC. 3. > |—|—|—|—|—|—|
Buximmi mami: =10 mm, r,=40 um, 9 . \
1 2 a 7l 22
TeMIepaTypa Ha BHYTPIIIHIH NOBEPXHi CTIHKK ‘@ [[1=10
T,=100 C, temnepaTypa Ha 30BHillHiil MOBe- p
I’2 =40
pxui crinku T,=400 C. IloBepxHi B3HOBXK
Puc. 3

oci 2% abcomoTHO TeroizonboBani. B sxocti
STAIIOHHOTO NPUIHATUN aHANITHYHUHA PO3B’s30K oTpuMaHuil B poboTi [4]. Sk
BHIHO, OTpUMaHi pe3ynbratu (Tabi. 1) mMaike MOBHICTIO 30irarotecs i3 eTa-
JIOHHUM PO3B’ SI3KOM.

Tabmuus 1
0, ' Temneparypa T, C ToxuGxa, %
Ananitnuno [4] MCCE

10 100 100 0

15 187,74 186,62 0,60
20 250 247,87 0,85
25 298,27 296,12 0,72
30 337,74 336,62 0,33
35 371,10 370,33 0,21
40 400 400 0
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2. BuzHaveHHs mapaMeTpiB HamNpy:KeHo-1e()OpPMOBAHOIO CTaHy NpH
TeMIepaTypHOMY HaBaHTa:keHHi. [Ipu TepmornpyxHOMY nedopMyBaHHI Ha-
MPYKEHHS] BU3HAYAIOTHCS 3TIHO y3araibHEeHOro 3akoHy ['yka:

ol =CcMe,. (10)
KoMnoHeHTH TeH30pa TMPYKHUX CTATUX CM g 130TPOIHOTO Tijia 3HAXO-
MO 3 CIIBBIIHOIIECHHS:

clang g +u(d & +§ &),
ne koedimientn Jlasme A Ta |I BH3HAuUalOThCsA udepe3 koedimient Ilyaccona
v=v(Z',T) i Moaymb npyxHocTi Matepiany (Moxyis FOura) E=E(Z', T):
A= Ev u= E
@-2v)@+v)y 2(Hv )
[Ipu TepmonpyxHOMY nehOpMyBaHHI BiCECHMETPHYHUX TiJl KOMIOHEHTH
noBHOI Aedopmauii €; MOXKYTh OyTH mMOJaHi CyMOK NPYXHHUX JedopMawiit

T
ij o

—ee T
&) =& +§ . (12)
Jlist i30TponHOTO MaTepialy TeMIlepaTypHi CKJIaJZOBI KOMIIOHEHT TEH30pa
nedopmMartiii BU3HA4AIOTHCS 32 GopMyInoro:
T_
&j =0r ATg; , (12)

& Ta TeMmmepaTypHuX jaedopmariii €; , To6TO:

ij

ne Oy =0r (Zk ,T) — koedilieHT JIHIHHOTO PpO3IIMPEHHS Marepiany,
AT =T-T, — npupicT TeMneparypu B JOCIiI)KyBaHii TOUIli Tijla BITHOCHO Ho-
ro BuxizHoro crany npu T =Tj.

®Di3MyHI KOMIIOHEHTH TEH30pa TEMIIepaTypHUX AedopMmalliii B Micuesiii cu-
CTeMi KOOPAMHAT BH3HAYAIOTHCS BUPA30OM:
T
L. (13)
b %)
V BianosigHocti 1o MCCE [1] B momepe4HOMy MepeTHHI TeMIepaTypHi
nedopmanii mogamo BinpizkaMu psity MakiopeHa:

éT_

o

ST _ZT =T 3a).
€a(a) "€ a(@ T a(@).@Ea)X

ST _2T. T _2T 2T

€12=€1p €337€ 33tE 33[,3XB- (14)
3amumeMo KoeQilieHTH PO3KJIaJaHHs KOMIIOHEHT (i3MYHUX TeMIeparyp-

HUX fedopMaliiif B psg MakiopeHa 3 ypaxyBaHHSAM IX HOJAHHs B MICIEBil cH-
cTeMi KOOpAHMHAT:
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cx(cx)
> 08 ¢ _0(07AT)
8T aa) _ T —
€a().60)7 ax(3 a) ax(era) =ar AT (3a);
_ 9

\/911 922 V 91192

8 ——833 O(TAT
O33
s7 083 _0(agAT) -
T 33— T _
33,[3 a B a)g —C(T AT,B, (15)
o Ogl
eT =%
L[es a” iy’ &j g~ g .
) ox xB=0

3rigao ¢popmyiau (13) ta migcrasmsioun (15)3HaxoauMo:;

or 2 s v o es
€ a()=€a(@ Ya(a) AT AT Gy (q);

T _= - .
€ a(a),(3-)"€a(@).(30) Ga(a) ZOT ATy ) Gu(a)

812 512 \ 911 gzz—O‘T ATgy;

e 33—833 U33=0T AT g3y
T2 _ o
€ 335~ €338 933—0(T AT,B O3 (16)
Iogamo koedillieHTH PO3KIaJCHHS KOMIIOHEHT TeMIEePaTypHHUX Aedopma-
il yepe3 By3J0Bi TemmepaTypH (4) ta ix moxiasi (5):

T _dT ) .
80((0()_7 > X AT(S_Lsz) Ya(a):
S=t1 $=+1
oT _ar ’ .
€ a(a),(s—a)—TSl;l g_:ﬂAT(SlSz) 2S34) go((or) '

T _0d oo
€107 4T 2. 2 ATgs) G2
S=+1 S=#1

‘1 _a N
€ 33—TT > X ATs s 9as:
§=t1 S=¢1



70 ISSN 0132-14Muip matepianis i Teopis criopyn. 2014.Ne 93

o

T o
33313—_4T > 2 ATgs)9332%- 17)
§=*1 S=t1

Crissignomenss (17), 110 OMUCYIOTH 3AJIEKHICTE MK KOe]ilieHTaMK Po3-
KIafeHHs AedopMartiii y psg MakinopeHa i TeMieparyporo, y MaTpudHii Gop-
Mi MarOTh HACTYITHUH BUTJIST;

{eh4B8I{1} {e487{1}, (18)
P (]
ul ={T(—1;—1) Ta-1 Te1 T(1;1} ;
{eh "4 *8-1T1 §1T2;3 22;3 Eé
{€3 7% € Ga)@ara € 3ah -

[OBT] =|:[ OBT] (—1;—1)[ OB'I] - 1)[ QB]- (S 121{ OB]F (1;1)E|
[éu:ﬁéu““”[ﬁnwﬂtéﬂfmlkl“ﬂ. (19)

3HaueHHs KOMIIOHEHT IIiMaTPHIb [éT](Sl’ 2 [é’Ta](sl’%) y Bupasi (19)

JUTSL BiCECUMETPHYHUX TiJl BU3HAYAIOTHCS BigmoBigHo 10 dopmyn (17) 3 ypa-
XyBaHHAM o0uncieHnx 3a (1) 3HaYeHHAMH KOMIIOHEHT METPHYHOTO TEH30DY
JUTS BICECUMETPHYHHX TiN:

o o

1
297 91

o o

1 lo °
[éT](Sl,SZ): 297 912 | [éTa](SLSz)z 50T Seo) Ga)
1° ° ' o o ’
297 922 %GT S Gs

1
497 939

Martpurst ’KOpcTKOCTI Ta (JOpMyINH Uil BU3HAUCHHS BY3JIOBHX peakiiil Ha-
BelleHi B po6oTi [5].

Tepmonpyorcne Oepopmysanns moscmocminnoi mpyou. Posrnanaetses Ha-
npykeHo neopMOBaHMN CTaH TOBCTOCTIHHOI TPYOM HEPiBHOMIPHO HArpitoi
B3JIOBXK pajiycy I (puc. 4).

TeMmnepaTypHe 1oJIe OIHCYETHCS 3aKOHOM:

T=-71.66-0.2°, p=.
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Po3p’s130k  3amadi  3mIMCHIOBABCS TIPW  HACTYNMHWX 3HAYEHHIX (pi3mKo-
MEXaHIYHUX XapaKTepPUCTHK Mmarepiany: koedimient ITyaccona v =0.3, xoedii-

€HT JIHIHHOTO TemnoBoro po3mmpenHs O =110 4 2pad™, sanexHiCTH MOy

MIPY>KHOCTI BiJl TEMIIEpaTypy BU3HAYAETHCS (OPMYIIOIO E =10° [gs0-04606T,

Ot
Mna B

|
Ton|
)|
|
|
|

T, MM

N,

otsl\

-0.20

.25
X
-0

sick 06epTanHa

w
S

— MccE /°
15

o Eranox /

3 4 5 6 7 8 9 I, MM
e
0.5
O/——r—'
1.0
o
Puc. 4

PesynbTaTil po3paxyHKiB Ta TUCKpPETHA MOJENb MpEACTaBieHi Ha puc. 4y
BUIJISI emop pafianbiux O, (puc. 44) i konoBux Oy (puc. 40) HANpPYXKEHb.

Sk BHIHO, OTpPHMaHiI pE3yNbTaTH TOBHICTIO 30Irar0ThCs 13 €TATOHHUM
PO3B’ I3KOM OTPHMaHUM B po6oTi [6].

Takum 4YMHOM pO3pOOJIEHA METOAMKA JO3BOJSIE OTPHMYBATH JOCTOBIpHI
pe3ysbTaT MpU PO3B’ 3Ky BICECHMETPHYHMX 3a]ay CTAlliOHApHOI TEIIonpo-
BIZIHOCTI Ta TEpPMOIPY>KHOCTI.
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Anopuesckuii B.I1., Maxcumiok FO.B.
METOJMKA PEIIEHUS OCECUMMETPUYHBIX 3AJJAY CTALIMOHAPHOM TEII-
JIOITPOBOJHOCTHU U TEPMOYIIPYT'OCTU HA OCHOBE MCK?D

IIpuBeneHbl OCHOBHBIC PAcUYETHHIE COOTHOLICHUS OCECUMMETPHYHBIX 3a/1a4 CTallMOHAPHOI
TEIUIONPOBOAHOCTH U TEPMOYNPYIOCTH B KPHBOJMHEHHOI cucTeme koopaumHaT. Ha ocHoBaHMH
OCHOBHBIX IOJIOKEHNI MOMEHTHOM cXeMbl KOHeYHbIX 31eMeHToB (MCKD) nonydeHs! cooTHomIE-
HUS IJIsL OTIPE/ICNICHUs] TeMIepaTypHbIX Aedopmanuii. [IpoBeieHbl YNCIICHHBIE UCCIICAOBAHUS IS
TOATBEPKICHHS JOCTOBEPHOCTH PE3YIIbTATOB.

KiroueBble cj10Ba: TEIIONPOBOIHOCTD, TEPMOYIPYTOCTh, OCECHMMETPUYHbIC Tea, MOMEHT-
Has cCXeMa KOHEYHBIX DJIEMEHTOB.

Andriievskyi V., Maximjuk Yu.
METHOD OF SOLUTION OF AXISYMMETRIC STATIONARY HEAT CONDUCTION
AND THERMOELASTICITY PROBLEM BASED ON MSFE

The basic design formulas in a curvilinear coortlireystem for axisymmetric stationary heat
conduction and thermoelasticity problems are givemelations for the thermal deformations de-
termination are obtained on the basis of the morfieité element scheme ( MSFE ) main provi-
sions. Numerical studies to results validationrassle.

Keywords: thermal conductivity, thermoelasticity, axisymnietbody , the moment scheme
of finite elements.
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A METHOD OF DETERMINING THE COORDINATESOF THE
STIFFNESS CENTER AND THE STIFFNESS PRINCIPAL AXIS OF
THE VIBRATING SYSTEM WITH DAMPING
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The report presents a methodology to determineitieetions of the stiffness principal axis (in
this case subject to the linear displacement arwbdbrotation angle) of a solid object interacthwit
the surrounding environment by resilient bearingpsuts.

The results also show that determining the cootdiaf the stiffness center in the vibrating
system with damping factors is necessary in owaes.

Key words: stiffness center, stiffness principal axis.

1. Introduction

Consider a three dimensional deformable body withdaration (Figure 1).
The motion of an object so in the general caseixotisgrees of freedom are
described by six independent geometr’
parameters that we can choose not onl
unique way.

Suppose not vibrating objects has
mass ofm andn is the number of springs
(resilient bearing supports) attached to tl
immovable hard foundtion. Assume the
X, ¥, Z coordinate system to the real spa
origin at pointO. At the same time we
also assume that there exists a coordin
system tied to mobileoxyz shaking
objects in question and at the initial0 Fig. 1. A three dimensional
coincide with the real coordinat€@XYZ deformable body without vibration
Suppose the object is doing a survey translatiomalon and at that time, the
coordinate systenoxyzis moving to a new location'x'y'z. The origin O
moved to theD' and at that time, suppose the ori@irwill make a move with
the components in th¥,Y,Z respectively by, 1o, {o. Also solid in the new
location have made the transposition angle abauaiisX,,Y;,Z; respectively

[0 Dang Xuan Truong, Tran Duc Chinh
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parallel to the axe¥,Y,Z and passing through poif@', the corresponding
angle ingy, @, ande,.

In summary, six independent paramet&ysno, o, 0x, ¢y, ¢, COmMpletely
determining the position of objects in space arn@red at each time. If the

object affected by the forceN and momentM , they will cause the
displacement directly by the ax&sY,Z and move the angle around the axis
passing througl®' and parallel to th&,Y,Z. If the object only affected by the

force N with arbitrary set points, or only under the astaf momentM , one
of these two factors will cause objects to both lihear displacement and
rotation angle.

We will prove that in some cases the object exsta point which, if put

into force N and momentM , then force only caused by the force linear
displacement, moment only cause rotation anglerardhis point. That point
is called the stiffness center in the vibratingtsys with damping. In other
words, stiffness center of a vibrating system widmping factor considered is
the set of all forces of the reaction componentstascts to explore a dynamic
loads by any way. At that time, the assumption siilivive the stiffness axis of
the solid for both linear displacement and theatioh angle, which this
stiffness axis through the center of the vibrasggtem. The stiffness principal

axis is characterized, if the fordé acting on way solid survey coincides with
way stiffness principal axis, it will only causediar displacement under way
this axis. Similarly the stiffness principal axis@ exist for the rotation angle,

meaning that if solid only under the action of afsanomentM is identical
to the stiffness principal axis, it will only caude angle around this axis.

2. Formulation of the problem
We will prove the above properties by means of tmethod of
displacements. Assuming that orthogonal aXg6Z have point located at the
O. In this coordinate system the solid has six degid freedom. We put in six
joints directly prevent displacement and rotatiogla, assuming the first three
joints 1,2,3 prevent the displacement and threealirfollowing joints 4,5,6
prevent rotation angle (around the ax€¥,2). If the solid the unit forced
displacementx=1, Ay=1 andAz=1 by the way of the axe§Y,Z respectively,
then at the joints above, the jet will appear:
r11, F21, P31, Fa1, 51, Fe1 F€SPectively, by, = 1 caused;
I V22, I3z, T2, 52, T2 r€SPeECtively, by, = 1 caused;
l13, 23 33, F43, I'53, Fe3 FESPECtively, by, = 1 caused. Q)
Subsequently, for the solid angle surveyed rotafiimoe units around the axis
X,Y,Z, then the joint will appear jet components coroegfing:
F14, Y24, P34, Fa4, P54, Fe4 FESPECtively, by, = 1 caused;



ISSN 0132-14710mip matepianis i Teopist copyn. 2014 .Ne 93 75

I's, 25 I35 F1s I'55 Fes respectively, by, = 1 caused,
I'16 F26 36 Fa6 56, 66 FESPECtively, by, = 1 caused. (2)
Here, r; is the corresponding reaction appearing at that jpiby forced
displacement unit according to the jojrtaused.
We segjj = rj the reciprocal theorem of the reactior, 1,2,3,4,5,6 angl=
1,2,3,4,5,6.
Assuming that we put into four matrix:

_|f1 T2 Tag| _ |ha Tis Tie

A=y Ty Togl; BI[ by Tas Togl;
[ f31 T3z Pag] [ Fa4 T35 T3]

_ o |Tar Ta2 Taz| _ |Tas Tus Tage

C=|lsy sy TIs3|; D=|lss Iss Isgl- 3
61 T2 o3l | Tea To5 6]

From reciprocity theorem, we have = C. Assuming that forceN and

moment M , that they have the way and know beforehand thmebeus, they
cause the linear displacemént) and( of a solid under the way, Y, Zand the
rotation anglepy, ¢y ande; aroundX,Y,Z respectively.

In this case, we have the relationship between reateforces and
displacements in the matrix

EZ_AE‘LE} @)
M =CW+ Do
With W - the total linear displacement vecta_i; - the total rotation angle
vector.
To the WayV_\/ and N of the same, should be conditional:
N=AW; M=uv6. (5)
With A andv are the scalar magnitudes:
Replace the value ol and M (5) into (4) we have:
(AW +E"'_l:°} . ©)
CW+(D-uv )¢=0

With I_ is the ranked third matrix units

)1
=0
0

o O
= O O
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We woul'd like interpretate above proposition dtofeing: the elements of

the matrix A independent original position that coordinates toacurrent
joint there. It just depends on the the way of¢herdinate axes coincide with
the way of the obstacles joint of a solid lineaspificement, that we are
surveying.

In fact, elements of the matribA shows reaction at the joints directly
obstructing the displacement of a solid as a resiltthe unit forced
displacement of solids by the way of joints. Thenponents of this force can
be found by solving the balance equation generateath one of these
equations would shows that the total elevationliofoaces acting on the solid
to the way axis with the way of parallel joints, evh we need to determine the
composition of reaction. Clearly, the value of thaction depends only on the
way joint that does not depend on the located jdiherefore, the elements of

the matrix A depends only on the way joint linear obstructirfte t
displacement of a solid.

We easily see that the elements of the mabixhas no properties as the
matrix A. If we chooseO as the starting point of the joint located, the
elements of the matriB is zero and according to reciprocity theorem, ind f
the matrix element€ also zero. At that time (6) takes the form:

(A-A)W=0; (D-ul)p=0. @)

Equation (7) is to ensure conditions for the existeofO stiffness center
vibrating system damping factor considered. Thisamsethat only exists a

point O of the solid: If set to a force applying poirﬁ (passingO) and a

momentM (with axis passing througB), the force caused only by the linear
displacement of the force, moment is only causéatiom displacement around
the point O. The pointO is the stiffness center of the system vibration
damping.

Formula (7) allows to determine the three values ahd the three values
of v. Knowing A andv can be determined three directional cosinsif@nd
three directional cosins te. Therefore directional cosins of three directional
mutual perpendicular to axis of coordinates. Theags are the directional of
the principal axis to the linear displacement drarbtation angle of the solid.
Indeed, from the first formula of (7) we can loc#éibe principal axis of the
solid linear displacement. We have:

31 Fa; Tag~AJ|W cosy
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Here Wcosy, Weos3, Weogy are the components of vectt¥ of the linear
displacementq, B, y are the angle of the vector by ways of total fotatvith
the axesX, Y, Z respectively.
We represent (8) in algebraic form:
(r;1—A)coso +ry, COB+ ;53 COg=
r1COS0+ (55=A ) COB+H 3 COg= P. 9)
31 COSO +T3; COP+ I(33~A ) COp=
Indeed, it is the homogeneous equation in the tiineal cosins. To obtain
non-trivial solution of algebraic equations we hate following condition
det(...)=0, i.e.condition on zero determinant o&ficients of unknowns of
algebraic equations system.
This leads to the cubic equation:

AN +bA2+cA+d,=0. (10)
With: by ==1,=F 55T g5 G ==Fi33+T of 33t {1 of 3 5% °

- 2 2 2
Oy ==l o5+T 28 13 43157 haloo 3R 18 31 -
Solving the equation (10) may be obtained:

)\1:u1+vl—%; Ay U HE LV, Ag=E U HEV,. (11)
with: w=3-a+/d+ B ; u={-@— G+ B Elz—-—ﬂ*@ i=v-1;
amg -0 S ut@ V@ i =

In addltlon,
cos’ a+ co$fB+ cody= . (12)

Solve (9) in the hiddensCﬁ and £ for earchA, we have:
cosa cosa
cosB;  cosy;
cosq| =Py cosq | =& (13)
Mgl odl 7 A) _ T 3 05F 1k s3A) ! 213 oM =)
D nd st 1l 22 ~Aj) (rzz—)\j)(r?,g—)\j)—r§3 o€ asAj)F 305
‘_r12r13_r23(r 11‘)\;)=r it 1A )€ 22_)\1'): r#6 A)F s
DongdogTadl sgAj) 1k o5 A) T ho o3 r223—(r22—)\j)(r33—)\j),
j=1,2,3.
In summary to determine the cosin ways, we hayestems of equations:

With:
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cosB; =p COSY; ; COSy; =§; COS; ; co§j+co§yj+ co&J: . (14)

- . _ 1 : _ g :

Solution (14) we have:cosn;=t—=——; COB;=t——=]
J1+pi+E? JIHpFHE?

b.
cosy; =iﬁ to identify three stiffness principal axis to theear
VNG +
displacement.
Similarly, we can determine directional cosins ok tthree stiffness
principal axis, for the component rotation angle.

We have:
Z
Coslj =t—=—— COSB; =t ——— -l
J V1+nJ+ZJ \/1+nl+zl \/1”]?4'(12
Here:

2

':r46r54_(r44_uj)’ s [ JosgC eV sa ' “a( 2900 seY))

D ord 56T adl 557V;) (|’55—U]-)(r6,5—uj)—ré6 Co6=V) a5 565
2

M5 (gm0 4570;) _ T s5V5) bags T Tushi ¥ 2aY;)

(rs5=V ;)46 45 56 r526—(r55—uj)(r66—uj) ra§ 65t af 667Vj)

¢
With:

_ b o —_— — 2.
U =Uy+V, 3 Uy =E1U,+E Vi Ug =€ Uo+HE Ny, Uy =y ~Cpty = 15

V2:\3/_ ng pg qz_b2 bZCQ*'_ p2:—3029_b§;bz:_r44_r55_r66;

Co =4l o+l sk 66t Ay 55 2 5F -

Oy =gl S+T o6 26H do 25" Talss 662 T a 64 - j16

SupposeXy, Yk, Z are the stiffness principal axis of the lineamptisement
(in O origin) are stiffness center of vibration dampisgstem (Figure 2).
Choose the rectangular coordinate system with th@rdinate axeOXYZ
parallel to the stiffness principal a%g, Yk, Zx (Figure2). We dropped into the
solid at the poin© (stiffness center) six joints in the joints thaider 1,2,3 of
the solid linear displacement by ways of the stiffs principaky, Yy, Zx, three
relevant the remaining 4,5,6 hinder the rotatiogl@f the solid around these
axes.

For the solid displacement forced by ways unitsthe coordinate axes
X,Y,Z.Then the forced displacement unit according todhé, Z.. Notice that
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the the axe¥, Yk, Zcare the stiffness principal axis of the linear thspment,
so we can seB=0va C=0.

A

Z

v

Vi

Xk

Y
'd
Fig. 2: Stiffness center of vibration damping sgste
We easily see that:
whenA, =1, all of ry = 0 except for,; =k,
whenA, =1, all of ryj = 0 except fory, =k, (i = 1,2,3,4,5,6);
whenA,=1, all of rj =0 except forg; =k, (j =1,2,3,4,5,6). a7
While k,, k;, k; are the general stiffness of the dampers (spriragalive to
ways axes\, Y, Z
Condition (17) allows us to determine the stiffnesster coordinates of
thevibrating system, when it is subjected to fordieéar displacement and
forced rotation angle. If we replace the shock dimo (the spring) by the
elastic reaction. Then we make the total monenhefforces for the axi®Y,
while the solid under forced displacement unit adiog to theX (Ax = 1), then
the sum are zero, we calculated:
¥ Mgy
k,
Similarly in the case of the solid under the forcgidplacement unit
according to the YAy = 1), we have:
o
z :% . (19)
y
And if the solid under forced displacement unitading to theZ (Az = 1), we
have:

(18)
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_ XM Oy . — M 0x

Xk kz ’ yk - kz .

In the formula (18), (19), (28 Y« % are in the stiffness center coordinates
of the coordinate systerXYZ Which is the sum of the corresponding
reaction moment which it appears in the spring damgt is taken for the axes
OX andOY under the system of forced shift in tkeand Y. That means that
whenAx = 1 andAy = 1. The total moment of the jet appears in thatmn of
the spring damper taken for the axeX and OY under the system of forced
displacement unitaccording to theghat meanaz = 1

Suppose, the main (of the linear displacement heddtation angle) which
has identical origin at the stiffness center. Wtreat force is ways same as one
of the coordinate axes will cause linear displaggnig ways of the cylinder.
Simultaneously with the moment coincides with ofi¢he coordinate system
will only cause rotation angle around this axis.

(20)

3. Example
At the flat problem when vibrating system has thdegrees of freedom,
two linear displacement ways mutual, perpendicubrd one rotate
displacement in a plane. Assuming rectangular doatel system origin @ of
the solid (Figure 3).

Z We put in the survey solid three joints
located at poinfO, two of the joints will
interfere with the linear displacement in
the X and Z, while the remaining joints
will impede the rotation displacement of

X the solid inXOZplane.

Continue to the solid the linear and
angle units displacements according to the
ways of the joints included. At that time
the joint will appear the jet, respectively

Fig. 3. R(_ec_tangular coordinate system by:
origin atO of the solid F11, To1, Fag WheNA, = 1: Iy, T2 I3, When
A, = 1; l13, 23, 33 When(Py =1. (21)

If we put force N and momentM_y on the solid, they will cause the

transition €, {) corresponding to wayX, Z and rotation angle in the plane
XOZaround axis.
We have:

Ny =€+ N+ g N, =08+ N+ o9 My=ry+ran+rqd . (22)
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At here:Nx = Ncosi, Nz = Nsino, corresponding are the projection of folde
onto the coordinate axesandZ, anda is the angle by ways of the vectéito
the axisOX.

If the coordinate systef®@XZ placed at the stiffness center of the vibrating
system, then:

13 ="r3="r3=rz=0. (23)
If you look at (23), equations (22) has the form:
Ny =R &+0 N5 N, =08+ My =r3 (24)

To determine the stiffness principal axis, when #lystem under linear
displacement, we have the conditions:
E=Wcosa ; n=Wsina; N,=AWcosa; N,=AWSsina (25)
With W — length total displacement vector, andre unknown quantity.
The conditions (25) gives us the related:
(rp1—A)coso+ry, Sim= C; r,,COSa+ry, ( 5~ )sim= C. (26)
Two equations (26) linearly independent if the dwisant of the
coefficients (sin and cos) have zero value, ie:
(ra=A)(r22=A) =T 2 1770 (27)

2
rtr / M
)\12: 112 224 (t 11 429 +r122 ) (28)

Depending on the values bf , we calculate the values of the angléy
the formula:

Inferred:

n1=A12 o]
- t=— . (29)
2 ro=A1o
We find tga; =-ctga,. This
means the two stiffness principal

axis thas found the mutual
perpendicular.
Suppose Xy and 7

i respectively two stiffness

principal axis of the linear

displacement,  with  original

stiffness center in mind O

i (Figure 4).

0 . ' i At that time (Figure 4) in the
k coordinate systerfdXz, stiffness

Fig. 4. The linear displacement, center coordinates can be found
with original stiffness center in mir@ by the formula:

tgay ,=

Zk
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_EMg, XMy,
k., Tk

With k, andk; are the stiffness of the spring damper accordinfé axe<
andz; ZMEy - The sum of the moment reaction occurs in thengpdamping,

taking to the OY axis is perpendicular to the solid surfas®Z under
displacement unit of the axis, ie whenAx = 1, Zng- The sum of the

moment reaction appears in the position of thengpdamping taken for the
axis OY, but when the solid under forced transfer unitsoading to theOZ
axis, ie whemz = 1.

4. Conclusion

We have observed that, the linear displacementratadion angle of the
solid markersare taken from a static equilibriunsippon, while only bear the
weight of solid material itself. So the problem @dsand studied here has a
certain significance for marine gravity projecfsthie displacement of a solid is
small, the balance of the vibrating system is stabllse wing vibration theory
[1,2], the concept of the stiffness axis for linetisplacement and rotation
angle as well as the concept of center stiffnessagine clearer picture of the
oscillations on coastal structures fixed (rig, tiyghuse tower ...) when
subjected to the forced transfer by waves.

The problem is that the damping springs arrangegitédly necessary, so
that their axes through the center of the stiffreggem and the fluctuations
coincide with the stiffness principal axis, the lipito preserve the stability
vibration are very good and calculate the fluctuagiare also a lot simpler.

In many cases it can replace the dynamic force motnent by the
equivalent static force set points coincide witle ttenter of the vibrating
system stiffness. This makes sense from the p@inster only to the dynamic
load bearing structure of the rig.
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Hane Cyan Yuone, Yan JJuk Tino
METO/I BUBHAYEHHS KOOPJUHAT IIEHTPY )KOPCTKOCTI I TOJIOBHOI OCI
JKOPCTKOCTI KOJIMBAJILHOI CHCTEMM 13 3ATACAHHSIM

VY crarTi mpexcTaBieHa METOAMKA BH3HAYCHHS HAMPSIMIB TOJOBHOI OCI JKOPCTKOCTI y pasi
JiHIHOrO 3CyBY 1 HPHMYCOBOrO I[OBOPOTY TBEpPAOrO TiNia, L0 B3a€EMOAIE 3 HABKOJIMIIHIM
CepeIOBHUIIIEM Yepe3 IPYXKHi OIOpPH.

Pe3ynbTaTi MOKa3yOTh, 110 B HAIIOMY JOCIIDKEHH] KOIMBAIBHOI CHCTEMH 3 AeMII(yBaHHIM
BH3HAYCHHS KOOP/MHAT LIEHTPY )OPCTKOCTI € HEOOXiJHIM.

K1040Bi ¢10Ba: IEHTP KOPCTKOCTI, TOIOBHA BiCh JKOPCTKOCTI.

Hane Cyan Yoione, Yan JJoix Tuns
METO/ ONPEJAEJEHUS KOOPAUHAT LHIEHTPA )KECTKOCTHU U I'TABHOM OCH
KECTKOCTHU KOJEBATEJIBHON CUCTEMBI C 3ATYXAHUEM

B cratee mpezncraBieHa METOAMKA ONPEAETICHUS HANPABICHHH TJIaBHOH OCH XKECTKOCTH B
cIydae  JIMHEHHOTO  CMEHIeHHs M NPUHYAUTCIBHOTO  IOBOPOTa  TBEPAOro  Tena,
B3aUMOJICHCTBYIOLIETO C OKPY)KarOIEH Cpelioi yepes ynpyrue ornopsl.

Pe3ynbpTaThl MOKa3bIBAIOT, YTO B HAIIEM HCCICJOBAaHUM KOJIEOATECIbHOW CHCTEMBI C
neMnpUpOBaHUEM OMPENENICHUEe KOOPAUHAT LIEHTPA )KECTKOCTH SABJISICTCS HEOOXOIUMBIM.

KaroueBble cjI0Ba: LIEHTp KECTKOCTH, TJIaBHAs OCh XKECTKOCTH.
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BIJIMB TEOMETPII JUCKOBOI'O MIKPO3PA3KA
HA BUBHAYEHHSA XAPAKTEPUCTUK MEXAHIYHUX
BJACTUBOCTEM CTAJII 45

Po3pobiieHo CKiHUeHHO—eJIEMEHTHY MOAEIb IS PO3PAaXyHKY Ae(OpMyBaHHS CTaIbHOI KyJlb-
KOIO JIUCKOBOTO Mikpo3pa3ka. Ha OCHOBI pe3ynbTaTiB YHCENbHOTO MOAEIIOBAHHS OLIHEHO BILIHB
reoMeTpii 3pa3ka Ha pe3yIbTaTU BU3HAUCHHS XapaKTEPUCTHK MIIHOCTI METOJOM IPOJABIIOBaHHS
JIICKOBOTO MIiKpO 3pa3ska

KirouoBi ci10Ba: MeTox MpoJaBIIOBaHHS JUCKOBOTO MIKpO 3pa3ka, YHCENbHE MOJCIIOBAHH,
XapaKTEPUCTUKH MIiLHOCTi

Beryn. MoxmMBICTb IPOJOBKHUTH pecype Ta 3a0e3MeYnTn HaJiiHICTh eKCILTY-
aTaIlii BiIMOBITATEHOTO O0JaTHAHHS B 3HAYHIN Mipi 3aJIe)KUTh BiJ] 3HAYESHHS MOTO-
YHUX MEXaHIYHUX XapaKTEPUCTUK KOHCTPYKIIHHUX MarepiaiiB. 3acTOCYBaHHS
KJTACHYHUX METOIIB MEXaHIYHIX BUIIPOOYBAaHb HA PO3TAT B PSIJIi BUITA/IKIB HEMOXK-
nmBo Ge3 TIOMKOKeH s (pyHHYBaHH) KOHCTPYKITiH, TaK SIK IS IPOBEICHHS BU-
poOyBaHb HEOOXiTHO BUTOTOBIISTH 3pa3kd. ToMy B psijii BUITAAKIB JOIUIHHO 3a-
CTOCOBYBATH HETIPSIMI METOAN BU3HAYCHHSI MEXaHIYHUX XapaKTEPUCTHK.

Cepell HEPSIMUX METOJIB BHU3HAYCHHS XapAaKTEPUCTHK MEXaHIYHUX BIIAC-
TUBOCTEH METaJiB BXKJIMBE MiCIle 3aiiMae BiJOMUI CBOIMH TiepeBaraMH i mep-
CIICKTHBOIO METOJ| MPOJABIIIOBAHHS JUCKOBOTO MIKpO3pa3ka, 1[0 OTPUMAaB B
aHTTIOMOBHIH niTepatypi HasBy Small Punch Testoo SP-test [1-3]Merox 6a-
3YETBCS Ha peecTpartii npouecy Ae(GopMyBaHHS CTaTbHOIO KYJIbKOI TUCKOBOTO
MIKpO3pa3Ka, KU )KOPCTKO 3aTHCHYTHH B CIEIiallbHOMY MpUCTpoi. Peectpa-
IIisl TPOIIeCy BiIOYBAETHCSA Y KOOPIMHATAX «HABAHTAXKEHHS F, 110 mpukiama-
€TBCS 10 KYJIbKH — IIMOMHA MPOABIIOBaHHS U IMCKOBOTO MIKpO3pa3Ka».

Ha cboromni MeTo 3HaXOMUTHCS Ha CTadii PO3BHTKY. €BpONEHCHKUM KO-
MITETOM 31 CcTaHmapTu3aiil po3pobieHo AoBigkoBuii mokymeHT CWA
15627.2007 [4]IIpoTe miABHUIIEHHS TOYHOCTI BU3HAYEHHS XapaKTEPUCTUK Me-
XaHIYHUX BIIACTUBOCTEH METAiB, SIK 1 paHille, 3aJIMIIAEThCs HAA3BUIANHO Ba-
JKIIMBOKO 1 aKTyaJbHOIO 33/1aYCI0 MEXaHIKH MaTepiaiB.

B pamkax 1i€i po6oTH po3po0IIeHO CKIHUCHO-EIEMEHTHY MOZEIb Ul Y-
CEJILHOTO MOJICITIOBAHHS TPOIleCy NehOpPMYyBaHHs CTAIBHOK KYJIBKOK TUCKO-

O Xapuenko B.B., Katok O.A., Makaes A.I'., Kongparenko 1.C.
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BOTO MiKpoO3pa3ka 3 METOIO OIliIHKH BIUIMBY I€OMETpii 3pa3ka Ha BU3HAUCHHS
XapaKTEPUCTUK MIITHOCTI METOJIOM TPOJIAaBIIOBAHHS JUCKOBOTO MiKpO3pa3Ka.

Po3paxyHkoBa Moeab JJisi MOJETIOBAaHHS mNpouecy aedopmMyBaHHs
KYJILKOIO IHCKOBOT0 MiKpo3pa3ka. HrcenbHe MOJENIOBAaHHS Mpoliecy nedo-
PMYBaHHS CTAILHOIO KYJIbKOIO TUCKOBOT'O MiKpO3pa3Ka MPOBOHIH 3 BUKOPHC-
TaHHSAM TPOTPAMHOTO KOMIUIEKCY, 0 0a3y€eThCS HA METOMI CKIHICHUX elieMe-
HTiB. BHacnmigox ocboBOi CHUMETpii pO3MIISAANM BiCECUMETPHUYHY KOHTaKTHY
3aja4yy B MPY>KHO-IIJTACTHYHINA TTOCTAHOBIII.

I'eomeTpuuHi mapaMeTpu Mozedi BUOpPaHO 3 ypaxyBaHHSM OCOOJIHMBOCTEH
KOHCTPYKLIT By3Jla BUMipIOBaHHS MIMOWHM MIPOJIABIIOBaHHS AUCKOBOTO MIiKpO-
3paska nabopatopHoi ycraHoBkr UTM-20 HT [5]i npeacrasneno Ha puc. 1.

VY po3paxyHKax BHKOpHC-

TOBYBAIIM MPYXKHO-TIACTUYHY 1,.2¢

MOJIeNIb Matrepialy 3 ypaxy- 1

BaHHSM TPOIECY TOMIKOA-

JKEHHS 1 pyHHYBaHHSI MaTepia- W |0 W
ay. YV SKOCTi MOJEIBHOTO Ma- 'ir’- ole|e
Tepiany BuOpaHo ctanb 45 B 2 1.5

CTaHI TIIOCTaBKM 3 Xapakre- ==
puctukamu  6,=677,6H/nun?, 1,2

00 =348 Hlrr 3 —

E=199600H/u»*.  Innentop 4 —

MOJICTIIOBAJIM  MPY)XHUM  Ti- 2

JIOM: MaTepias KyJbKH - CTalb 5 — | 4

IIX15; marepiam ompaBu —

crans 40X13. BepxHo il Hu- . .
Puc. 1. I'eomeTpuuHi mapaMeTpH PO3pPaxyHKOBOI

JKHIO 3aTHCKH1 Marpull MoO- MOZEI YMCENBHOrO MOZCIIOBAHHS IPOLECY Je-
JEIIOBAIM iJ€a]bHO YKOPCT- (OpMyBaHHS CTANBHOIO KYJBKOIO IHCKOBOTO MiK-
kuMu  Timamu. Ilpomec mo- pospaska: 1 — MyaHCOH ONpaBuM iHICHTOpA;

2 —xynbKa; —3pa3ok; 415 —BepxHs 1 HIKHI 3aTH-

MIKOJOKCHHS 1 PYUHYBAHHA cki MaTpuLi

Marepialry BpaxOBYBaJIH 3a

nonomororo moaeni GTN (Gurson-Tvergaard—Needleman) [Blogens GTN
OIUCYE TOBEIIHKY B'SI3KOTO MOPUCTOTO MaTepially i BpaXxoBYe SK YTBOPEHHS i
picT 1op, Tak i MexaHi3M B'SI3KOT0 pyWHYBaHHS, BUKJIMKAHUH X 37IHTTSM.

Ha puc. 2 HaBeneHO po3paxyHKOBY cXeMy 3 (parMeHTaMH CKiHYEHO-
€JIEMEHTHOTO PO3OUTTS B 00J1aCTi KOHTAKTy AMCKOBOTO MiKpo3pa3ska i iHIeHTO-
pa. InnenTop i 3pa3ok MOAENIOBAIM BiCECHMETPUYHHMHU YOTHPUKYTHHMH elie-
MEHTaMH.

ITepemireHHs 3pa3ka B OCbOBOMY 1 B paliaJJbHOMY HampsMKax 0OMeXyBaH,
K II0Ka3aHO Ha puc. 2. HapaHTa)cyBaHHS OonpaBH iHAEHTOpa 3IIHCHIOBAJIN [IJIA-
XOM 3aBJIaHHA IIepEMIIIIEHHS Ha BEPXHBOMY TOPII OIPaBH B OCLOBOMY HAIIPSMKY
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(mo oci Y). Jliast MomeMOBaHHS B3a€MOJIil OYyJI0 CTBOPEHO IBI KOHTAKTHI MapH:
MyaHCOH OIPAaBH 1HAEHTOPA - KyJbKa it KyJbKa - 3pa3ok. [Ipu MozentoBaHHi B3a-
€MOIii KOHTAaKTHOT Iapu KoedimieHt tepts npuiimanu 0,18,3rigHo [7].

JI7s OIIIHKK TOYHOCTI pPe3yJbTaTiB YUCEIBHOTO MOCIIOBAHHS TIPOIIECY Je-
(dhopMyBaHHS KYJIBKOIO JUCKOBOTO MiKpO3paska OyJio PO3TIIHYTO PO3PaxXyHKO-

Puc. 2. Po3paxyHkoBa cxema Ui MOJe-
JIIOBaHHS TIpolecy JepopMyBaHHS CTa-
JIBHOIO KYJBKOIO JIICKOBOTO MiKpO3pasKa
#  (parMeHTH CKIHYCHO-EIEMEHTHOTO
po30UTTS B oOyacTi KOHTaKkTy 3paska i
KYJIbKH

800 1
600 1

400 1

200

O T T T
1,5U, am

Pucynox 3. JliarpamMu HpoOAaBIIFOBAHHS
JIICKOBOTO MiKpo3paska crami 45 B koop-
IUHATaX <«HaBaHTaXeHHA F — rimbuna
TIPOJIABIIIOBAHHA U» MOOyMOBaHi 3a pe-
3y/lbTaTaMH EKCIICPUMCHTAIBHUX JaHHUX
(cyuinbHa miHIS) 1 YMCEIBHOTO MOZEIO-
BaHHsA (A)

Bi CXeMH 3 Pi3HUMHU pO3MipamMu CKiHYe-
nux enemenTiB (CE) B ob6nacti koHTaK-
Ty 3paska: 0,1mm; 0,05mm; 0,025mm i
0,01mm. bamspki pe3ynabpTaTH 3aliex-
HOCTE!l HaBaHTa-)KEHHSI Bij TIIUOMHHU
MPOJIABIIIOBAHHS JIMCKOBOTO MiKpO3pa-
3ka  OTPUMAHO [l  CKIHYCHHO-
eJIeMEHTHHX CiTOK i3 po3mipamu CE y
3oHi npomasmoBanHs 0,025mm i
0,01mm. ToMy B MOJANBIIMX PO3PAXY-
HKaX BHKOPHC-TAHO  PO3PaXyHKOBY
cxemy 3 posmipamu (CE) B 00acTi Ko-
urakTy 3paska 0,025mm.

CTBOpEHY PO3paxyHKOBY MOJICTb TIe-
PEBIPSUTH IUIAXOM MOPIBHSHHS €KCIIePH-
MEHTAJIbHUX JiarpaM M[poJIaBIIOBAHHS
JTIUCKOBOTO MIKpO3pa3ka B KOOPIUHATAX
«HaBaHTaXeHHS F — rimmbuHa npoaBmo-
BaHHS U» 3amicaHux Ha yctaHoBii UTM-
20 HT, 3 giarpamamu, moOyI0BaHUMH 3a
pe3yJbTaTaMy YHCENBHOrO MOJICITIOBaH-
Hi. 3iCTaBICHHS WX Jiarpam Jyist cTaii
45 nokazano Ha puc. 3.

PospaxynkoBa miarpama medopmy-
BaHHS KYJBKOK JHUCKOBOI'O MIKpO3pa3s-
Ka 1 pe3yJabTaTH eKCIIEPUMEHTIB, OTPH-
MaHUX Ha JabopaToOpHiil yCTaHOBILI
UTM-20 HT Ha cragisx mpy>kHOTO Je-
(dbopMyBaHHS AUCKOBOTO MiKpO3paska
cmiBnmamaroTh. Ha cramisx mpyxHO-
TUIACTUYHOTO Je(OPMYyBaHHS Ta MeEM-
OpaHHOTO BWTATYBaHHs TUCKOBOTO Mi-
Kpo3pa3Ka BIIXHJICHHS 3HaYeHb HABaH-
TakeHb He mepesuirye 3%. Makcuma-
JbHE BIOXWICHHS PO3PaXyHKOBUX 1
EKCIIePUMEHTAIBHUX JaHUX CIOCTEepi-
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raeThesl MPH 3apOJPKEHHI OCHOBHOI TPILMHHU B 3pa3ky. lle MO)KHa MOSCHUTH
BIIMIHHICTIO MK PO3paXyHKOBHM Ta pEaJbHUM IPOIECAMH TOIIKOKSHHS
Marepianxy Ta po3BuUTKOM Tpimuuu (puc. 4). B mporieci MogeoBaHHs MOIIKO-
JOKEHHSI PO3BHBAETHCSI CAMMETPHYHO BiJTHOCHO LEHTPY 3pa3Ka, TOJI SK B €KC-
TIEPUMEHT] CUMETPUYHICTh PO3BUTKY TPIIIUHU HE CIIOCTEPITAETHCA.

a 6

Puc. 4.TlopiBHAHHS EKCIIEPUMEHTAIBHOI (a) Ta pO3paxyHKoBOI (0)
KapTHH PO3BUTKY MOIIKO/DKEHHS Ta TPILIMHK B JUCKOBOMY MiKpO3pa3Ky

BB reoMerpii IUCKOBOro MiKpo3pa3ka Ha pe3yJbTaTH PO3PaXyHKy
XapakTepucTUK MinHocTi. [Ipy BUTOTOBIEHHI 3pa3KiB Ui BHNPOOYBaHb Me-
TOIOM MPOIABIIIOBAHHS IUCKOBOIO MIKpO3pa3ka rpaHHY-HE BiIXUICHHS IO TO-
BimHI Moxe csrati £0,01mm. 3 METO0 JOCHIHKEHHS TeOMETPIi TUCKOBOIO
MiKpO3pa3Kka Ha BU3HAUEHHS XapaKTEPUCTUK MEXaHI4-HUX BIACTHUBOCTEH cTaji
45 mpoBeleHO CKIHYCHO €JICMCHTHE MOJICIIOBAHHS 13 TOBIIMHOKO 3pa3KiB
0,49mm; 0,495mum; 0,5mwum; FH A
0,505mm 1 0,51 mm. '

Ha puc.5 npencrarneno
pO3paxyHKOBI Jiarpamu nego- 1800+
PMYBaHHSI TUCKOBUX MiKpO3pa-
3kiB  TOoBUIMHOK  0,49mn;
0,495mn; 0,5ma; 0,505um 1
0,51mm CTaNBHOI KyJIBKOIO
miametpom 2,5mm B KOOpIH- 900 1
Hatax «HaBaHTa)XKCHHS — TJIH-
OWHa TPOAABIIOBaHH». Pucy-

13504

HOK HAO0YHO JEMOHCTPYE, IO 4507

BUIIAT JiarpaM 3aJIeKHUTh HE

TINBKA BiJl BJIACTUBOCTEH Ma- 0 T T T T |
Tepiany, a ¥ BiIl po3MipiB BH- 0 045 09 135 18 Ny

npoOyBaHoro 3paska. [Ipu Big-

. . Puc. 5. PospaxynkoBi mgiarpamu aedopMyBaHHS
XWJICHH1 TI0 TOBIIHHI 3pasKa B PaxyH fuarp A CI) DMYB

JIACKOBUX Mikpo3paskiB ToBmuuoo 0,49mu (m);

mexax + 0,005um me meHu 0,495 6): 0,5 @); 0,505 §) i 0,51 (o) crams-
IIOMITHO, TOII SK npu BiaXu- HOK KYJIBKOK JiaMeTpoM 2,5mm KOOpAHMHATaX
JIEHH] TI0 TOBIMHI B MeXax * «Haanraxeuns F — ru6ina npoaBIioBanHs Uy»

0,01lmm poskun miarpaM mpu
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MaKCHMaJbHOMY HaBaHTa)keHHi csirae 3,5 %.

[ITo6 mo30aBUTHCS BILUIMBY TeOMETpIi 3pa3ka NMpH BU3HAYEHHI XapaKTepuc-
THK MEXaHIYHUX BJIACTHBOCTEH HA TPAKTHIN 3aCTOCOBYIOTH KOPEIAIiiHI 3ae-
XHOCTI [3, 4], 1e B 3HAMEHHUKY NPHUCYTHs TOBIIMHA 3pa3Ka;

F
Go,zzat_zy' 1)(

Je a — koedilieHT Kopensanii; Fy — HaBaHTa)KeHHS y TUCKOBOMY MiKpO3pa3Ky B
MOMEHT TI€peX0/y BiJl MPY>KHOI 10 NpyXXHO-IuTacTh4Hoi nedopmanii; t — ToB-
LIVHU 3pa3Ka.

08=B1d::‘7ax+[32, @

B11 B2 —xoedimienTn Kopensuii; Fmnax — MaKCHMaIbHOTO HABAHTAXKCHHS Y ANC-
KOBOMY MiKpO3pa3Ky Tepel pyHHyBaHHIM; { — TOBIIIMHY 3pa3Ka.

Pe3ynbraTy BUSHAYCHHS TPAHUIIL TUTMHHOCTI 1 TPaHUII MilTHOCTI cTamm 45 3a ma-
paMeTpamMH PO3paxyHKOBHX Jiarpam JeopMyBaHHS THCKOBUX MIKpO3pa3KiB Pi3HOT
TOBIIMHM 13 3aCTOCYBaHHAM KOPEISIIHHKX 3anexHocrel (1, 2) mpeacTaBieHo B
Tabi. 11 Tabm. 2 BianoBigHo. IIpy BU3HAYCHHI XapaKTEPUCTHK MIITHOCTI 3HAYCHHS
KOE(DIIEATIB KOPEIAIIii MiXK XapaKTepUCTUKAMH MEXaHIYHUX BIIACTUBOCTEH, BU3HA-
YEeHHX i3 pe3yNIbTaTiB BUMPOOYBaHb 3pa3KiB Ha OJHOBICHHI PO3TAT i TIapameTpaMu
Jiarpamu nedopMyBaHHs JUCKOBHX MIKPO3PasKiB B3ATi i3 pobit [2, 3].

I3 manwx, HaBemeHux B TaOm. 1 i1 2, BUTIKae, M0 PO3KUJA 3HAYCHH TPAHMII
TUTMHHOCTI 1 TPaHWI MIIHOCTI, SIKI BU3HAYEHI 32 MapamMeTpaMH pO3paxyHKOBUX
JiarpaM MpoIaBIIOBaHHS TUCKOBUX MIiKpO3pa3KiB pi3HOT TOBINUHU cKianae 1,3 %oi
0,3 %oBianosiaHO. Ciij] BiI3BHAYKNTH, IO TOYHICTH OI[IHKA XapaKTEPUCTHUK MIllHOC-
Ti 3aJICKUTH BiJl allpoOKCUMaLii iarpaM nehopMyBaHHs MPU BU3HAYCHHI MapameT-
piB Fy Ta Froay

Tabmums 1

P03anyHKOB1 peSyJ'II)TaTI/I BHU3HAYCHHA I‘paHI/IHI IJIHHHOCTI Go,2 crami 45
3a napaMeTpamMun Z[lal"paMI/I ,He(l)opMyBaHHﬂ JHUCKOBHX MleO3paSK1B
p13H01 TOBIIMHHA

Ne ToBuMHa MiKpo3pa- Koegimienr ko- I'paHuLst MIMHHO-
/1 3Ka, MMp b peg;[uil' a[2] Fy/tz’ Mlla pCTi 6.0, MIla

1 0,4¢ 867,5 312,:

2 0,49t 8692 312,¢

3 0.t 0,36 869,¢ 313,(

4 0,50¢ 874,¢ 314.,¢

5 0,51 879,- 316,F
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Tabmaums 2

P03anyHKOB1 p€3yJ'II>TaTI/I BHU3HAYCHHA I‘paHI/IIII MIIIHOCTI Og craii 45
3a napaMeTpamMu ,Hlal"paMI/I Z[e(i)OpMyBaHHH JHUCKOBHX Mle03pa3KlB
p13H01 TOBIIWHHA

No ToBumHa Mikpo- Koedimienr kopemsii o [2] F yltz, I paHiusd Mi-
n/n 3paska, Mm B B, Mlla HHX/[CIT;;“’
1 0,4¢ 2028, 536,7
2 0,49¢ 2057 538,(
3 0,5 77 218 2080,. 538,
4 0,50¢ 2098, 538,(
5 0,51 212: 538t

BucHoBOK. P03p0o0cHO CKIHYCHO-CJIEMEHTHY MOMACIb I PO3PaxyHKY
Jne(OpMyBaHHs CTAIBHOIO KYJIBKOIO JAUCKOBOIO MIKpO3paska. Pe3ynbTatu um-
CENIbHOTO MOJICTIOBAHHS IMiTBEP/DKEHI EKCIIEPUMEHTATBHUMHE JliarpaMamMu
nedopMyBaHHS JAUCKOBUX MIKpO3pa3kiB B KoopauHaTax «HaBaHTaXeHHS —
rIMOMHA TPOAABIIOBAHHS», SIKi OTpuMaHo Ha ycraHoBUi UTM-20 HT. Ha oc-
HOBI PE3yJIbTATIB YUCETBHOTO MOJICTIOBAHHS JOCIIKEHO BILIMB F€OMETPil Ju-
CKOBOTO MiKpO3pa3Ka Ha OI[IHKY XapaKTepUCTHK MilHOCTI. [loka3aHo, 110 npu
BUTOTOBJICHI JIUCKOBUX MIiKPO3Pa3KiB i3 BiIXWJICHHSM IO iX TOBIIWHI B MEXax
Big 0,49 mo 0,51 MM MoOKe TpPU3BECTH A0 30LIBIICHHS MOXHOKH PE3yJIbTaTiB
BH3HAYEHHS TPaHUIII MIITHOCTI 32 TTapaMeTpaMH JiarpaMu nedhopMyBaHHS TUC-
KOBHUX Mikpo3paskiB 10 1,3 %,rpanuni mmaHOCTI — 0,3 %.
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Xapuenxo B.B., Kamok O.A4., Makxaeg A.I"., Konopamenxo U.C.
BJIMSIHUE TEOMETPUU IUCKOBOI'O MUKPOOBPA3ILIA HA ONTPEJAEJIEHUE
XAPAKTEPUCTUK MEXAHUYECKHUX CBOMCTB CTAJIU 45.
Pa3paboTaHO KOHEYHO—DIEMEHTHYIO MOJENb Ul pacuera 1e(hOpMUPOBAHHS CTAIbHBIM LIAPUKOM
JIUCKOBOTO MHUKpooOpasna. Ha 0CHOBE pe3yibTaToOB YHCIEHHOTO MOJCIHUPOBAHMS OLCHEHO BIIMS-
HHUE TeOMETpUU 00pa3lia Ha Pe3yNIbTAaThl ONPENCICHUS XapAKTEPUCTHK MPOYHOCTH METOJOM IPO-
JIaBJIMBAHHS THCKOBOTO MUKpOOOpasLa.

KioueBble ciioBa: MeToq NpoJaBiMBaHus AUCKOBOIO MHUKPOOOpasLa, YUCICHHOE MOJICIH-
pOBaHKE, XapaKTEePUCTUKU IPOUYHOCTH.

Kharchenko V.V., Katok O.A., Makaev A.H., KondrkbelS.
INFLUENCE OF THE DISK-SHAPED MICROSPECIMEN GEOMETRY
ON THE CHARACTERIZATION OF THE MECHANICAL PROPERTIES OF STEEL 45
The finite element model is developed for calculgtthe deformation of the disk-shaped mi-
crospecimen using a steel ball (the small ball putest). Based on the results of the numerical
simulation, the influence of the specimen geometrthe calculation of the strength characteris-
tics is evaluated by the small punch test method.

Key words: Small Punch Test, numerical simulation, strergtharacteristics.
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PARAMETRIC RESONANSE IN STATICALLY INDETERMINATE
FRAMES

The technique for development and reduction of rdiscdynamics models of frames is
presented. Construction of the models is carried using finite element method, generalized
coordinates and tools of modern computer softw&terametric resonance in a statically
indeterminate frame caused by external excitati®isvestigated. Main instability domains of the
frame are determined.

Key words: parametric excitation, reduced model, bucklingerigodes, dynamic instability
domain.

The problem under consideration is parametric raso@ in statically
indeterminate frames caused by external influendes.obtain equations
describing parametric oscillations of frames one aae equilibrium equation
for static stability problems taking into considéa inertial forces and some
components of frame unexcited state which may dépantime. It is believed
that the ratio between the excitation frequency tredlowest eigenfrequency
of the frame in the unexcited movement allows toplapquasi-static
approximation and to neglect some displacementdewtietermining the
unexcited stress-strain state of the frame.

Operator equation which describes parametric asicilis of statically
indeterminate frame [1] is

MU (t)+] K~(a+Bf (t))Ks | u(t)=0, @)
where M , K are inertial and elastic operatoﬂ%G is component of operator
of parametric forces presented in the equation wdsgstatic equilibrium.
Domain of the solutionsv(i,t) of equation (1) coincides with the domain of

definition of the operatd-{. Operator$71 ,IZ,}ZG are positive definite.

Equation (1) is written for the case when the paataia force are specified up
to two factors, one of whicho describes the static component of external

influence while the secon@f (t) corresponds to a component that varies in
time.

O Vorona Yu.V., Luk’yanchenko O.0O., Kostina O.V.
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For numerical computation the transition from thpem@tor equation (1) to
discrete dynamic model is carried out using thafialement method. Discrete
dynamic model is written as ordinary differentigbations

Mu (t)+ K~(a+Bf (1)) K | U(1)=0, @)
where U(t):(U,l(t),uz(t),...,un(t))T is the vector of nodal displacements,

M ,K,Kg are matrix mass, stiffness matrix and geometiftness matrix

respectively. Reducing of the discrete model (dsormed with the help of
the method of generalized coordinates taking iotmant the characteristics of
parametric excitation.

Nontrivial solution of system (2) can be approxiethby the expression

ut) = wit). 3)(
where thenxm - matrix V = (T/l,\72,...,\7m) is determined by the system of
basis vectorgv,}™, and y(t) = (w(t),y,(t),....ym(t))" is vector of generalized
coordinates. Substituting (3) in the (2) we obttdia system ofm ordinary
differential equations in terms of the vec}(@r): (yl(t),yz(t),...,ym(t))T
components

VIMVY(§)+] VT KV=(a+B f(§) V' K V] }=0. @)
System (4) may be written as
M*g—}(t)+[K* ~(a+pf (1)) K*G]y(t):o , (5)

where reduced mass matiM ", stiffness matrixk” and geometric stiffness
matrix K*G of dimensionmxm are given by
M"=VTMV, K" =VTKV, Kg =VTKV.
We acceptm to be much less tham (m << n). The adequacy of the

model (5) is verified by examining internal convenge with increase af or
by use of other basis vectors.

In this paper the development of the reduced mé{sletuns using finite
element analysis program NASTRAN [2]. Since thisgpam, as well as other
standard programs do not contain procedures foermhiting the reduced
matricesM” K" K5, one can take advantage of a procedure for estigntite

system response to a given field of displacementi.e. the procedure for
computing the vectorKv, where K is stiffness matrix of a structure in a
whole. The vectorsMv, KgV can be determined applying such a procedure.

Also the procedures for solving the inverse problehstatic equilibrium as
well as procedures for modal and buckling analgistsused.
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The governing matrix equation for modal analysia atructure is
(k-w?M)$=0. (6)
Let w, (k=12,...m) be a vector of the discrete model eigenfrequencies
and &, =(Bue, Borr - O)’ (k=1,2,..0m) be a set of its eigenvectors. Then
the orthogonality conditions of the eigenvectfig} = are
T
Mo, =0,
alT o (i)
¢; K¢; =0.
Using a subset of the eigenvecttﬁiﬁ} 2 the approximated displacement
field may be expressed as

_m
v ad;. 7)(
i=1
where
0KV
& K§; /@
Using (6) one may obtain
M, =é Ko;. 9)

Furthermore, left multiplying both side of (7) byass matrixM and taking
into consideration (9) we get

o m m 3
MV), g M; 0D — K@;. (10)
iz i=1

The procedure for solution of static buckling pevhl may be used for
computing the vectoKsVv . The problem of frame stability may be expressed
as

(K+AKg)P=0. (11)

Let A, (k 212,...,mZ) be critical values of (11)$k:(LTJl, Uy, ...,lj_sz) is
a set of buckling eigenvectors. Due to assumptiorede above about
properties of the matricel§ and K these vectors are orthogonal

P, KsP;=0, .
ﬁJHZﬁ:o (i#]). (12)
j i~
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Using a subset of buckling elgenvect(§$,} displacement fieldV can
be expressed approximately as

o m
v DZ:l ;. (13)
Similarly to (10) one can write

_ 2 b
KoV Y —5- K (14)

= M

where

b= m. KT, (15)

Thus the problem of determining the vectiz;v can be regarded as
solved.

Next we can introduce subset of vect§fs} = and{@;}2 of the same
dimensionm, i.e. m; =m, =m. Using the above equations one can write
MV =K®Q T KV, (16)
KoV =KWAWTKY, (17)
where the matrices®=(®,, §,,....0,,) and W=(y, P, ...,J,,) have
dimension nxm, whereas matrices Q‘1=diag(ug2,w§2,...,w;12) and

A'1=diag()\l'2,)\§2, ...,)\%2) are diagonal.

Reduced mass matri ", stiffness matrix K" and geometric stiffness
matrix K are calculated using relations

M™=VTKeQ2dTKY, (18)
K =VTKV, (19)
K=V KWATWTKY, (20)

This paper mainly deals with the reduction of emuest which describe
statically indeterminate frame parametric oscitlatexcited by the influence of
vertical axial loads. Geometrical and mechanicarabteristics are taken as
follows

- for the cqumns

F=0.007569M , |, = y=4.7741x 1¢ M, J=8.0617x 10 nf
E=2.06x18" Pa,n=0.3, p=7800 kg/ni;
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— for the horizontal beams
F=0.007569 rfi , |,=1,=4.7741x 10 i , J=8.0617x 10 ni ,

E=1.0x10° Pa,n=0.3, p=100000 kg/m.

Finite element model of the
frame is shown in Figure 1. Mode = -
contains eight nodes and nin
spatial beam elements with si
degrees of freedom at each nod s
The frame is rigidly attached to the B 24
surface. Displacements along the
axis and rotation around theaxis
are restricted at others nodes. .

Parametric oscillation of the By 38
frame with rigid horizontal beams
can be described with the reduce
system of equations (5) using onl

. . - —- E S 4
one spatial variable - linear T izssss 123455
horizontal displacement along the .
X axis Figure 1. Finite-element model of the frame

M X (0)+] K ~(a+Bt (1)) Ks |X(1)=0, (21)
where i(t) { () () (t)} is a displacement vector. The parametric

excitation is given byP(t) R+ R=a+PBcosBt and & is the excitation

frequency.

The tools of the FEM program NASTRAN is used to poie the reduced
mass matrix, stiffness matrix and geometric stggmatrix.

The generalized eigenvaluproblem (6) was solved using Lanczos's
method. Hereinafter only the first three eigenmodieswn in Figure 2 are
taken into account to reduce the computation. Nibigt all the three
eigenmodes are antisymmetric.

The numerical values of the eigenvectors elemeaetgigen below.

0 0 0
—0,004103 —0,010091 +0,009256
—0,008458§ —0,005731 —0,009994
—0,0109664 +0,008502 _ | +0,004405
{¢n1}: 0 ’ {5“2}: 0 ’ {¢n3}_ 0 . (22)
—0,004103 —-0,010091 +0,009256
—0,008458§ —-0,005731 —0,009994
—0,010966 +0,008502 +0,0044085
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Buckling analysis of the frame loaded by axial &wc(Figure 1) was
performed in accordance with equation (11) usingcizas's method. Critical
loads A;, A,, A5 and correspondent buckling modegs, ,, {; are depicted

in Figure 3.

w = 48498 w, =14,6128 w, = 23,146 8

Figure 2. Eigenmodes and eigenfrequencies of dredr

i
/; |

/.
A

A, = 306729,8 N , =438837,7 N A, = 859537,6 N

Figure 3. Buckling eigenmodes and correspondirticativalues

The numerical values of the buckling eigenmodesaar®llows

0 0 0
+0, 636694 —-0,077949 -0,311108
+0,949051] -0,022808 +0, 719202
_ +1,0 _ -0,002823 _ +1,0 23
R R (T TR (/P E R

+0,636694 -0,077949 -0,311108
+0,949051 -0,022808 +0, 719202
+1,0 -0,002823 +1,0

Note that buckling eigenmodes are antisymmetriwvels
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The reduced mass matrix is calculated using equatidl8) and is
approximately the unit matrix

M" = diag[1,008058 1,005287100176§, (24)
which indicates that eigenvectors are normalizeth wespect to the mass
matrix.

Solving the inverse static problems one can detexnthe structure
responseKd,, Ko,, Ko 5 to given field of displacements in the form of rabd
eigenvectors as well as responke],, Ki,, K, to displacements in the
form of buckling eigenmodes.

The reduce stiffness matrik~ is computed in accordance with (19):

23,5954 0 0
K'=|0 2136121 0 |. (25)
0 0 535,5765

The matrices®' KW and WTK® were obtained on purpose to compute
the geometric stiffness matrilﬁ3 accordingly to equation (20):

[-2504,164 0 0
OTKY = 0 7703229 O , (26)
|0 0 -14189,69
[-2443251 0 0
WYKo = 0  7548,467 0 : (27)
0 0 -14163,09
The reduced geometric stiffness matrix is
066x10* 0 0
Kg = 0 334x10* 0 . (28)
0 0 3,59%10*

The reduced dynamic model of parametric oscillaionf statically
indeterminate frame is written as a system of ehsacoupled second order
differential equations

% (1) + 4,858 1- 0,276a+B coBt)x 10| (1)=
%(1)+14,618| & 0,156a+B cdt)x 10 (1)= ( (29)
%(1)+23,148[ ¥ 0,06(a+B ccht)x 10)x(1)=
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Instability domains are areas in which any init@éviation increases
indefinitely with time, i.e. undeformed shape ok tframe is dynamically
unstable. To determine the boundaries of the mamains of our frame
instability the Bolotin’s equation [1] can be agali

[K*—(ui%[.’;) K. —71192 M }:o. (30)

The parametric oscillations become unstable wherogie or almost
periodic solutions with periods 2T of the differahiequations (29) exists. It is
known that main resonances occur at frequenciesxtarnal load twice the
eigenfrequencies of frame loaded by axial loadg]3

Let us consider the dynamic stability of the franmeler parametric load

with  static componentO(:[O; 0,25; O,$)\ and dynamic component

B=[0,00% 0,3A. The main instability domains near the first three
eigenfrequencies are shown in Figure 4.

B B B
2a, 2oy L

v 1 .
100 . 100 1,00 .
! < T
e 2 1) 0 i

0@ 3 L) 08
LEY 040 040
0; 0.0 0.0
0w ﬁ 0,0 0,0
000 040 0x0 030 04 05 I' 000 o010 020 030 040 oa Iz 000 010 i) L) 00 L52) I}

Figure 4. Main instability domains

The instability tongues in this figure are shadeits 1, 2, 3 indicate the
areas defined for the parameteralue equal to 0, 0,25 and 0,5 respectively.
One can see that if the static component of parimekcitation is absent

(0(=O) then the instability region starts with a frequemnd disturbing force

that is twice the unloaded frame eigenfrequencyehiVthe static component
has nonzero value then the parametric resonandesbeith the frequency of
disturbing force which is twice the eigenfrequerdythe frame loaded with
axial loads. The width of the main instability ddng decreases with
increasing of eigenfrequencies. Contrariwise thealthviof the resonance
tongues increases slightly when the static compadmes larger values.
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Bopona FO.B., JIyk’ anuenxo O.0., Kocmina O.B.
IMAPAMETPUYHHI PE3OHAHC B CTATUYHO HEBU3HAYYBAHHMX PAMAX
IIpencraBneHo METOAMKY MOOYIOBU PEAyKOBAHUX JAUCKPETHUX IHHAMIYHUX MOJENCH pam i3
3aCTOCYBAHHSIM METOAY CKIHUCHHHX EIIEMEHTIB, y3arajJbHEHUX KOOPAUHAT i MPOLEAYp Cy4acHOTrO
nporpamHoro 3abesmedeHHs. Jlocnmi/pkeHa CTIMKICTP HapaMETPUYHHMX KOJHMBAHb CTaTHYHO
HEBHU3HAYYyBAaHOI paMM, CIPUYMHCHHX 30BHIMIHIM BIUIMBOM. Bu3HaueHni romoBHi o6macti
JIMHaMIYHOT HECTIMKOCTI paMu.
KurouoBsi ciioBa: nmapamerpuyHe 30yDKeHHs, peayKoBaHa MOAEIb, GOPMH BTpaTH CTIHKOCTI,
00J1aCTh TMHAMIYHOI HECTIHKOCTI.

Bopona FO.B., Jlykeanuenro O.A., Kocmuna E.B.
HAPAMETPUYECKHM PEBOHAHC B CTATUYECKHU HEOINPEJEJIUMbIX PAMAX
IlpencraBieHa MeTOAMKA IOCTPOCHHS PEIYLHPOBAHHBIX JUCKPETHBIX JAWHAMHYECKUX
Mojeneld paM ¢ NPUMEHEHHEM MeETOJa KOHEUHBIX JJIEMEHTOB, OOOOIICHHBIX KOOPIMHAT M
NMPOLIEAYP COBPEMEHHOrO  INPOrpaMMHOr0  obecredeHus.  lccnenoBaHa — yCTOWYHMBOCTH
napaMeTpUYecKuX KoneOaHWil CTaTHYeCKH HEOMPEACNHMOIl paMbl, BBI3BAHHBIX BHELIHHM
BO30yxeHneM. Onpe/ieNieHbl ITIaBHbIe 00JIaCTH TUHAMUYECKON HEYCTOWYNBOCTH PaMBbI.
KuroueBble €j10Ba: mapaMeTpu4ecKkoe BO30YXKICHUE, pEeNylHpOBaHHAS MOAECTb, (OpPMBI
MOTEPH YCTOHYMBOCTH, 00JIACTh AMHAMHYECKOH HEYCTOHYMBOCTH.
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INFLUENCE OF LOADING IS FROM A ROLLING STOCK ON THE
DYNAMIC BEHAVIOR OF MULTI-STOREY BUILDING

The investigation of the rolling stock load inflwenon the multi-storey building being under
construction in the close to the railroad area lfeen conducted. FEM calculation models of the
ballast prism and the building in the interactioithvthe base soil were created. The acceleration of
the soil at the depth of the foundation laying waained and, as the result, its influence on the
dynamic behavior of building was evaluated.

Keywords: finite element model, dynamics, a rolling stock, ltinstorey building, vibrations,
ground acceleration.

Problems of vibration of the soil are becoming éasingly important in
densely populated areas. This contributes to thesldement of transport
infrastructure in areas with high population densRailways within the big
city transports heavy trains with dangerous gootsigh speed through
densely built-up areas. In addition to the constinéat of environmental
emergency situations, it creates noise and strdmgtion in the close to the
railway houses. Rolling stock is the source of wavepagation in the soil,
affecting the design and construction of residémiialdings near the railroad
tracks. Vibration can cause uneven settling of @alions and additional
stresses in the elements of frame buildings, wltahses cracks and even
destruction. Low-frequency waves and waves thatcimee to the natural
frequencies of buildings make the greatest infleenic vibrations of buildings
structures that are located near the railway.

Despite the fact that a lot of effort is devotedtiie research of seismic
effects on structures, aspects of vibration causgdraffic remain poorly
understood. There is no credible data today on thewibrations that occur
when tre rolling stock goes spread on the ground.

Fluctuations in railway wheels and crews are deigethby a complex in-
teraction of contact forces, geometrics, springpoeasion systems, crew weight
and damping coefficients. All this makes the taskyvinteresting. Even when
driving on a straight path at low speed there aoblpms associated with wag-
ging fluctuations. There are significant fluctuatoin vertical or twisting

O Lukyanchenko 0.0., Kostina O.V., Gerashchenko O.V.
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motion in the form of forced transverse vibratidnttee wheelsets that appear
at high speed. The nature of the dynamic interadtietween train and railway
varies depending on operating conditions, the eatdirthe principal areas of
the roadbed, inequalities of wheels and rails, el as climatic conditions.

Building a universal mathematical model to fullykeainto account all
aspects of the interaction of the rolling stock aaitivay is still an impossible
task. But using simplified models may explore cosmptlynamic phenomena
that are consequences of these interactions inteylar field of research. In
the research of vertical vibrations through idgnékcitations in the left and
right wheels of a single wheelset, the design sehean be reduced to a flat
one. Wherein cart frame and wheelset frame areiders as rigid bodies
with their mass concentrated in the center of mass.

The loads acting on the rail consist of verticadl dnorizontal longitudinal
and transverse forces. Determination of loadstti@tolling stock transfers to
the rail and parameters of the stress-strain sfatiee upper part of the way is
performed by generally accepted methods [1-4].

The task includes the creation of a model of imtgoa of the building with
a ground base and interaction of the rolling stacll ground. Currently, there
are several possible accounting of the elasticgngs of soil base. The easiest
way - Winkler foundation model, which can be impéted using the finite
element linear elastic single-point connection. Thain drawback of the
Winkler model is that it ignores the distributingoperties of the soil. An
alternative to using the Winkler foundation modeaimodel of an elastic half-
space. In this case, the base is modeled by & setumetric finite elements,
the properties of which depend on the depth of dkerlying layer. The
obvious disadvantage of this model is a signifidantease in the size of the
model.

Assessing the influence of the dynamic load of ithing stock on the
behavior of multi-storey building has been compleite two phases. The aim
of a first step was to investigate the dynamic abtaristics of the soil together
with the ballast prism through which the load snsmitted from the rolling
stock. The second stage investigated the stresis-stiate of the building from
the effects of kinematic excitation of ground definin the first stage. By the
means of NASTRAN complex the finite element modeballast and soil in
the form of a flat elastic-plastic half-space haserbbuilt.

The finite element model of ballast prism and hasgeated (fig. 1).

Soil of the base is considered as a flat elasti¢-dpace. Taking into
account the elastic-plastic response of the sadlomting to the formulas
EO=E/(1—v2), Vo =ﬁ calculations are made for the following physical
characteristics of the base and ballast:
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sand (base)E,=16,48416kPz , v,=0,429, B=0,32, p=18,0kN/ n? ;
sand (ballast)E=2501FkPa, v=0,3, f=0,3, p=10,0kN/n? ;
aggregate (ballastE=510kPa, v=0,27, p=0,27, p=14,0kN/n? ;
reinforced concrete sleepers:E=3,810 kPz, v=0,2, PB=0,05,
p=24,5kN/nt .

Fig. 1. The calculation chart — finite element mazféballast prism and basis

In this work there is a research of the dynami@lign of frame building under
construction in the the hundred meter zone of sratke house has eight above
ground and one underground floor (fig. 2). The mmaxh plan dimensions of the
building are 1k 36m (fig. 3). Height of the building is 27rh Constructive
scheme is a braced frame structure. Monolithidoesed concrete raft on the basis
of root piles is taken as a foundation. Overlapm@ng coverage slabs are mono-
lithic flat. Partitions are made of bricks and amte blocks. Pylons, stiffness
diaphragm and lift shafts are made of in-site getéd concrete.

Fig. 2. 3-D model of the building
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12240
15750
16970

Purpose: for transportation of piece, grain an@oth
goods of a wide range, requiring protection

Project Number 260.00.000-00
Specifications TU24 -5 - 498- 86
Carrying capacity of 67 tonnes
Wagon tare weight of 26 tonnes
load: static axial 228kN

Design speed of 120km/h

Base car 12240mm
Length: over coupler pulling faces 1697m

end girders of the frame (frame length) 1580
Maximum width 3266mm
Height from top of rail head: maximum  4688n

up to floor level 1286mm
Number of axles 4 pcs.

Fig. 4. Model specifications 11-260

First of all, a linear static calculation basis fbe action of vertical load as
a concentrated force of 230,5kN has been performidus gives us the
isofields of vertical and horizontal displasemetite maximum is 0.0536m)
(fig. 5), normal and equivalent stress of model.
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b
Fig. 5. Isofields of: a) vertical displacementshioyizontal displacements

To perform dynamic analysis of the base the modalysis using Lanczos
method was conducted taking into account the 1tdoand frequencies of
natural vibration.

Fig. 6 presented the first 6 forms of natural Vilames basics. It is seen that
there are a kososymetrycal (1, 3, 5) and symméfacas (2, 4, 6).

Eigenfrequencies constitute=[0,2374;0,4605;0,6297;0,8042;0,821%.

The dynamic calculation of the base is executecutite action of vertical
periodical load caused by the movement of the d#in & load of 228 KN;
natural vibration frequency of the car was 6 £&8. The calculation is made
by direct numerical integration of the motion edpmtat the first natural
frequency of 0.2373F2z (transition process = 5seq@. The transition process
includes both own harmonic vibration of the modetre first frequency and
influence of periodic load from carriage with good$he maximum
displacement of loading point is 0.03&i/at timet = 0,45sec Accordingly, the
dynamic response factor is: 0.0536.035™m = 0.67m. If v = 40km/h the
passage of one cdr € 19.2m) ist = 1.73%eq if v=100km/h -t = 0.19sec

The characteristics of the soil were investigate@ aistance [0- 100Jm
from the action of the vertical load in the statie@d dynamic performances. The
nonlinear problem is solved by the Newton-Raphsathod of phase-static
loading. Dynamic task of determining the eigenfremagies and mode shapes of
the model was performed using Lanczos method. Groowotion together with
the ballast under the influence of the verticaldloahich is modeled as a
periodic load with a frequency equal to the eigegq@iency of the vertical
oscillations of the freight car were investigat&tie task of forced vibration is
solved by direct numerical integration of differi@htmotion equations of the
Runge-Kutta method of order 4. Building of a finkéement model of the
building and its modal analysis was performed & dbftware package SCAD.
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The quasi-static method was applied for determiriheg stress-strain state of
the building from the ground kinematic excitatiogpresented as vectors of
accelerations applied along the entire height efathilding foundation.

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Fig. 6. Forms of natural vibrations
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Consider the dynamic behavior of the surface lafesoil at a distance of
[0 — 50]m from the action of vertical load (fig. 7).

[ERE RN

.....

sssssssss

Fig. 7. Acceleration of the surface layer of soil
(1-0m,2-5m, 3-10m, 4 —20m, 5 - 30m, 6 — 40m, 7 — 50m): a) vertical; b)horizontal

Maximum vertical acceleration of the surface lay&r soil that is
1,14m/seé, observed during a ballast prism in load locatibhe maximum
horizontal acceleration of 0.116/seé is observed at a distance of 10m from
the place of loading. It can be seen that the cadrtground acceleration
decreases with increasing distance to the locadfathe load. The horizontal
ground acceleration ambiguously affected by thétadice, so the acceleration
of the ground at a distance of #is 0,0256m/seé, at 50m - 0,0351m/seé.

Consider the dynamic behavior of the surface layexil at a distance [60
- 100]mfrom the action of vertical load (fig. 8).

It is seen that with increasing distance vertigad &orizontal acceleration
of the surface layer of soil are decreases. Theevaf the vertical acceleration
of the soil are in the range [0,045 0,023]m/seé, horizontal - [0,045 —
0,011]m/seé. The influence of rolling stock on the accelenatiaf soil layer
depth [0- 4]m at a distance of 95m from the place of loading presented at
the fig. 9.
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Fig. 8. Acceleration of the surface layer of soil
(1-60m,2-65m,3-70m, 4-75m, 5-80m, 6—-85m, 7-90m, 8- 95m):
a) vertical; b)horizontal

Fig. 9. Acceleration in depth soil layer at a dis@95 m
(1-0m, 2- 1m, 3- 2m, 4- 3m, 5- 4m) a) vertical; b)horizontal
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It can be seen that the vertical and horizontaklkecation decreases with
increasing depth of soil, but not much. The maxinuartical acceleration gain
values from 0,023 m/sé¢o 0,021m/seé; horizontal- from 0,001m/seé to
0,0008m/seé.

The resulting acceleration is the kinematic disimde of soil on the
basement level rise building. The acceleration ie form of vectors are
applied to the respective nodes FEM building.

Calculation of basic bearing elements of the frasmenade to verify the
adopted constructive solutions and the size ofthe load-bearing structural
elements: piers, stiffness nuclear, elevator shdlit®r slabs and coatings.
Calculations were performed designs according &rdguirements of basic
operating standards of design. The maximum hor&atdisplacement of the
frame should be within 1/500 height of the building

@uin mpourra: o sor
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h Structure CAD® 11.3 | Q @ o arn
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Fig. 10. Results of the calculation framework: ejodmed scheme; b) horizontal displacements

The maximum horizontal displacement of the tophef frame is 14,4thm
(fig. 10,b), f/H= 14,42 /27100 =1/ 10691 / 500.
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Consequently, the condition of the building horitedrdeformation effects

provided.
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JK smuenro O.0., Kocmina O.B., I'epawenxo O.B.
BILIMUB HABAHTAKEHHSI BIJI PYXOMOI'O CKJIALY HA JUHAMIYHY INIOBEJIHKY
BATATOITOBEPXOBOI BYIIBJII

BukonaHe IOCHiMKCHHS BIUIMBY HAaBaHTaXEHb BiJl PYyXOMOTO CKJIaJgy Ha 6araTOHOBEpXOBY
OyniBiio, mo OyayeThes B 30Hi 3ami3HHYHEX IULIXiB. CrBopeni pospaxynkoBi MCE mozeni 6anac-
TOBOI IIPU3MH Ta OyAiBII y B3a€MOAii 3 IpyHTOM OcHOBH. OTpHMaHi IPHCKOPEHHS IPYHTY Ha PiBHI
3aisranss GyHIaMEHTY Ta OLHEHHUH X BIUTUB Ha JMHAMHYHY MMOBEIIHKY OYIiBIIi.

Ku1104yoBi cJji0Ba: CKiHUCHHOEGJIEMEHTHA MOZENb, TUHAMIiKa, PyXOMHH CKJaj, BiOparii, mpu-

CKOPEHHS TPYHTY.

Jlykvsnuenko O.A., Kocmuna E.B., ['epawenko O.B.
BJIUAHUE HAT'PY3KHU OT IOABUKHOI'O COCTABA HA IUHAMUYECKOE IIOBE/JIE-
HUE MHOI'O3TAXKHOI'O 3JIAHUSI
IIpoBeneno uccnenoBaHue BIMSHUS HATPY30K OT IOJBIKHOTO COCTaBa HA MHOTOJTXKHOE 3JaHHE,
CTPOSIILIEECS B 30HE HKEJIE3HONOPOXKHBIX IyTel. [ToctpoeHs! pacuerHbie MKD Mozenu GasnacTHoi
TIPU3MBL U 3[aHHS BO B3aHMOJCHCTBHM C IPYHTOM OCHOBaHUS. [lomydeHBI yckOpeHHsS IpyHTa Ha
YPOBHE T'TyOHHBI 3a70XKEHHS (pyHAAMEHTa U OLCHEHO HX BIMSHUE HA JUHAMHYECKOE IIOBEICHUE
3JaHNUS.

KaioueBble c¢J10Ba. KOHEYHODJIEMEHTHAss MOJENb, [HHAMHKA, MOABIDKHOH COCTaB,
MHOTO3TaXHOE 37aHKe, BUOPAINY, YCKOPEHHS IPYHTA.
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APPLICATION OF PARAMETER CONTINUATION METHOD
FOR INVESTIGATION OF VIBROIMPACT SYSTEMS DYNAMIC
BEHAVIOUR. PROBLEM STATE. SHORT SURVEY OF WORLD
SCIENTIFIC LITERATURE

Authors in their works study vibroimpact system amric behaviour by humerical parametric
continuation technique combined with shooting &teivton-Raphson’s methods. The technique
is adapted to two-mass two-degree-of-freedom wibpaict system under periodic excitation.
Impact is simulated by nonlinear contact interactiorce based on Hertz’'s contact theory.
Stability or instability of obtained periodic saluts is determined by monodromy matrix
eigenvalues (multipliers) based on Floguet's thebryjthe present paper we describe the state of
problem of parameter continuation method usingnfonlinear tasks solution. Also we give the
short survey of numerous contemporary literatureEmmglish and Russian about parameter
continuation method application for nonlinear pesbh$. This method is applied for vibroimpact
problem solving more rarely because of the diffiesl connected with repeated impacts.

Keywords: vibro-impact system, parametric continuation téghe, shooting method,
instability, monodromy matrix, multipliers, bifurtan points

Vibroimpact machines and equipment are often eneoved in many
engineering practice applications. In general, esyst with impacts between
matching elements play an important role in th@thef mechanical systems
vibration. Therefore the study of their dynamic &eébur and vibroimpact
motion characteristics in different function coinalits is an object of interest
for many scientists in the world. Such investigasiowere developed
extensively during the last decades. Many monograptd papers are devoted
to this topic, for example, such well-known monggdra as [1-3]. But one can
face the big difficulties while solving some realdaseveral theoretical tasks.
So impact and vibroimpact processes investigatemescontinued at present
too. Among the contemporary publications we want uaderline such
encyclopedic works as [4-7].

A big attention is paid to stability studying in stgms with impacts,
periodic motions, bifurcations, grazing bifurcasonslipping bifurcations,
singularities at vibroimpact dynamics and otherc#je problems (see for
example [8-12]).

[ Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
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Sticking motion in impact oscillators particulasdsicking periodic motions
are examined in [13] by methodology of analysissdush on a Predictor-
Corrector method. Authors apply analytic prediatorrector method and
continuation method in order to obtain bifurcatioiimgram. They have
determined some specific features such as quasiiersticking motions and
so-called rising bifurcation.

In [14] authors study dynamic behaviour of two-dsgof-freedom (2-
DOF) cantilever beam with impacts by two methots: Peterka’s method [15]
and the method of numerical integration of motiquagions. These methods
show a good agreement of the results. In genemahyrauthors have obtained
bifurcation diagrams by time integration of the dgmics.

In [16] the control of vibroimpact dynamics of angle-sided Hertzian
contact forced oscillator is investigated analyticaand numerically. This
control is focused on the response near the primgsgnance.

We apply the parameter continuation method in otdestudy vibroimpact
system dynamic behaviour and periodic motions Btabito find the
bifurcation points. We use parametric continuatieahnique in conjunction
with shooting and Newton-Raphson’s methods. Thahrgue is powerful
numerical tool to solve nonlinear differential etjoas. It can shrink the time
to solve motion equations in steady-state oscifjategimes up to ten times.
Technique also allows finding out solutions step digp for each value of
continuation parameter passing by the transitigmatess. It also opens the
possibility to easily distinguish the instabilityorres and determine the
bifurcation points.

Parameter continuation method is known for a langet The idea to use
parameter continuation to investigate solutions nohlinear equations is
coming from H.Poincare (1881-1886) [17]. Apparentlywas M.E.Lahaye
(1934) [18] who applied for the first time the ciontation method for
numerical solution of nonlinear equations. At presgarameter continuation
method obtains the powerful development and is uge widely for
nonlinear problems solving. Very often this methodg is used jointly with
shooting method.

There is the fundamental survey of numerical camtiion methods [19].
Authors describe two different types of continuatimethods — the Predictor-
Corrector (P.C.) methods and Piecewise Linear RAriethods. But authors
believe “two numerical methods have many commotufea and are based on
similar general principles”. Therefore they are semting both of these
methods as continuation methods. There are theafuadtal encyclopedic
works where methods of nonlinear systems analysiglascribed [20, 21]. In
particular, there is a detailed description of cmmdtion technique combined
with shooting method.
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Among Russian language works we want to note sucliadmental as
[22,23,24,]. A parameter continuation method afglapplications to different
nonlinear problems are described there. The prableofi the best
parameterization, particular points, periodic dolut branches, periodic
processes stability and so on are examined.

In [24] the method of periodic solutions constrantifor essentially
nonlinear systems in conjunction with parametriatocwation technique was
proposed and developed. This methodology may béedgpfor the evolution
analysis of steady-state oscillatory regimes afwvalto solve many different
problems for nonlinear systems.

The work [25] adapts the numerical continuation rapph to find the
periodic, forced steady-state response of a nanlisgstem. The method uses
an adaptive procedure with a predictor step anddemswitching correction
step based on Newton-Raphson method. Authors athpdy approach to
calculate nonlinear frequency response curves f@u#ing oscillator with
nonlinear cubic spring and for a low order nonlineantilever beam.

In [26] authors use a shooting procedure combingld pseudo-arclength
continuation method for the computation of nonlmemrmal modes. The
method relies on direct numerical time integrati(gg.Runge-Kutta or
Newmark schemes) and on the Newton-Raphson algarithuthors
demonstrate their algorithm for weakly and strongbnlinear two-degree-of-
freedom systems with one and two cubic stiffnesses.

A methodology based on shooting technique, Newntiank integration
scheme and Newton-Raphson iteration method is irs¢@7] for predicting
the periodic responses of nonlinear systems withelaaumber of degrees of
freedom.

Let us note by the way that one often consideramater continuation
method belonging to homotopy methods. The wordsntinaation” and
“homotopy” are often used interchangeably as symmyHowever it is
pointed out in [28] that between these methodsettee both subtle and
fundamental distinctions which have been discussethe literature (see for
example [29, 30]).

However, parameter continuation method is applied ¥ibroimpact
problem solving more rarely because of the diffiesl connected with
repeated impacts.

In [31] the authors apply a parametric continuacheme in conjunction
with the shooting method, in order to study theaiyits of periodically forced
piecewise non-linear systems. In particular thegsaber an impact pair; the
continuation parameter is non-dimensional excittimequency. In [32]
authors also use parametric continuation schemedbas the shooting method
with using of Newton-Raphson technique for obtdie steady-state response
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of two-degree-of-freedom piecewise non-linear systelhey consider in
particular three-degree-of-freedom torsional modef an autonomic
transmission. In [33] author rearranges the nurakdontinuation method. He
uses a shooting method for finding periodic sohaiolt is based on direct
numerical time integration and Newton-Raphson dtlgor. Continuation is
performed with these methods by incrementing thieifig frequency. Author
recommends well developed continuation packages nfamlinear system
calculations, AUTO and MATCONT which are suited #ds calculating
periodic solutions of autonomous systems. To vididhe proposed scheme
author re-investigated the specific impact paitpeo analyzed in [31].

In [34, 35] authors investigate preloaded vibro-#ming Hertzian contact
by experimental and numerical methods. They uskassical time integration
method in conjunction with a shooting method andhweontinuation
technique. Numerical simulations for single-degpééreedom impact
oscillator show a very good agreement with expentaleresults.

In [36] authors consider the motion of the impastillator subjected to
harmonic excitation. They show that an accuraterg@son of the dynamics is
possible by a continuation method and that theilgtalof multiple impact
periodic responses can be studied analytically.

In [37] authors develop the shooting method foraetsystems. They treat
the impact phenomenon where the sign of the vglatianges instantaneously
and it is expressed by using a coefficient of rettin. The authors propose a
shooting method for impact vibration systems thaintain not only
discontinuous force but also the discontinuous ghanin momentum. The
method consisting of the Newton-Raphson methodaaadytical solutions of
individual linear equations of motiom is formulize@he authors call this
shooting method using analytical solutions as Ex@lboting.

The differential equations of strongly nonlinearbrgimpact systems
motion contain many different parameters. The doestbout solution
changing under parameters changing is highly ingoort Therefore the
parametric continuation method applying is suffitig natural in this case. In
our works [38-45] we have used the parameter afraat loading amplitude
and its frequencyc as continuation parameters.

We applied parametric continuation technique tdpiibroimpact systems
dynamics. Theory of parametric continuation use ifmestigation of multi-
dimensional vibroimpact systems was worked out38].[ In this work the
impact was simulated by boundary conditions witétitetion coefficient use
based on classical stereomechanical shock thetwy.tfieory and numerical
analysis of dynamic states for two-degree-of-fremdsystems with internal
and external impact contact were performed whennipact was simulated in
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such way [39]. In particular, the frequency-resgonarves were constructed
and oscillatory motion stability was analyzed [40]

In [41-45] the theory and technique of parametdatmuation application
to 2-DOF vibroimpact system analysis were elabadrathen the impact was
simulated by contact interaction force. The loadingves and the frequency-
response curves were constructed in large rangeaafmeters values. The
stability of obtained oscillatory motions was arzalg.

The main idea of continuation by paramelerconsists in construction of

the solution x, (A,) pushing from the certain solutiog(A,), moving along

the solution curve K and using the information abprevious solution on

every step. Usually the numerical realization ofuson continuation is

fulfilled as some process stepped by parameterrddleation of such stepped
processes may use different iterative techniquisirTarge variety is known.

Often one can understand and present them indepiyndé common scheme
parametric continuation method.

In our works [38-45] and in other ones we have ugsdametric
continuation technique combined with shooting anéwbdn-Raphson’s
methods for analysis of dynamic behaviour of twgrde-of-freedom
vibroimpact system. We have simulated the impact noyplinear contact
interaction force based on Hertz's contact thedide have performed the
detailed analysis of system dynamic states in laagge of external loading
amplitude and frequency values. We have found thkildy and instability
zones of oscillatory motion. We have determinedeotbscillatory regimes
which also are realized in instability zones. Weehanarked the bifurcation
points, in particular, the discontinuous bifurcatigoints. The Poincare
sections have been constructad for examinatioregdilar or chaotic system
states.

So in our opinion such investigations are very aléyiand really have got a
novelty.
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bascenos B.A., [locopenosa O.C., I[locmuikosa T.I.
BUKOPUCTAHHA METOAY NPOAOBXEHHS PO3B'SI3KY 3A IAPAMETPOM /U151
JOCJIUKEHHS TUHAMIYHOT TOBEAIHKY BIBPOYJAPHAX CUCTEM. CTAH
MPOBJEMM. KOPOTKHWI OT'JISI]T CBITOBOI HAYKOBOI JIITEPATYPH

ABTOpH B CBOIX pO0OOTax BHBYAIOTH JAMHAMIYHY IOBEAIHKY BiOpoymapHOi cucTeMH 3a
JIOTIOMOT'0I0  YHCEIbHOI METOAUKH IPOJOBXKCHHS DPO3B’A3Ky 3a HapaMeTpoM, KOMOIHOBaHHM 3
MeTomoM cTpinmsbu Ta MerogoM Hrelorona-Padcona. Meropmka ajganToBaHa IO JIBOMAacoOBOL
BIOpOyJapHOi CHCTEMH 3 JBOMA CTYNHSIMH BIIBHOCTI MiJ NEPIOANYHUM HaBaHTAXKCHHAM. Yaap
MOJICTIFOETHCS HEINIIHIMHOK CHIJIO KOHTAaKTHOI B3a€MOJIi Ha OCHOBI KOHTAakTHOI Teopii ['epua.
CTiliKicTh UM HECTIHKICTh OTPUMAHUX NEPIOAMYHUX PO3B’3KiB BU3HAYAECTHCS BIACHUMH YHCIAMH
MaTpuili MOHOIAPOMIT (MyJIbTHILTIKATOpaMK) Ha OCHOBI Teopii dioke. B wiit cTarTi onucanuii cran
IpoOIeMH 3aCTOCYBAaHHS METOY IIPOJOBKEHHS 32 apaMeTPOM IJIsI O3B’ 3Ky HENiHIMHHX 3aj1ad.
Takox HaBefeHUH KOPOTKHU OIS YHCIICHHOI Cy4acHOI CBITOBOI JiTepaTypH aHIMIHCBKOIO Ta
POCIHiCBKOI0 MOBaMHU TIPO BHKOPHCTAHHS METOAWKH IIPOJOBXKEHHS JO PO3B'SA3KY HENiHifHUX
npobnem. s aHamisy AUHAMIKH BiOpOyZapHHX CHCTEM II METOAUKA 3aCTOCOBYETHCS 3HAYHO
piarie yepes TpyJHOLI, SKi OB’ 13aHi 3 HASBHICTIO OBTOPIOBAHUX YAPiB.

Kurodosi cioBa: BiOpoynapHa cucrema, METOAMKA IPOJOBXKCHHS 3a MAapaMETPOM, METOX
CTpiIBOU, HECTIMKICTh, MATPHIL MOHOAPOMIT, MYJIbTUILTIKATOPH, TOUKH OidypKarii.

bascenos B.A., [locopenosa O.C., [locmuuxoea T.I.
NPUMEHEHME METO/JIA ITPOJOJIZKEHUA PEINEHUSA 110 HAPAMETPY JIJIA
UCCIEJOBAHUS JTUHAMUWYECKOI'O IOBEJAEHUS BUBPOYJAPHBIX CUCTEM.
COCTOSIHUE MTPOBJEMBI. KPATKH1 OB30P MAPOBOI HAYUYHOWM
JIUTEPATYPBI

ABTOpBI B CBOMX pabOTaX HM3y4arOT JMHAMUYECKOE IMOBEACHHE BUOPOYIApPHOH CHCTEMBI C
TIOMOIIBI0 YHCIEHHOH METOAUKH IPOJOIDKEHHUS PEIICHHS IO MapaMerpy, KOMOMHHUPOBAHHOU C
METOIOM CTpenbObl 1 MeTogoM HeloToHa-Padcona. Meromuka aganTHpoBaHa K JBYXMAacCOBOI
BUOpPOYAApHOI cHCTEME C ABYMs CTEIEHSAMH CBOOOJbBI NPH NEPUOAUUYECKOM HArpyKeHUH. Yaap
MOZIeNHpYeTcsl HeNUHEHHOH CHIoif KOHTAKTHOTO B3aHMOJCHCTBYS HA OCHOBE KOHTAKTHOW TEOPHUHU
T'epua. VYcrolyMBOCTH MM HEYCTOMYMBOCTH  IOMYYEHHBIX TEPUOAMYECKUX  PELICHUil
onpeeNnsercsi COGCTBEHHBIMH YHCIIAMU MAaTPULIBI MOHOJPOMUH (MyJIbTHIUIMKATOPAMH) Ha OCHOBE
teopuu droke. B HacTosmIel cTaThe OMUCHIBACTCS COCTOSHHE IPOOIIEMBI HCIOIB30BAHMS METOIa
MIPOJODKEHHS 110 NTapaMeTpy A pEelIeHUs HeMMHeWHBIX 3a1ad. Taxke OpHBEICH KpaTKuil 0030p
MHOTOYHCJIEHHOH COBPEMEHHON JIUTEPATYphl HAa aHIVIMMCKOM M PYCCKOM SI3bIKaX O MPHMEHEHHU
MCTOAUKH TIPOJOJDKCHUS K PEIICHHIO HEeIMHEHHBIX mpoOmeM. /JIns aHamm3a JUHAMHKI
BHOPOYIApHBIX CHCTEM O3Ta METOAUKA INPUMEHSCTCS 3HAYHUTENBHO DPEXEe H3-32 TPYLHOCTEH,
CBSI3aHHBIX C HAJTMYMEM TTOBTOPSIOIIUXCS YapOB.

KiroueBble ciioBa: BUOpOygapHas CHCTEMa, METOAHUKA IPOJOIDKCHUS IO MapaMeTpy, METOX
CTpenbs0Bl, HEYCTONYHBOCTD, MATPHUIIA MOHOAPOMUH, MYIIbTUIIINKATOPHI, TOUKH OU(ypKaIHu.
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J.B. JIeBkiBchKnii'
M.O. SIuconc*

YKuisckuii nayionanshuii ynisepcumem 6yoienuymea i apximexmypu, Kuie
Tlosimpogpnomcvkuii npocn., 31, m. Kuis. 03680

METO/I HPAMMX ¥ IUJITHAPUYHIA CUCTEMI KOOPJIUHAT

B paniii poOOTi po3MIAAacThCs IUIOCKa JAedopmalis TOBCTOI LMIIHIPUYHOI OOOJIOHKH,
JKOPCTKO 3aKPIILUICHOI 10 OIYHUM TpaHsaM. J{yis 3HWKEHHST BUMIPHOCTI BUXIIHUX JUdepeHIiaTbHIX
PIBHSIHb BHKOPHCTOBYEThCS METOJ NPSMHX Y IOEAHAHHI 3 NpOeKLiiHMM MeTtonoM byOHoBa-
I'amsopkina-IlerpoBa. B pesymbrati pemykmii piBHSAHHS 3BOAATHCS A0 CHCTEMH OIHODPITHHX
JudepeHniadbHIX PiBHAHB IEPIIOro MOPSJIKY B YaCTHMHHMX IOXinHMX. B momanmbiomy cucrema
PO3B’ SI3y€ThCS YHCEIBHO, BAKOPHCTOBYFOUM METOA AuckperHoi oproronanizaunii C.K. I'ogyHosa.

Kurodosi cjioBa: MeTo NpsMuX, TOBCTA LMIiHAPUYHA 00OIOHKA, TEOPIs MPYXKHOCTI, IIIOCKa
nedopMalisi, HapyKeHo-Ae(pOpMOBaHHUIT CTaH.

OCHOBHUMH BHMOTaMH JIO CYYacHHX OYJIBEIbHUX KOHCTPYKIIH, € TXHs
HaIiHICTP Ta EKOHOMIUHICTh. Bupimenns nux mnpobiem nependavae
BUKOPHCTaHHS Cy4acHUX KOHCTPYKTHBHUX (OpPM, 3aCTOCYBaHHS HOBHX
MarepialliB i HOBITHIX TEXHOJIOTi 0OpOOKHM MarepialiB, /IS OiNBII TOYHOTO
BpaxyBaHHS pealbHUX YMOB €KCIUTyaTallii KOHCTPYKIii. Yce Iie motpedye
CTBOPEHHST HOBHX MAaTeMaTHYHHX MOJeNed 1 BUKOPHUCTAHHS CY4acHHX
YUCENLHUX METO/IB IXHBOT peai3ariii.

Cepen MHMPOKOTO PI3HOBHUAY CYYacHUX KOHCTPYKTHBHUX (OPM MOXKHA
BUIUIMTH 00 €KTH, IO 3a TEOMETpUYHOI0 (hopMOIO Haraxytote cdepy um il
YACTHHY Ta BICCCUMETPUYHI BIIHOCHO OJTHIET 3 KOOpAWHAT. Y OYyIiBHULITBI IO HUAX
BITHOCATBCS C(EpUyHi YaCTWHM JOMEHHHMX Ta KOHBEPTOPHMX Iedel, YaCTUHU
3aXMCHUX OOOJIOHOK KOPITYCIB SIZIEPHHMX PEaKTOpIB, TYyHET METpO, KOJEKTOPH,
TpyOOIpPOBOAN, 00OJIOHKOBI MOKPHUTTS OyIiBenb. Sk npaBuio, rabapuTHi po3Mipn
TaKMX OO0 €KTIB HE JO3BOJSIFOTH BIHECTH iX JO OOOJNOHOK Y KIACHYHOMY
PO3yMiHHI, KpiM TOTO, iXHii HampyXeHo-Ae(hOpMOBaHHUN CTaH € MPOCTOPOBHM.
Ha3emo Taki OO0'€KTH TOBCTMMH BiCECHMETPUUHMMH CQEpHIHUMH  Ta
MTTHAPHIHUME 000JIOHKAMH.

VY naniii poOOTi PO3TISAAETHCS 3TUH TOBCTOI IMWIIHIPUYHOT OOOJIOHKH,
300paxkenoi Ha (puc. 1).

Jist  copolleHHs OPUIMAEThCsl, 1[I0 HABaHTAXKEHHS CTalle  B3JIOBXK
koopauHaTH Z. Toai 3amava 3BOJIUTHCS JI0 TUIOCKOI 3ajadi Teopil Mpy>KHOCTI
(mmocka aedopmaris) B LMITIHAPUYHIHA cucTeMi koopauHat (puc. 2). Topuesi
IpaHi INIACTHHU NIEBHUM YWHOM B3a€MOJIIFOTH 3 30BHIIIHIM CEPEIOBHIICM — 1€
Moe OyTH KOPCTKE 3aKpiIUICHHS, MapHip a00 Mpy>KHa OCHOBA, B 3aJIE)KHOCTI

O JleBkiBcrkuii/l.B., STHconc M.O.
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BiJl yMOB poOOTH KOHCTpYKIlii. Taka Mozens Moke OyTH BHUKOpHCTaHA IMPH
pPO3paxyHKy TYHEIB METpO IIiJi HAaBaHTaXXEHHSIM BiA TPYHTY Ta BOJH,

MUHAMIYHAM HaBaHTXEHHSAM BiJl pyXy TOTATY; KOJIEKTOpPiB, TpyO Tif
BHYTPIIIHIM THCKOM piauHu (BoJa, Ta3) Ta iHIIi.

gz | 4

Puc. 1. ToBcra muniHapHIHa 000JI0HKA

CraBuThCs 3a/aua BU3HAYUTH HAINPYKECHO-NEC(POPMOBAHUIA CTaH TOBCTOL
UIHAPUYHOT OOONOHKK ITij Ji€r0 HaBaHTaxeHHS ((X,S) NpH JOBUILHUX

YMOBax 3aKpiIUIeHHS TUIACTHHH IO TOPIIEBUM TpaHsaM. J[ist 3pydHOCTI 0007I0HKa
pO3TIBIIAEThCS B crcteMi KoopauHat YOS, mio mokasano Ha (puc. 2.).

q(s.y)

P(y)

Puc. 2 PospaxyskoBa Mozenb (fuiocka aedopmarisy)

JudepeHmianpHi piBHIHHS, IO OMUCYIOTh JaHUHA MPOIEC 3PYYHO 3aIHCATH
Y BUTJISAI:

00g _ 0Ty 2Tg

0s 0y Ryty (1)
6Tre :—%_r—_R

0s Oy Ryty

G =2 U _ 2w U L 2oV
" 1-v; 0y 1-v; Ryty 1-v; Os’
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e U’ =u [, \VA =Vl - mepeMillcHHS BiNOBITHO B HANpsMKy S Ta Y ;
v . ) .
O,,0g,T,g - HALPY)KEHHS; _E , V - koedinient Ilyaccona; R; - paniyc

KPUBHU3HHU HIDKHBOI IIOBEPXHI 00OJIOHKH.

JIyist 3HMOKEHHSI BUMIPHOCTI CUCTEMHU BUXIJIHUX JU(EpEHIabHAX PiBHSIHbD
(1) cxopucraemoch y3arampbHeHHM MeToxoM npsmux [5]. Ilo xoopmunati Yy
000IOHKa PO30MBAEThCS TiHIAMH 3 CTamuM KpokoM A (puc. 1), Ha niHigX
obupaeTbest cucTeMa JOKalnbHMX OasucHux Qynkui  ¢;(y), i=1..,n,
3Ha4YeHHS QYHKUiH Ha i -# mpsiMiit opiBHioe 1, Ha Beix iHmux 0.

Nomuoxaroun cuctemy (1) Ha OasucHi (yHKOii Ta IHTErpyrOYM Ha
npomikky [0, h] orpumaemo cuctemy ogHOpiAHUX AUdEPEHIIaTbHIX PIBHAHD
MEepLIOro MOPSAKY B YAaCTHHHUX MOXIAHHX, MPOLEC pEAyKLil AeTalbHO
omucano B poborax [1, 2, 4, 5]:

*

U, i -
a_slzreri +(C].ij gju _Qj gju)va

oV, 1-v,
_Iz_(C]Jjg]a+V1ng]a)U +( 1)09|
do

9| [Tre Tr9]+(bllgm_2C]Jng)T9ru (2)

ot 2V i i *
—a-=lor -o7]+ [—1 TR )(bji<.31’k|0k[39ch —angjk%gﬁa) Ug +

+(Wby; g’ “vCy;9 ja +Cy; 9'%)0gq.
ne {gij} =(¢i (¥), 9; (y)) - JBi4i KOBapiaHTHMH METPUYHHI TEH30p;
} gIj (d)i (y), ¢’ (y)) - IIBi4i KOHTpaBapiaHTHHH METPUYHHI TEH30D;

{o’
{h} (d) (y) o (y)) - cKamgpHMi mOOyTOK 0asucy Ha HOro TNOXiJHY;
{

Cy}= J 6 (Y)B; (y)E=-d
y+R>

KOMHOHQHTI/I cucreMrd JgudepeHIiiadbHuX piBHAHL (2) 3ammcaHi B
MOMEHTaX, [0 Ja€ 3MOTY 3pYYHO BPaxOBYBaTH HABaHTAXXEHHS Ta TPaHUYHI
YMOBH.

I'paHnvHI yMOBHU 1O MOBEPXHI 0OOJOHKH MOJETIOIOTHCS, BHUKOPHUCTOBYIOUH
BEPTHKAJIbHI Ta TOPU3OHTANIBHI HPYXKHI B's131. 3MIHIOIOUH JKOPCTKICTH B’ si3€i
MOYKHa 3aJaTH NPYXKHY OCHOBY, LIAPHIPHE Ta >KOPCTKE 3aKPIIUICHHS, OCalIKy
OMOpH, TPAHIYHI YMOBH BPaxOBYIOTHCS MO aHAJIOTI1 3 poboToro [1].
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Ipu y=R,:
OJr- :_qs_krrl(A} -V 1) )

T:(lar :_Qér _kerl(Aér -U 1) ) (3

mpu Y=h+Ry:
0? =qrnkrrn (A? _Vn) )

Tgr :_qgr _kerl(Agr -U n) ) 4)

mpu X=0:
Oy (O):_qsoi _k$0 (As(] _Vi 0)),
Tgri (0)==0g i ~Kg 0 (Bg g ~U; (0)), (5)

mpu X =1 :

0, (1) =-0g; ~Kg (Ag; ~Vi (1)),
Tori (1)==0gyi ~Kg (Bgyi ~U; (1)), (6)
I'pannyHa 3a1a4a U CHCTEMH 3BHYAHHUX AH(EpEHIIATbHIX PIBHAHD (2)-
(6) po3B'sA3yeTBCSI  YMCENBHO 3a  JOMOMOIOK0  METOAa  JHCKPETHOI
oproronamizauii C.K.I'oxyrnosa [3].
3 METOr0 IOCIiKEHHsI 301)KHOCTI pe3yJIbTaTiB PO3TIISTHYTO MPHUKJIIa;
3amaHo obOonouky posmipamu: h=0,2m, 1=1m, Ry;=100xm, 3 ¢dizuxo-

MeXaHIYHUMH Xapakrepuctukamu. V=0,3, E=500xH /m?, qr =—20kH Im.

OO06onoHKa KOPCTKO 3aKpimieHa mo OiuHmM rpaHsaM. Ha rpadikax mpuBemeHi
HAMpPYXXCHHS Ta MePeMIIlleHHs CepeIHHO] JTiHil 060moHKH (puc. 3-5).

>00E-08

0 000E+00

-500E-08 N v

-1 000E-08

-1 500E-08 f Ya

-2 DOOE-08 S’

-2 500E-08

Puc. 3. Beprukanbae nepemimenss B nepepizi y=0,1u
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400E+DC

300E+0C il s

4 \I
200E+DC

AY
100E+00 ‘

’ \\
0 DOOE+0C 2

00E+00 A s} 15 2 b
Ay
200E+00 ! :

)
-300E+00 .

4
-
-

N
AY
400E+00 |

-500C+0C

Puc. 4. 0, B mepepisi y=0,1m

2.00E+02

1.50E102

l, ‘\
1.00E+02

5.00E+01

0.00F+00

Jas L

-2.00E+01

-1.00E+02

|-

~

~ -
-1.50E+02 = -

-2.00E102

Puc. 5. 1, B mepepisi y=0,1m

BucHoBok

OTpuMaHi pe3ynabpTaTH MOKa3aJld BUCOKY 301XKHICTb, IO MiATBEPIKYETHCS
HaBeJCHNUM rpadikamu.
Ciin 3a3Ha4YMTH, IO B 30HI ONUPAHHA, a WAEThCS IPO 3alleMIICHHS, SK

BIZIOMO, 3'IBJISIIOTHCS MICIEBI JNe(eKTH, SIKI MOPYIIYIOTh BHKOHAHHS YMOB
Teopii Npy>XHOCTI.
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Jlesxoeckuil /I.B., Anconc M.O.
METO/ IIPSIMBIX B INJIMHPUYECKON CUCTEME KOOPJIAHAT

B nanHOW pabore paccMarpuBaeTcsl IUIOCKas aedopMamus TOJCTOM IMIMHAPUYECKOM
000JIOUKH, JKECTKO 3aKPEIICHHOH 1Mo OOKOBBIM TpaHsM. JlJisi CHMKEHHUS pa3sMEPHOCTH HUCXOAHBIX
nudhepeHIHaNbHbIX YPAaBHEHUH HCHONB3YETCs METOJ MPSAMBIX B COYCTAHHU C MPOCKI[HOHHBIM
meronoMm byoHnoa-T"anepkuna-IlerpoBa. B pe3ynbrare peayKuuu ypaBHEHHs CBOISATCS K CUCTEME
OIHOPOIHBIX MU depeHInanbHbIX ypaBHEHUI NEPBOrO MOpsAKAa B YACTHBIX MPOM3BOIHBIX. B
JaNbHEHIIeM CHCTeMa pEIIAaeTCs] YHCICHHO, MCIOJB3Yysl METOJ JIHMCKPETHOW OpPTOTrOHANU3aI[HU
C.K.I'ogynosa.

KiroueBble ciioBa: MeETOI MNpPSMHX, TOBCTAa IITIHAPUYHA OOOJOHKA, TEOpPis MNPYXKHOCTI,

miocka aAedopmarisi, HanmpyxeHo-1epOpMOBaHHIT CTaH.

Levkivskiy D.V., Yansons M.O.
THE METHOD OF LINESIN A CYLINDRICAL COORDINATE SYSTEM
In this paper the plane strain thick cylindricakbhs rigidly attached to the side faces. To
reduce the dimension of initial differential eqoatimethod is used in combination with the direct
projection of the Bubnov-Galerkin-Petrov. As a fest the reduction equations are reduced to a
system of homogeneous first order differential ¢igna in partial derivatives. In the future, the
system is solved numerically using the method s€wite orthogonalization S.K.Hodunova.
Keywords: method of lines, thick cylinder shell, theory ofiteency, flat deformation, tensely

deformed the state.
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YK 539.3
0.0. LIkpuab’, KaHI. TeXH. HAyK

*Kuisckuii nayionansnuti ynisepcumem 6ydienuymea i apximexmypu, Kuie
Tosimpoghnomcoxuii npocn., 31,m. Kuis. 03680

BU3HAYEHHS KOE®INIEHTIB IHTEHCUBHOCTI HATIPY-
KEHbDb B IBOBUMIPHUX TIUIAX ITPU TEMIIEPATYPHOMY
HABAHTAKEHHI

Ha ocHoBi MomeHTHOI cxemu ckinueHHuX enemenTiB (MCCE) peanizoBana METOAMKA BH3HA-
4yeHHst KoedilieHTiB inTeHcHBHOCTI Hanpyxenb (KIH) B 1BoBuMipHHUX Tinax mpu Iii Temmeparyp-
HOTO HaBaHTA)XCHHS. Pe3ynbTaTi po3BA3aHHS TECTOBHX 3a/ia4 MOKA3ykOTh, 1[0 CHEPreTHYHI METO-
1 BuzHaueHHs KIH € 6inbin eeKTHBHUMHM TOPIBHSIHO i3 TPSIMUM METO/IOM.

Kaiouosi ciioBa: /IBoBuMipHa 3a1a4a, KoeillieHT IHTCHCUBHOCTI HAaIPYy»KCHb, TEMIIEpaTypHE
HABAHTaXXCHHs1, METOJ CKIHUCHHUX EJICMEHTIB.

Beryn. 3HayHa yacTWHA KOHCTPYKINH €HEPTreTHIHUX YCTAHOBOK CKCILTya-
TYETBCSL B yMOBAaX Jii TeMIIEpaTypHOTO HaBaHTaKCHHS. 3 4acOM B JCIKHX Je-
TaNsIX TAaKUX KOHCTPYKIIH MOXXYTh BUHMKATH TpimuHH. OIiHKa HeCy4ol 31atT-
HOCTI TiJl 3 TpilIMHAMH BHKOHYEThCS 32 BEIUYMHAMH MapaMeTpiB MEXaHIKH
pyinyBanns. [Ipn nii TemmnepaTypHUX BIUIHBIB, IO CYHNPOBOKYIOTHCS JIHIN-
HUMH JedopMamisiMH, cepel TaKhX IapaMeTpiB HaWOUIbIIOrO IMOUIMPEHHS
3100yB KoedimieHT inTrencuBHoCTi Hanpyxensb (KIH). ITpu po3esizanui 3aqa4 i3
Br3HaueHHs1 KIH BUKOPUCTOBYIOTHCS MepeBakHO ducenbHI MeToan Cepen HUX
HaWOIIBIIOro MOMMPEHHs 3100yB MeToA cKiHueHHuX enementiB (MCE). Sk
nmokasanu mposeneHi mociimkends [2, 10] epexruBuum Bapiantom MCE €
MoMeHTHa cxeMa ckiHueHHuX ejeMeHTtiB (MCCE) [10]. Tomy akTyaapHUM €
peamizariss Metonuku Bu3HadeHHss KIH B 1BOBUMipHUX TiJlax Mij Ji€0 TeMIIe-
parypHoro HaBaHTaxeHHs Ha ocHoBI MCCE. JIng Buznauenns KIH 3acroco-
BYIOTBCSI ITEPEBaYKHO €HepreTHydHi abo mpsmi Metoau. Jlo eHepreTHYHUX MEeTOo-
JIiB MOKHA BIJTHECTH METO/I IMiIaTIMBOCTI Ta J-iHTerpana UYepenanosa-Paiica.

Merton migaatauBocti. [Ipu nedopmyBanni nmpocropoBoro Tina 3 movar-
KOBOIO TPIIINHOK, HampyxeHo-nedopmosanuii cran (HIC) B okoni BepinHu
TPILIMHU Ta MOJJIMBICTH PO3BUTKY TPIIIMHH OOYMOBIIIOETHCS CITiBBIHOIICH-
HSM MK POOOTOIO 30BHIITHIX CHJI a00 TOTEHITIHHOIO SHEPricro MpYKHUX Je-
(hopmarriii, Ta MIOBEpXHEBOIO eHeprieto Tina I1. Ilependayarouu, mo podoTa 30-
BHIITHIX CWJI TMTOBHICTIO BUTPAYYEThCS HA YTBOPEHHS HOBOT MOBEPXHI TPILITUHH,
JUTS TYCTHHH eHeprii aedopmartii G, 1110 3BIIBHIOETHCS [IPH PO3KPHUTTI TPIIIMHA
Ha Bennunny dl, moxkna 3ammcaru [1, 8, 11, 12]:

O Hixpuis O.0.
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__on
G= 3 ) (1
CkiH4eHHO-eJleMeHTHa peamizaris meroay migmatimuocti B MCCE omucana B
po6ori [2].

J-interpana Yepenanosa-Paiica. Sk 3a3naueHo B po6orti [11] npu ckiamansi
OamaHcy eneprii Ay 001acTi HaBKOJIO Bep-
IIMHU TPIIIUHA, OTPUMYETBCS PI3HHILI CHEP-
Ti# Tida 2o 1 MiCJIS MAJIOTO TPUPOIICHHS J10-
BXXHHH TpituHK (puc. 1):

J=[(Wn-FBM0 9" Y s (2)
S

ne W — BenmuuHa 1MOBHOI eHeprii medop-
MyBaHHS, B  3arajbHOMY  BHIIAJKy

£
W:IG (e , npu npyxHOMY nedopMyBan-
0

Hi W=%0ij € ; O —TeH30p HampyXeHb, € — TeH30p Aeopmaiit, N — 30BHi-

ITHS HOpMaJTb IO TOBEpXHI iHTEerpyBaHHsA F; t — BekTop, IO BU3HAYa€E Ha-
MPSMOK PO3BUTKY TPIIIMHM B To4Li (hPOHTA, 16 OOUHCTIOEThCA JHHTErpan; N,

— TIPOEKIIisi HopMaTi N Ha HAMPSMOK Bektopa T ; (JU —rpamieHT nepeMiieHs.
[Tpu HASBHOCTI HEPIBHOMIPHOTO TEMIIEpAaTypHOTO TIOJIs, BUpa3 iHBapiaHT-
HOTO iHTerpaiy HabyBae HacTymHoro urisay [1, 9J:
*_ oT
J —J+_[O(0ij§j &ds, (3)
s
ne J — inTerpan Burisny (2). JeranbHe BHKJIaACHHS METOIWKH BH3HAUCHHS
J —interpana B guckpeTHux mozeiasx MCE omucano B poGorax [3-6].
38’s130k KIH 3 Benmunnamu J ta G 3a ymMoB JiHiliHOTO AeopMyBaHHS BHU-
3Ha4yaeThes 3a Gopmyaoro [1, 8, 12]:
G=J=kK?/E. ),

ne k=1 3a ymoB miockoro mampysxkeroro crany i K=1-v? s miockoi ae-
¢dopmarii, £ —moxayns FOHra.

Ipsimuii MeTon. B 3aranbHOMY BHIIAJKy TEPMOCHIOBOTO HaBaHTa)KCHHS
3BSA30K MK Hanpy)XEHHSIMH Ta Koe(]illieHTOM IHTCHCHUBHOCTI HalpyXeHb Iep-
moro poxy (KIH) K, B noB’s3aniif 3 BepIIMHOIO TPiMUHU CUCTEMi KOOPIHHAT

y" (i =1,2) (puc. 2) Bu3HauaeThcs HACTYHUMHE popmynamu [1, 8, 12]:
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1 __K 9 0
ot —\/ﬁcosz(llrsmé sn?%),

..2.._ K| . g e e

ot —\/Esmzcosé co% , (5)
27 _ K, 0 -0 .30

o°° = cosi (+ smé sn% )

Vo

ne r,0 —mnonsapHi koopauHaTH Toukk BusHayeHHs KIH (puc. 2).
[Ipu nocriiiHi# TemnepaTypi 7' B OKOJNI BEPUIMHH TPILIMHHU 3B 530K MiX ITe-
pemimennsmu i K; ommcyetscst popmynoro [1, 8] :

K r .
U= [ R @)+ Ty, 6 1°r
ne G — monyne 3cyBy; V- koedimient [lyacona; : "
a'=a - koedii iHii - Y
LIEHT JIHIAHOTO PO3LUIMPEHHS y BHUIA )
. 16
JKy IUIOCKOTO HaIlpy>KeHOro craHy, O'=o(1+V)mis i yz
wiockoi neopmartii. f——— - —
F,(6)=sin®(k+1- 2c03 2 vP
1(9)—5'”§ k+1-2co >
9 -0 Puc. 2. Tpimunna
F2 (6):cos§(k— ioa ZSIﬁ E) HOPMAJIBHOTO BiJJpHBY

ne k=3-4v msa miockoi nedopmanii, K=(3-v)/(1+V) mas mwiockoro Hampy-
JKEHOTO cTaHy. Peamizarist meronuku Bu3HaueHHs KIH mpsmum meTomom B
quckpetaux Moaeinsx MCE onmcana 8 Monorpadii [2].

TectoBi 3agaui. Anpobartiss MEeTOANKN BU3HAYCHHS KOeQiIlieHTa iHTEHCH-
BHocTi HampyxeHp (KIH) npu HasgBHOCTI TEMIIEPaTypHOTO HaBaHTaXKEHHs
criouaTky OyIa MpoBeeHOI0 TpH PO3B’ si3aHHI1 3aa4i po Bu3HaueHHss KIH s
MOPOXKHUCTOTO IHMIiHApa 3 cepemHiM paxiycom R,=50cm, Bucororo
2h=100cm , ToBmuHoOO cTiku t=10cm Ta 3 30BHINIHBOIO KiNBIEBOIO TPIIlU-
HOIO TiubuHO0 | =5¢m , PpoHT AKOI 30iraeThest i3 cepeqHiM paiycoM More-
peuHoro mepepi3y uninidapa (puc. 3).

Ha BHyTpimHI# Ta 30BHINIHIN MOBEPXHIX HWIIHApPA MiATPUMYIOTHCS IO-
CTifiHI TemnepaTypu. Po3monin TemmnepaTypu MO TOBIIMHI CTIHKH OIHACYETHCS
norapuGMidHAM 3aKOHOM:

T(r):ATuh(Rﬂ:“ZMn(2:@, )

ne AT =100° - nepemnan TeMIepaTypH IO TOBIIUHI CTIHKH.

BpaxoByroun reoMeTpudHI PO3MIpH IMITIHApA Ta 3HAYEHHS Tepenaay TeM-
neparypu popmyina (7) HaOyjie BUIIISLY:
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T(r)=1000n(5%r Y In(11 9.

z" Busnayenns KIH npsmuM Metonom
/’ \ t BUKOHYETHCS 33 3HAUECHHSIMH TEPEMIIIICHb
__\g}— B OKOJTi BEPIIHHU TPIll[HU:
- | . K, = ule“m“")um‘l 226, (8)
| | m siné (2-4+cod )
/l? F~x z? 3HaueHHs TeMmneparypu 1 BH3HA4a-
R Ay eTbest 3a gopmynoro (7), a X' e koopau-
| I HaToW TOYKU Bu3HayeHHs KIH B cucremi
< i/ ! | KOOpJIUHAT TPIilIMHH.
! o | B sxocTi eTamoHHOTO MPHUHHATO pe-
R S LN 3ynbTaTH HaBejaeHi B [8], me BenmuunmHa
77@ KIH mopaetscst i3 BHKOpUCTaHHSM 0Oc3-
PO3MIpHOTO MHOXHHKA
Puc. 3.TlopoxxHUCTHI HTIHAD K
3 30BHILIHBOIO TPILIMHOIO F=— 1 , SKAHA 3aJI€KHTh BIJ
AT [ER/TI

BiHOCHOT TIMOMHH TPIIIUHK 1 B po3risgyBaHoMy Bumaaky npu |/t=0,5 cra-
HoButh 0.55.
K" =F @AT ([EN/mI=0.55110°100 3.135 2.170 Tae cm®?.

Cxinuenno-enementHa Moxens (CEM) moGynoBana B ocix Z —Z Ta
CKJIAZIA€ThCSA 3 YOTUPHOX CITKOBUX (hparMeHTiB (puc. 44). 3rigHo i3 HagaHUMHU
B [2] pexoMenganismMu npu moOymoBi auckperHoi moaeni po3mipu CE mpuse-
purHHOT 007acTi npuitaaTi 1/10 noexuuu tpimuan (CEM Nel). Yucno ckin-
yeHuX ejaeMeHTiB — 230,KiIbKicTh HeBimoOMUX ckianae 528. [l 3abe3nedeHHs
36ixHOoCcTi HJC B Apyriit AuCKpeTHi MoJeni po3Mipy CKIHYEHHHX €JICMEHTIB
B TPHBEPIIUHHIA 067acTi 6yno 3meHmeHo a0 1/20 nowxunu tpimuan (CEM
Ne2, puc. 4p). Kinbkicte HeBimomux CEM Ne2 cranosuts 1320,uucino ckin-
4eHHX exeMeHTiB — 602.Pesynpraru BusHauenus K, (U) [7] sk mo obmacti Tak
1 10 By31y, IO € HAHOJIVKYIM 10 BEPIIMHM TPILIHHU. 100pEe Y3rOoUKYIOTECS 3
pe3ynbTaTaMu, OTpUMaHUMH iHIMMHE aBTopamu [8] (Tabm. 1).

Tabmuus 1
CEM Nel CEM Ne2
Ko™ (u) ( kel em®?) 2.017x10° 1.98x10°
K, (u) 2.131% 10° 2.089x 10°
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.

Z z
9 2'

z? z
PR
Ruzdsom T k 3om Ra=45cM L5om
Rp=50cM Rp=50cm
Rj0s=55¢cM R305=55¢cm
a 7]

Puc. 4.CEM Nel(a) i Ne2 (6) st pospaxyrky KIH B mopoxxsHucTOMY LiitiHApi

HacTymHuM TecTOBHM MpHKIaJ0M Oyia 3aaada npo aeopMyBaHHS JOBro-
r0 TOBCTOCTIHHOTO IMTIHAPA i3 TOMEPEYHO0 TpiluHO (puc. 5).

Marepian muiiHapa BU-
TOTOBJICHHMA 31 cTani
38XH3M®DA, s sskoi Mo-

<

Zl

/

\ mp

ITyJTb TIPY>KHOCTI
: 5 E=210/Tla, xoediuieHt
72 ITyacona v=0.3, koediri-
€HT JIHIHHOTO PO3LIMPEHHS
S~——1 ol a=13.510° 2pa0~". Pani-
4000 4000 | | |1, . .
5000 6000 aJbHUM PO3MOIUI TeMIepa
TYpU OIMCYETHCS JIOTApHU-
Puc. 5.T'eomerpryna cxemMa TOBCTOCTIHHOTO LMITIHAPA (MIYHUM 3aKOHOM:
i3 IOMEPEYHOO TPILIHHOO In(r/r
T=T (T~ )
In(r/ry)’

ae T,r - Temmeparypa Ta pajiyc noroysoi Touku; T,1,T,,r, - TemnepaTypu
Ta pajaiycH BiJIOBIZHO BHYTPIIIHBOI Ta 30BHINIHBOI HMOBEPXOHb IMIIIHIPA.
T,=1002pao ,T,= 0,1, =2m, r,=3m . losxuna tpimunn |, =0.5n.
JuckperHi Mozeni i3 BpaxyBaHHAM CHMETpil po3po0iieHi I TIOJIOBHHH M-
HApPY. SIK 1 B moTiepe THii TecToBii 3az[aqi B okouti BepmuaH TpimuHu CE sBIsSIOTH
coGoro kBanpary i3 posmipamu |, =l,,, /10 (puc. 64) 1a 1, =1, /20 (puc. 65).

Ha Bigminy Bin momepemnboi 3amaui obuncienns KIH mpoommiocs sk
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NPSMHUM METOJIOM TaK i eHepreTHYHuM (METOIOM IiamaTiuBocTi [2], Ta yepes
BenmunHK J4HTrerpana [3-6]):

3nadenns KIH o6uunciene MeTo10M MiAIaTIIMBOCTI )T CITKH 13 po3MipaMu
CE B oxoni Bepuunn Tpimmnu I, =1, / 20 Oyno MpUHHATUM 3a eTaJoHHe. Sk

MOYKHa T00aYHTH 13 pe3ynbTaTiB (Tabll. 2) TpU METOJa Aal0Th MaiKe OJHAKOBI
3HaueHHs KIH.

2000 1000

<
\

ZZ

Puc. 6. /luckpeTHi Moz NIIHAPA 3 po3MipaMH eIeMEHTIB B IPUBEPIIUHHII 30H1

l,=1,,/10@), 1, =1, /20(6)

Tabmuus 2
I . K Mialn Meron pea- | Meron miasa-
|mp psavuit meton K, (u) (MIla~/m) KL TIUBOCTI
l,, | mo 0011 0 mo 1. 0 0
K, (u) 3(%) K, (u) 3(%) | K;(J) | 8(%) K (G)

10 248 4.4 234.7 1.2 2354 09 235.9
20 238.4 0.4 231.6 2.5 2374  0j1 237.6
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HacTtynHoI0 TecToBOIO 3a/1aueio Oylia IpsSIMOKYTHA ILac-
THHA 3 OOKOBHM HAJPi3OM JKOPCTKO 3alleMJICHa TI0 KpasiM,
10 PIBHOMIPHO OXOJIOJUKYETHCS HA BEIUYMHY Mepenany Te-
mmeparyp AT =100zpao (puc. 7).

®Di3HKO-MEXaHIYHI BIACTUBOCTI aHAJIOTIYHI TIOTICPETHIN Te-
CTOBIH 3amadi. I3 BpaxyBaHHSAM CHUMETpil JUCKPETHI MOAEIi
PpO3po0ITeHi Il TOJOBMHY IuiacTuHU. Ha puc. 8 mokasaHi auc-
KpeTHi Mozei B sikux po3Mipu CE B okomi BepmHM TpiluHA
CKJIaJIal0Th BiJIMOBITHO ez =l / 10 Ta

lez =1y / 20 .Pe3ynbratit po3paxyHKy IOKa3ylOTh, IO 5K 1 B

TIOTIepEeHIN 3a7adi METOJ MiIIATAMBOCTI Ta METOM pPeaKIlii
JIAFOTh MIPAKTHYHO OJTHAKOBHM Pe3yJsIbTaT. BiIMiHHICTE pe3yib-
TaTiB MPSIMOTO METOJY 3HAaXOIUTHCS B MeXax 5 BiJICOTKiB. B
poGoti [8] HaBeneHuii
PO3BS30K  JaHOi 3amadi
z aHATITHIYHAM METOJIOM Ta

i3 3actocyBanusim CE 0a-

3u ANSYS. B ANSYS

obuncnends KIH Buko-

HYBAJIOCh MNPAMHUM MECTO-

=
S
=
35
T 7 en
1000
Puc. 7
Zl
200 T

JIOM 3a BCJIMYUHOIO IIEPC-

MIIIEHHS Y BY3Ji, IO €

HaWOMMKINM BiJl BEpIIU-

HU TpPIIIUHH, Ta EHepre-

THYHAM MCTOIOM — 3a

BENIMYMHOIO0 J-iHTerpaja.

0 0 Z?
=t 35 Ay ] Otpumani pe3yJbTaTu
100 100 A BIIPI3HAIOTECS BiJ HaBe-
a 6 JeHuX B Ta0lL 3 B MeXax
Puc. 8. /luckpeTHi Moz MIACTHHY 3 OOKOBHM HaJpi3oM 3%.

Tabmuus 3
| N . \/— Meron pea- | Meton migja-
p | TIpsivmit MeToR K, (u) (MIla~ m) KITiit TTHBOCTI
|

er | 1o 00JI. mo 1.
o(% o(% K, (J) | 8% K, (G
K|(U) ( ) K|(U) ( ) I() ( ) I()
10 519.8 4.8 515.8 5.6 543/4 0|5 543.1
20 520.6 4.7 533.4 2.4 5462 ( 546.3

OTpuMaHi pe3ysbTaTH MMOKAa3yIOTh BUCOKY €(EKTHBHICTH po3po0IIeHOT Me-
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toauku Bu3HadueHHs KIH B Tinmax 3 TpimuHamu I Ji€l0 TeMIepaTypHOTo Ha-
BaHTax<eHHs. EHeprernmunuii Mmeron BuzHadeHHs KIH BusBuBCs Oinbm edek-
THBHHM TTOPiBHIHO i3 IPSIMUM METOJIOM.
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Ulxpoins A.A.
ONPEJEJEHUE KOY®UIMEHTOB HHTEHCUBHOCTHU HAMIPSI)KEHUM B [IBY-
MEPHIX TEJIAX TP TEMITIEPATYPHOM HATPY3KE
Ha ocHOBe MOMEHTHOI CXeMbI KOHEUHBIX dJ1eMeHToB (MKD) peann3oBana MeToauKa Ompese-
JeHusT KO3(UIMEHTOB HHTeHCHBHOCTH HanpshkeHnit (KMH) B IByMepHBIX Tenax Moj JeiicTBHEeM
TeMIIepaTypHOI Harpy3KH. Pe3ynbTaTel pelIeHns TeCTOBBIX 3a/ad MOKAa3alHd, YTO SHEPTreTHIECKHe
metons! onpenencHus KUH sBistorest 6osee 3(heKTHBHBIMU 110 CPABHEHHIO C MPSIMBIM METOIOM.
KuroueBble ciioBa: J[BymMepHas 3a1a4a, KO3(QHUIHEHT HHTEHCUBHOCTH HANPSDKCHMIT, TemIepa-
TypHasl Harpy3Ka, METOJ] KOHEYHBIX DJIEMEHTOB.

Shkril’ 4.
DEFINITION STRESSINTENSITY COEFFICIENT TWO-DIMENSIONAL BODIES UN-
DER THERMAL LOAD

On the basis of the finite element scheme of thenemd method (FEM) implemented method
of determining the coefficients of stress intenéityin two-dimensional bodies under the action of
temperature load. Results of test problems shohattihe methods for determining the energy of
K are more effeciency compared with the.

Keywords two-dimensional bodies, stress intensity coefiicithermal load, finite element method.
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VJIK 539.4

B.B. Xapuenko®, un.-kop. HAH Vkpaiuu
C.M. BaHbKOl,

C.B. Koﬁeﬂbcxnifll,

B.I. KpaBuenko®

Yemumym npoénem miynocmi in. I'.C.ITucapenka HAH Vipainu
Tumipszeecvka gyn., 2,m. Kuis, Ykpaina. 01014

YU CEJBHUI PO3B’ 130K 3AJIAYI ITPO OIIIP PYWHYBAHHIO
HOJIOTO HUWJIIHJAPA 3 JE®EKTOM Y BUI'JIAAI KABEPHHU 3
TPIIIIMHOIO B ITPYKHO-TIJIACTUYHINA IOCTAHOBIII

IIpexncraBieHO pe3ynbTaTH PO3PAXyHKIB B MPYKHO-IUIACTHYHIH IIOCTAHOBLI OMOPY pyHHYBaH-
HIO TI0JIOTO LMITIHAPA 3 Ae()EKTOM Y BUIIISAI TPIIUHH, KA 3HAXOAUTHCS B BeplIMHI KaBepHH. One-
pkaHi JaHi NOPIBHIOBAJM 3 Pe3yJbTaTaMU PO3B’ 3Ky B MPYXKHIM MOCTAHOBII 3a7adi PO PO3TSC
OJIOTO LIUTIHAPa 3 Ae)EKTOM Yy BUIIISAI TPILIMHH, SIKA 3HAXOAUTHCS B BEPIIMHI KaBEPHHU, a TAKOXK
3 pe3ynbTaTaMy po3B’ 3Ky TS WILTIHAPA 3 TPILHHOLO.

KorouoBi ciioBa: kaBepHa, Tpill[MHA, HANPYKCHHH CTaH, KOS(ILIEHT IHTEHCUBHOCTI Hampy-
’KCHb, METOJI CKIHUCHHUX CICMCHTIB.

Beryn. IIpo6nema nocimikeHHs HalIPpy>KEHOTO CTaHy By3Ja 3’ €JHAHHS KO-
nekropa 3 koprycom naporereparopis [II'B-1000M eneprootnokiB AEC 3 pea-
kropoM BBEP-1000B ymoBax ekcruryaramii € akTyaJbHOIO, OCKUTBKH B MEXax
HPOEKTHOTO CTPOKY CIIYXKOM BHUSBISIIOTHCS ITOLIKOJDKEHHS BY3IIB 3'€IHAHHS
[1-5].

B po6orax [6-8] mpoBemeHo pe3yapTaTH pO3paxyHKIB LIOIO0 BIUIHBY I€O-
METPUYHUX TapaMeTpiB Ae(DeKTy y BUTIIALI KaBEpHU B 30HI TAITEILHOTO TIepe-
X0y By3Ja 3’ €IHAHHS KOJIEKTOpa J0 Kopmycy maporeHepatopis I1I'B-100QM
Ha ¥Horo Hampy)keHo-nehopMoBaHUN CTaH. J[aHi MIOJ0 OIIHKU HAIMPYKEHOTO
CTaHy 1 ONOpYy PYHHYBaHHIO By3Jla 3’ €JHAHHS 3 TPILIMHOIO B 30HI TaJITEIILHOTO
nepexony NpH Iil eKCIUTyaTaliilHuX HaBaHTa)XeHb NPEACTaBIIeHi B [9].

B naniit poOOTi B IpYyKHO-TUIACTUYHIHM IMOCTAHOBII PO3IJISAETHCS MOJIE-
JbHA 3aj1a4a MPO OMip PyWHYBAHHIO MOJIOTO LHIIHApA 3 Ae(hEeKTOM Yy BHUIJISI
KaBepHH 3 TPILIMHOI0, 0 Oepe movaTok B ii BepmuHi. Pe3ynbraTi po3paxyH-
KiB MOPIBHIOBANM 3 PO3B’I3KOM JaHOi 3aga4i B mpyxHii moctaHoBui [10], a
TAKOX 3 JaHUMH PO3B’ A3KY IIPO PO3TAT IIIIHAPa 3 TpimuHoo [11].

Merta po6oTu. J[ocmiuTH BILIMB T€OMETPUIHUX TTapaMeTpiB KaBEepHU 1 Tpi-
IIMHA Ha PO3PAaXyHKOBI 3HAYEHHS KOe(iIlieHTIB iHTeHCHBHOCTI HanpyxeHb (KIH).

IMocranoBka 3agavi. Posrisnanu 3amady mpo poO3TAr MOJOTO IMTIHIpA
(puc. 1) i3 3oBHimHIM giamerpoM D1=2,2u, BHyTpimHiM miamerpom D=2 u,

O Xapuenko B.B., banbko C.M., Ko6enbckuii C.B., KpaBuenko B.1.



ISSN 0132-14710mnip matepiaiis i Teopis cnopyn. 2014 .Ne 93 135

BUCOTOI 2H=2 3 BHYTPIIIHBOIO 1 30BHIIITHBOIO KPAHOBOO KUIBIICBOIO KaBep-
HOIO 3 TPILMHOIO, 10 3HAXOANThCA B 11 Bepruuai [10].

Ha Toprsax mwmingpa 3ana-
BaJy PIBHOMIPHO PO3MOJIiICHE
HABaHTAXXCHHS  IHTCHCHBHICTIO T@ —
0=100 MIla. 3Baxkatouu Ha CH- i
METPIIO 3a/1adi, PO3TIIAIAN CCK- I ’ ‘
top 3 kyrom 7/40. KoedimieHt D, G
[Tyaccona 3amaBamu v=0,3. Ma- i |~ postamysannz
Tepian 11€aJIbHO MPY>KHO- ‘¥ 4 ,‘,—‘ = nedexry

| I
| |

TUTACTHYHUH, TPAHUIIS TCKYyJOCTI
ot = 500MI1a.

PospaxyHku mnpoBoMIM Ha
OCHOBI METOJly CKiHUEHHHX eJle-
MEHTIB 3 3aCTOCYBaHHSIM TIPO-
rpamaoro kommuiekcy SPACE-

RELAX [12] BukoprcToByBaIu ,

. . . . . Puc. 1.3aga4a npo po3TAr HOJOro HMIIHIpA
TIpOCTOPOBI SMIHanHl _CKIHLIG?HH% 3 BHYTPIIIHBOIO 1 30BHIIIHBOIO KPaiiOBOIO KiJIbIie-
CIICMCHTH (CHeHlaJ‘ILHl KyOiuHi BOIO TPIMIMHOIO, MO 6epe MOYaTOK 3 KABEPHH
enementd) 3CE-1, mnoOymoBaHi
Ha OCHOBI IIECTHTPAHHOT BOCBMUBY3JI0BOT IPH3MH 3 TIOJIUTIHIHHUM 3alIOBHEHHSIM
HepeMilIeHb 1 aIpOKCHMALi€l0 HalpyKeHsb i Jedopmariiif 3a JOIoMororo iHTep-
NOJLILIHHUX (QyHKIIH, BU3HAUYCHUX IIOAO BeplIKH i neHTpy npusmu [13]. Kpim
TOr0, BUKOPUCTOBYBAJIM ClienianbHi Tetpaenpuyni enementd (3TE-1) 3 anmpok-
CUMAIII€I0 HANpyKeHb 1 aedopMariiif, moOyI0BaHNX 32 JOTIOMOTO0 IHTEPITONS-
IMHUX (YHKIIH, BU3HAYEHUX BiIHOCHO BEPIIMH i HeHTpy Terpaeapa [14]. Ipu
criieHoMy BukopuctanHi eneMenTiB 3CE-1 Ta 3TE-1 mocsiraetbest 301KHICTD
pE3yNBbTATIB 1O HAPYXEHHSIM, po3KpuTTsM 1 KIH npu 3MeHIIeHHI KpOKY CITKH.
Ha tetpaeapu po30MBaOTHCS JIMIIE E€IEMEHTH, IO MPUMHKAIOTH 10 (POHTY
TpimmHan. Po3mip enemenra y BepumHi TpinmHE — 700mrm*25 mxm*25 mxm.
Benmmumnna napameTpy C CITKH CKIHYEHHHX E€JIEMEHTIB, IO PO3MOBCIOJUKYETHCS
B3I0BXK (PPOHTY TpiluHu, JUTs BCiX BapiaHTiB cTaHOBHIa 1/20ToBIuHM t CTiHKH
LITIHAPa, BETMYHUHY MapameTpa o ciTku npuiimManu 2/3 C. Po3paxyHku npoBoau-
JI 1Sl YOTHPHOX BapiaHTIB B3aEMHOTO PO3TAIIYBAHHS KaBEPHHU 1 TPIL[UHU.

B mepiux IBOX BapiaHTax pO3MILIOaiM HETJTHOOKY 30BHIIIHIO (BHYTpi-
IIHIO) KiJBLEBY TPIlIMHY, TAMOMHA K01 C (BIIUIIK BiJl BEPIIMHH KaBEPHH)
(puc. 2). Po3B’si3yBamy psii MOJACIBHAX 3a7a4 3 HACTYITHUMH BiJHOUICHHIMHU
rbuan nedekry a=K,8+C mo toBuunu crinku t: a/t=0.1, 0.3, 0.5, 0.7Buco-
Ty h xaBepuu npuiimanu: 1.15, 1.5, 25, 43, 65, 85, 108.

B HacTymHHX IBOX POy TIIMOOKY 30BHIIIHIO (BHYTPILIHIO) Kijblie-
BY TpIIIMHY, BiICTAaHh MK BEPIIMHOIO TPIIIMHU 1 BEPIITMHOIO KaBEpHU Bapiro-
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BaJId BeJIMUnHOIO mapametpa Ky (puc. 3). Po3B’si3yBaiu psij 3a1a4 3 HACTYIIHH-
MU 3HAYEHHSAMH INIHOWHM KaBepHu: b=15, 55, 78, 99 Ta 3HaYEHHAMM BHCOTH
kaBepuu: h=1.15, 1.5, 25, 45, 65, 1(05. BimnomeHnus riauOUHH IeQEKTY
ksd6+k18+C mo ToBmmum crinku t; a/t=0.3, 0.5, 0.7.

Ky
|
|

Puc. 3. CkiHYeHHO-eJIeMEHTHA MOIEIb IS 3a/1a4 TPETHOTO Ta YETBEPTOr'O Bapiax—n‘y

Pesynmbratn po3paxynky KIH mopiBHIOBamM 3 pe3yibTaTaMu pPO3B' 3Ky
JaHoi 3a7a4i B IPYKHI{ TOCTAHOBIII, a TAKOX 3 Pe3yJIbTaTaMH PO3B’ 3Ky 3a7a-
4i PO PO3TSIT WITIHAPa 3 TpituHow [11].

IleperBipka 30i:kHOCTi pe3yabTaTiB po3paxyHky. Ha pesyneratu po3pa-
xyHkiB KIH BIUIMBaIoTh po3Mipu CKiHYEHHHX €JIEMEHTIB B BEPIIHMHI TPILIHHU.
3okpema, B [15] #geTbcsi mpo YyTIHBICT PO3B'A3KY 0 PO3MIpIB CKiHUCHHO-
eneMeHTHOI ciTku. [TokazaHo, sIK BiJl pO3MIpiB €JIEMEHTIB Y BEPILIMHI TPIIUHA
3aJISKUTH BEJIMYMHA 30HH IUIACTHYHOCTI. KpiM TOTro, IpencTaBieHo pe3ynbTa-
TH 3QJICKHOCTI BEIMIMHN HABAaHTXKECHHS PYHHYBaHHS BiJl pO3Mipy €JIeMeHTa Y
BepIIMHI TpinuHU. HaliMeHIe 3HaueHHsT HaBaHTaXeHHsI pYHHYBaHHS OTpUMa-
HO JuIst HakapiOHimoi citku. B [16] npoaHaiti3oBaHO BILIMB PO3Mipy eleMeHTa
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CITKM Ha pe3yJbTaTH BU3HAYCHHS IMapaMETPiB PO3KPUTTS 1 3aKPUTTS TPIlUHH.
ITokazano, Mo HaWKpaIi pe3yabTaTH MOXKHA OTPUMATH TPH MiHiMizamii po3-
MIpiB €JI€eMEHTIB HABKOJIO TPIIIUHH, IPOTE 1€ HE 3aBXKIU MOXKIIMBO B 3B’ 3Ky 3
00YHNCITIOBAILHUMH BHUTpaTaMH. 3 OTJSAAY Ha Iie, OyJ0 BCTAHOBJICHO 3alleiK-
HICTh MIDXK PO3MipaMH CiTKH CKIHUCHHUX €JIEMEHTIB Ta OJepKaHUMH pe3yiIbTa-
TaMU i OTPUMAHO 3HAYCHHSI, TIPH SIKUX JOCATAETHCS 301KHICTD.

Jns omeprkaHHS KOPEKTHUX PE3YNBTATIB BAXKIIMBO MEPEBIPUTH YMOBY BHKO-
HaHHS MONPABKK [pBiHa Ha IUIacTUUHICTE. [IpM pO3B’sI3aHHI MOCTABICHUX 3a/1a4
BUSIBWIOCH, IO JUIS MOJEINI TEpIIoro Ta JPYroro BapiaHTIB MU BiIHOIICHHI
a/t=0.1 3 xpokoM ciTkH B OKOJHI BepiurHK TPitmHU 700MmKMX 25 MrmX25 mrm
nonpaBka [pBiHa Ha IIACTHYHICTh HE BUKOHYETHCS. TOMY JUTS IMX 3a/1a4 Oyiia 1mo-
OynoBaHa Oimbll rycta citka (Kpok CITKH — 294mrmx8.3mrmx8.3mrm). Tpu
O3B’ sI3aHHI 331241 Ha JaHii ciTii 0yJ10 TOCATHYTO BUKOHAHHS ITOTIPaBKH [pBiHa.

OTxe, pe3yJabTaT pO3B’ 3Ky € UYTJIMBHM JIO0 BEITUYMHHU KPOKY CITKH 1 TIPH
PO3B’s13aHHi 3a1a4 3 JeeKTaMH Takoro Tuiy (Milka KaBepHa i TpiluHA) MO-
TpiOHO OYyTH 00EpEKHUM 3 TTAOOPOM CITKH.

PesyabTaTi. Ha puc. 4 nmpencrarieHi NOPiBHAIBHI pe3yabTaTH pO3paxyH-
ky KIH B nipyxHii#t 1 mpy>XHO-TIIAaCTUYHINA MOCTAHOBIN JJIS Pi3HUX BiJTHOIICHD
rmuOuHE nedeKTy A0 TOBLIMHM CTiHKH ImmiHapa (a/t) B 3anexHOCTI Bia BHCO-
TH KaBEPHU LTS 33]1a4 TIEPIIOTO BapiaHTy.
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Puc. 4.T'pacdixu nopisusuus posnoniny KIH nist 3amau B npy»kHiil 1 mpyXHO-IIIACTHYHIN MOCTa-
HOBLIi; 30BHILIHS TPill[MHA; 3a/ja4a nepiioro Bapianty: 1 —a/t=0.1 (pyxwicts), 2 —a/t=0.3 fpy-
xHicts), 3 —a/t=0.5 @pyxHicts), 4 —a/t=0.7 @pyxuicts), 5 —a/t=0.1 @py*xHO-IITaCTHYHICTB), 6
—a/t=0.3 (pyxHo-mactuunicts), 7 —a/t=0.5 @pyxHo-1actuunicts), 8 —a/t=0.7 @upyxHo-
IUIACTHYHICTB)

SAx BunmHo 3 puc. 4, 3HauenHs KIH mpwu po3B’s3aHHI 3amadi B TPYXKHO-
TUTACTUIHIHM IMOCTAHOBIII BHUIIi, HIX TPH PO3B’ A3aHHI 33/1a4i B MPYXKHIH mMocTa-
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HOBI. [Tpm mboMy pizHuUI Mix BenmunHamu KIH mis mpy»kHOTO 1 Ipys>kHO-
IJTACTHYHOTO PO3B’ I3KiB 3pOCTaE 3i 301IbIIEHHM TITHOWHH IeEKTY .

Ha puc. 5 s 3ama4 TpeThoro BapiaHTy MpencTaBiIeHo rpadiku po3momiry
KIH nmns pi3HUX TIMOWH KaBEPHH B 3AJICKHOCTI BiJl BUCOTH. BigHOIICHHS TIIH-
OunM gedeKTy J0 TOBIIMHY CTIHKM HuIiHapa a/t crane i cranosuts 0.5.IToka-
3aHO TIOPIBHAJIBHI PE3YNIbTATH IJIS PO3B’A3KYy 3a7adi B MPYXKHIH Ta TpPyKHO-
IUTACTUYHIN MOCTAHOBKAX.

85
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1 2 3 4 5 & 7 2 g 10
BucoTa KaBepHE [apaMeTpH3oBaHE SHAYeHHA)

Puc. 5.T'pacdiku nopisusaus poznoxinry KIH mis 3anad B npysxHiii i npyXHO-IUIACTHYHIN OCTa-
HOBLIi; 30BHILIIHs TPIil[MHA; 3a1a4a TpeThoro Bapianty : 1 —b=18 (npyxHicts), 2 —b=58 (npyx-
HicTs), 3 —b=78 (npyxHicte), 4 —b=93 (upyxHicts), 5 —b=18 (npyxHo-mnactuunicts), 6 —b=55
(mpy>xHO-mIIacTHYHICTE), 7 —b=73 (mpy*)HO-IITacTHYHICTE), 8 —b=90 (IPyKHO-IITACTHYHICTB)

3 puc. 5 cninye, mo, 3nagenns KIH npu po3s’s3anHi 3a7a4i B NpysKHO-
IJTACTHYHIN TOCTAaHOBIN BHII, HiXK TIPY pO3B’ I3aHHI 3a/1a4i B MPYXKHil mocTa-
HOBIIi JIJIS BCIX CITiBBiAHOIICHD TIIMOWHU 1 BUCOTH KaBEpPHH.

Pesynbratn po3paxynky KIH mopiBHIOBa M 3 YUCETLHAMH PO3B’ I3KAMH 3a-
J1aq B TMPYXXHO-TUTACTHYHIA TTOCTAHOBII PO PO3TAT MOJIOTO MTIHIpPA 3 30BHIIII-
HBOIO 1 BHYTpiIHbO0 Tpimuuoo [11]. Ha puc. 6 npeacrasieno rpadiku posmo-
mimie KIH st 30BHimmIX nedekTiB npu BigHorreHHi a/t=0.3 B 3aexHOCTI Big
BHCOTH KaBEPHH, Ha pUC. 7 —IJI BHYTPILIHIX Ae(eKTiB npu BinHoueHHi a/t=0.7.

Sk BUIHO 3 TIpeICTaBICHUX TPadiKiB, st 331a4 3 MIJIKOIO TPIIIMHOKO (MepIIii
Ta npyruii BapianTtr) 3HaueHHs KIH Hrokui B opiBHsHHI 3 po3B’ si3koM [11] mist Beix
CIIBBITHOIICHD TIIHOWHH 1 BUCOTH KaBepHU. JIJ1st 3a/1a4 3 TIIMOOKOO TPIlMHOKO (Tpe-
Til Ta YeTBEPTHIA BapiaHTH) MPH 30LIBIICHHI BUCOTH i TJIMOWHH KABEPHH 3HAYCHHS
KIH nepeBuryrots otprMani B po6ori [11]. 30kpeMa, 11t BHYTPIIIHEOTO JePEKTY 3
BimHomeHHsM a/t=0.7 Takuii eeKT crocTepiracThCs NMpH IIMOMHI KaBepHu b=53
it h>2.%, npu rmbuai b=78 s h>1.55, npu rmbuni b=98 mis Beix 3HaYeHDb
BHCOTH KaBepHH. MakcuMalibHe TiepeBuIleHHsI 3HadeHh KIH mist Tpiniau criocte-
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piraetsest it aedexry 3 BigHorenrsM a/t=0.7 mpu b=58, h>1( i cxiamae 4.37%,
npu b=738, h>105 cknagaec 5.46%.3 oTpUMaHHX PE3Y/ILTATIB MOKHA 3POOHUTH BU-
CHOBOK, 1110 OiJIbII HEOE3MEYHNMH € JIe(PEKTH 3 TIIMOOKOI TPIIMHOK (3a1adi Tpe-
TBOT'O 1 YETBEPTOro BapiaHTiB). Y BHUIIAJKy 30UIbIIEHHS TIMOMHH i BUCOTH KABEPHHU B
JTAHUX edeKTax Po3B’ A3KU JaHUX 33734 € OUTHIT KOHCEPBATUBHUMU, HIXK O3B’ SI3KH
3aj1a4 TIPO PO3TSAT MITIHIPA 3 TPIIIMHOFO.
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Puc. 6.'pacdixu nmopisusiaas posnoainy KIH 3oBuimHiit nedekt; a/t=0.3:
--- - po3B’s130k [11], ® —minka Tpinmua, o — ruboka TpimuHa b=18, A —rnmboka TpiuHa b=53,
0 —rmboka Tpimuna b=78, X —rauboka Tpimaa b=93
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Puc. 7.Tpadixu nopisusiaas posnoniny KIH Buyrpimmiit nedexr; a/t=0.7:
--- - po3B’s130k [11], ® —minka Tpiumua, 0 —ruboka TpimuHa b=18, A —rnmboka TpiuHa b=53,
0 —rmboka Tpimuna b=78, X —rauboka Tpimaa b=93

[ToBHHMIT MacHB OTPUMAaHUX Pe3yJIbTATIB PIllICHHs JaHUX 3a/ad NpecTaBie-
HO B Tabmuix 1-8. [IpuBeneno mopiBustHHA 3HaYeHs KIH mpu pos3s’s3anHi 3a-
Jlad B TIPYKHIA Ta TPY>KHO-TUTACTHYHIN MOCTAaHOBKAX, a TAaKOXK MPH PO3B’ A3aHHI
MPY>KHO-TDTACTUYHOT 331241 TIPO PO3TSAT IMIITIHAPA 3 TPIIIHHOIO.
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Tabmums 1

TTopiBasaHs 3Hauenb KIH mis 3amag meproro BapianTy

Koedimient intencuBHoCTI HanpyxeHs, MIIa-M™0.5
Bucora (mpy>xHa MOCTAaHOBKA/MPYKHO-IJIACTHYHA MOCTAHOBKA)
KaBepHU alt
0.1 0.3 0.5 0.7
1.15 21.0321.44 45.2146.24 76.7078.92 | 120.78124.97
1,5 20.5820.94 44.5245.46 76.2678.58 | 121.27126.12
23 19.9720.27 43.1544.05 74.7776.78 | 120.38123.98
45 18.3618.56 37.2687.71 65.8267.07 | 110.42114.07
63 17.6417.80 33.5983.83 58.5669.69 99.99104.84
83 17.2617.40 31.3181.44 53.4864.47 91.8507.13
105 17.0147.14 29.7029.76 49.6650.50 85.4200.54
Po3B’s130k [11] 21.175 46.437 79.894 129.67
Tabmuug 2
TTopisasaAs 3Havens KIH i 3amad npyroro BapiaHTy
Koedimienr intencuBHoCTI HanpyxeHs, MIIa-M™0.5
BucoTa (mpy’xHa MOCTaHOBKA/MPYKHO-MJIACTHYHA MOCTAHOBKA)
KaBepHU alt
0.1 0.3 0.5 0.7
1.15 20.8021.20 44.0145.02 73.48175.91 114.08119.20
1.5 20.3920.74 43.4444.37 73.28115.82 114.89120.89
25 19.8020.10 42.2143.12 72.1074.43 114.45119.57
45 18.2518.44 36.7987.25 64.2965.97 106.40111.83
65 17.5617.72 33.4283.69 57.8769.32 97.53104.46
106 16.9917.12 29.9580.04 50.0761.23 85.2403.19
Po3B’s130K [11] 20.928 45.329 77.033 122.94
Tabmuus 3
3navenns KIH mis 3amau tpeTboro Bapianry, a/t=0.3
Koeoimient inTencuBHOCTI Hanpyxens, MIIa-M*0.5
Bucora (mpy>xHa MOCTaHOBKA/MPYKHO-MJIACTHYHA MOCTAHOBKA)
KaBepHH I'nubuHa KaBepHH
15 55 75 B
1.15 45.59/47.21 45.56/47.21 45.56/47.24 45.50/47.18
1.5 45.58/47.21 45.56/47.22 45.53/47.21 45.23/46.84
23 45.58/47.21 45.53/47.19 45.39/47.03 44.58/46.05
45 45.53/47.13 44.88/46.41 43.73/45.10 40.68/41.66
65 45.39/46.92 43.83/45.19 41.82/42.96 37.56/38.32
105 45.02/46.39 42.03/43.12 39.05/39.89 33.73/34.19
Po3s'si30k [11] 46.437
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Tabmuus 4

3nauenns KIH myst 3a1au tpeTsoro Bapianty, a/t=0.5

Koeoiuient intencuBHocTi Hanpyxenb, MITa-M"0.5
Bucora kaBep- (mpy»Ha MOCTAHOBKA/MPYKHO-MJIACTHYHA MOCTAHOBKA)
HHA I'mmubuna xaBepHI
15 55 7% )
1.15 77.2080.83 77.2280.87 77.2580.96 77.2881.03
1.5 77.20/80.83 | 77.23/80.91 77.2781.01 77.2080.88
25 77.2080.83 77.2580.95 | 77.28/81.03 | 76.8680.34
45 77.1880.73 77.1380.73 76.5179.96 73.03775.60
65 77.11/80.57 | 76.44179.83 74.6177.58 | 68.15/70.11
108 76.76779.88 74.18176.97 70.16772.42 60.2961.52
Po3B’s30k [11] 79.894
Tabnuus 5

3nauenns KIH qis 3agau Tpetsoro Bapianty, a/t=0.7

Koeoimient inTencuBHOCTI HanpyxeHnb, MIIa-M*0.5
Bucora Ka- (mpy’xHa MOCTaHOBKA/MPYKHO-MJIACTHYHA MOCTAHOBKA)
BEpHU I'mubrHa kaBepHU
15 55 7% B
1.15 120.84128.76 | 121.121429.13 | 121.35029.48 | 121.72129.96
1.5 120.86128.84 | 121.25029.36 | 121.59429.85 | 122.06130.39
25 120.88/28.92 | 121.42129.65 | 121.91130.33 | 122.36130.72
45 120.93129.37 | 122.20131.09 | 122.96132.18 | 121.21129.66
65 120.98129.60 | 122.81132.18 | 123.10432.83 | 117.19125.76
105 120.97129.42 | 122.95032.61 | 121.01430.93 | 107.60115.25
Po3B’s30k [11] 129.67

Tabauis 6

IopiBusiaus 3Ha4enp KIH ms 3agaq yerBeproro Bapianty, a/t=0.3

Koeoirient intencuBHOCTI HanpyxeHb, MIIa-M"0.5
Bucota (mpy>xHa MOCTaHOBKA/MPYKHO-NJIACTHYHA NMOCTAHOBKA)
KaBEPHH ['mbuHa KaBepHH
13 55 75 B
1.15 44.1545.74 44.2145.82 44.2545.89 44.3045.96
1.5 44.1645.75 44.2545.87 44.3045.95 44.3345.99
25 44.16A5.76 44.2845.92 44.32A5.97 44.2445.87
45 44.17A5.77 44.0845.67 43.7045.23 42.7644.15
60 44.1145.70 43.5245.03 42.6744.07 41.0442.26
108 43.9545.51 42.4843.89 41.02A2.28 38.6989.56
Po3B’si30k [11] 45.329
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Tab6muus 7

Iopieusuns 3uauens KIH mist 3agau yetBeproro Bapianty, a/t=0.5

Koeoimient inTencuBHOCTI HanpyxeHb, MIIa-M"0.5
Bucora (mpy>xHa MOCTaHOBKA/MPYKHO-IIACTHYHA MOCTAHOBKA)
KaBepHH I'nubuHa KaBepHU
13 55 75 )
1.18 73.4977.17 73.70177.44 73.83177.63 73.97177.84
1.5 73.5177.19 73.8177.56 73.98177.82 74.15/78.05
25 73.5377.22 73.93177.72 74.16178.04 74.29778.18
43 73.62117.34 74.3178.19 74.37178.22 73.36/76.89
66 73.6717.40 74.22/78.05 73.66177.36 71.05974.14
105 73.62177.32 73.17776.85 71.26174.65 66.3769.00
Po3B’s30k [11] 77.033
Tabmuus 8

Iopisusuus 3HaueHp KIH miis 3agaq ueTBeproro Bapianty, a/t=0.7

Koedimient intencuBHoCTI HanpyxeHs, MIIa-M™0.5
Brcora KaBep- (mpy’xHa MOCTaHOBKA/MPYKHO-MJIACTHYHA MOCTAHOBKA)
HU I'nubuHa KaBepHU
15 55 7% B
1.15 113.47120.89 | 114.04121.62| 114.38122.09 | 114.83122.73
1.5 113.52120.95| 114.30121.96 | 114.80122.63 | 115.42123.48
25 113.58121.02 | 114.64122.39| 115.33123.32 | 116.12124.36
45 113.80121.33 | 116.04124.24| 117.35126.00 | 117.75126.52
65 114.02121.68 | 117.29125.99| 118.70128.07 | 117.29126.66
106 114.40122.51| 118.80128.56 | 119.35130.04 | 113.69124.37
Po3B’s30k [11] 122.94

BucnoBku. Po3B’s13aH0 psii MOJETHHUX 3a7a4 B MPYXHO-TUTACTHIHIN ITO-
CTaHOBIII TIPO PO3TAT TMOJIOTO IMMITIHIAPA 3 Ae(PEKTOM y BUTIISAAI TPIIIMHHU, IO
Oepe modaTok 3 BepmuHU kaBepHU. OTpumani 3HadenHi KIH mopiBHIOBamm 3
pe3yiabTaTaMu PO3B’ 3Ky HAaHOI 3a/1adi B MPY>KHIHM MOCTAHOBIII, a TAKOXK YUCE-
JLHAMH PO3B’ I3KaMU 1PO PO3TAT LHUJIHPA 3 TPILIMHOIO.

3 onepkaHMX pe3yibTaTiB ciinye, mo 3HadeHHs KIH mpu poss’szanni
NPY>KHO-TUTACTHYHOI 3a7a4l BUILI, HDK AJISL PO3B’SI3KY B NMPYKHil MOCTaHOBII.
OTmxe, monpaBka [pBiHA Ha MIACTUYHICTH BUKOHYETHCS, ale PO3B’ 30K € UyT-
JIUBUM JI0 BEJIMIMHU KPOKY CITKU.

[Tpu mopiBHSAHHI OIep>)KAHUX PE3YIbTATIB i3 PO3B’ I3KOM 331l PO PO3TAT
OWTiHApa 3 TPIIIMHOIO BCTAaHOBJICHO, IO IS Je(EeKTy Mepmoro Ta APYroro
BapiaHTiB (medekT 3 HermMOoKOW TpimuHow) Bennunan KIH Hukyi s Beix
CITIBB1THOIIICHD TJINOWMHY 1 BUCOTH KaBEPHH, JUISI 3a/1a4 TPETHOTO Ta YETBEPTOTO
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BapiaHTiB (me(ekT 3 rrbokoro TpinwHow) 3HaueHns KIH nepeBuinyroTs 3Ha-
gends KIH ms 3amadgi 3 TpinuHOIO TpH 301TBIIEHH] BUCOTH 1 TNIMOMHU KaBep-
HU. MakcumanbHe niepeBuniieHHs 3HadeHb KIH mms TpimuaM criocTepiraerbes
st nedexry 3 BigHomenuaMm a/t=0.7 mpu b=568, h>106 i ckinamgae 4.37%,npu
b=78, h>105 cknamae 5.46%.To6T0, Ginbin HEOE3MEUHUM € Ae(EKT 3 TIIHO-
KOIO TPIUHOIO, JUIA SKOTO TpH 30UTbIIEHHI TIMOWHHW 1 BUCOTH KaBEpHH
PO3B’ 530K cTae OUIBII KOHCEPBATHMBHUM, HIK IIPU PO3B’ A3aHHI 3a/1adi 3 Tpily-
HOMX. 3 OJIepKaHUX Pe3ynbTatTiB ciiaye, mo mpu ominmi HAC By3na 3’ eqHaHHS
«raps4oro» KOJEKTopa 3 MaTpyOKOM MaporeHepaTopa IOIUIBHUM €
O3B’ si3aHHSA 3a7a4i 3 1e()EeKTOM Yy BUIJISLII TITUOOKOT TPILIMHM, IO MPOPOCTAE 3
KaBEepHH.
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XapuenxoB.B., banvko C.H., Kobenvckuii C.B., Kpasuenxo B.H.
PELLIEHHUE 3AJIAYHA O PACTSI’KEHHUE ITOJIOIO HUJIUHIAPA C JE®EKTOM B
BUJE KABEPHBI C TPELLIMHOM B YIIPYT'O-IIJIACTUYECKOM IOCTAHOBKE
TIpencraBneHsl pe3ysbTaThl PACYETOB HAMPSKEHHOTO COCTOSIHUS MOJIOTO LMIMHIpPA ¢ nedek-
TOM B BHJE TPEIIUHBI, KOTOPAasi HAXOAUTCS B BEPLIMHE KABEPHBI B YIIPYTO-TUIACTHYECKOW MOCTAHO-
BKe. Pe3ynbpTaThl pacueToB CpaBHUBAIM C pe3yJbTaTaMy PELICHHs JaHHOW 3aayd B YIPYroil mo-
CTaHOBKE, a TAK)KE C Pe3yJIbTaTaMU PELICHUS 33/1a4U O PACTSDKCHUH LMIMHAPA C TPELIHMHOM.
KuroueBble ¢JI0Ba: KaBepHa, TPEIIMHA, HAMIPSHKEHHOE COCTOSHUE, KOI(D(MHULUCHT MHTCHCHUB-
HOCTH HalpsDKCHHH, METOZ KOHEYHBIX JIEMEHTOB.

KharchenkoV.V., Ban’koS.N., KobelskyS.V., Kravob¥€nk
SOLVE THE PROBLEM OF THE STRETCHING OF A HOLLOW CYL INDER WITH A
DEFECT IN THE FORM OF A CAVITY WITH A CRACK IN THE = ELASTIC-PLASTIC
FORMULATION

The results of calculating the stress state ofllalw@ylinder with a defect in the form of
cracks, which is at the top of the cavity in thaséc-plastic formulation is presented. The
calculation results are compared with the resdlsolving this problem in the elastic formulation
and with the results of solving the problem of stretching cylinder with a crack.

Key words: cavity, crack, stress state, stress intensitipfaéinite element method.
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YK 539.3

10.B. Boponal, KaH/I. TeXH. HayK
IJ. Kapa®

*Kuiscoruii nayionansnuti VHigepcumem 6yO0i6HUYmMea i apximexnmypu
Togimpogpnomcvkuii np. 31, Kuie, Yxpaina, 03680

PO3MOBCIO’KEHHA HUJITHAPUYHUX XBUJIb ¥
IMOPOIIPYKHOMY CEPEJOBUIII

JocmimKyeTbest po3B’ 130K 3a1adi Ipo MOMHUPEHHS B IOPOIPYKHOMY CEPEIOBHIII OCECUMET-
PHYHUX XBHJIb. 3aIpONIOHOBAHI PO3PaxXyHKOBI CIIiBBiJHOIICHHS, SIKi JO3BOISIOTH OOYHCIIIOBATU
napamerpu H/IC B mmpokomy AnamnasoHi 4acTor.

Ku1r04o0Bi cj10Ba: mopucticts, Mozenb bio, moteHian nepeMimieHb, GyHkuis ['ankens.

VY iockoHaNEHHS MPOLIECY PO3PaxXyHKY Ta MPOEKTYBAaHHS Cy4aCHHUX KOHC-
TPYKIIiH, cipsMOBaHe Ha OUTBIN peaqicTHYHE BIATBOPEHHS YMOB iX POOOTH,
3HAYHOIO MipOIO TIOB’ si3aHe 13 YCKIAJHEHHSIM MOJeNeH MOBEIIHKN MaTepialiB.
OcraHHiM 9acoM 0araTto yBaru NpuIiUISE€THCS BUKOPUCTAHHIO MOJICNIEH MOpPOT-
PYKHOTO CepeloBHINA, SKi TO3BOJIIOTh YPaxyBaTH HasBHICTh TOp B 6araTbox
peanpHEX OyNiBENBHUX MaTepiaiax i, B TOH ke 4ac, 3aJIUIINTUCh B MEXaXx Ti-
MOTE3H MO CyUiIbHICTh [1], [2].

YcTaneHi rapMOHIYHI KOJMBAHHS TBO(A3HOTO TOPOMPYKHOTO CEPEIOBHIIA
3rigHo i3 monemtio bio [3] onucyroThes cucTeMoro AudepeHialbHIX PiBHIHD

MUj g +HA U +0 WU~y p =0, (1)
P +% p+i(0ﬂDUk,k =0, 2

Ie depe3 Uy, Mo3Ha4yeHa K-a KOMIIOHEHTa BEKTOpa MepeMillleHb IIPYXHOTO CKe-

JIETY CEepPEeNOBHINA, a Yepe3 P — CepelHE HOpMAIIbHE HANPY)KCHHSI, SKE CIIPHIi-
MA€THCS BOJIOIO, IO 3aIIOBHIOE TOPH; KPIM TOTO BHKOPHCTAaHI HACTYITHI TTO3HA-
YeHHSI. (® — YacTOTa KOJIMBaHb, A 1 [l —KOHCTaHTH Jlame, SKi XapakTepHu3yloTh

NIPY’KHI BIIACTHBOCTI CKEJICTY, pD — mapameTp, SKUH XapakTepusye iHepuiiHi

BJIACTHUBOCTI cepeoBHUIIa B porieci KOJINBAHb.
2 .

D:UJZ(P11922_P12)+'U)b(P 17+P 25+2p 1)
iwb+w’py,

NpUIoMy eQEeKTHUBHI INUTBHOCTI

p

cepelioBHIIA Py, P12, Pop HOB'SA3aHI MK CO00I0  CHiBBIJHOLICHHAMHU

P11+P12=(1=B)Ps » P12+P2=BP+ » P12=—P4, 1 B CBOIO uepry, P — koedimienT

0 Bopona 10.B., Kapa L 1.
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HOPHUCTOCTI, Py — IIIIBHICTH KapKacy, P; — IIUIBHICTb PIIKOTO 3al0BHIOBAYa,

P, — IIUIBHICTh NPHUETHAHOI MACH.
TakoX BUKOPHCTaHI MO3HAYCHHS
iwb-0’p R o Q). Q
VD:_Q__ 12 ’ KD: b—i ’ n :_b 1+ﬁ 1w p12_p22ﬁ ’ (3)
R jwb+w?p,, 162
ne b e cramoro 3aryxanns, Q i R — Moy OponpyKHOrO MaTepiaiy, ki BH-

pakaroThcs Yepe3 KoedimieHT MOpUCTOCTi B, KoedilmieHTH CTUCIMBOCTI KapKa-
cy Cg Tapiguan C; i Monyns 06’ eMHOTO CTHCHEHHS K.

®i3uyHi CHIBBIAHOIIEHHS MIX Hapy>XCHHSIMH 1 JedopmanisMi MaroTh Ha-
CTYNHUN BUTIISA

_ Q _
Oy A0y €5 +21ey, +ﬁ6kj P, p=Qe+Rey, 4)
ae € =0-5(Uk,j +uj,k) Ta &=Uj; — BIIMOBIAHO Jedopmariis i Aunaraiis B
npyKHOMY Kapkaci, € =U i~ Jquiaraiis B piamai, U j — KOMIIOHEHTa BEK-

TOpa MepeMillieHb PiAKoi (a3u, M0 BU3HAYAETHCS Yepe3 MepeMillieHHs y Kap-
Kacl Uj Ta Halpy)XeHHs y BOJI P 3a hopmyIioro
U (8T P,
. icb+0Pp,,
HeBaxxko momiTuti moiGHicTh piBHsIHB piBHOBary (1), (2)no nudepenmia-

JBHUX CIBBITHOIICHD, SIKi ONMUCYIOTh yCTaJCHI KOJMUBAHHS OJHOPITHOTO Tep-
MOTIPYKHOT'O CePEIOBHIIA

HU; g (AU +P°02Uj -y6; =0, (6)

®)

O+ B+ NU =0, (7)
Je p — LIUIBHICTb cepeioBHIla, § —iforo Temmneparypa, Y=3Kda,, O, —koediuieHT

. . . T,
TEIUIOBOTO PO3IIMPEHHS, K — KOe(iLlieHT TeMIepaTyponpoBiIHOCTI, I =% y T —
0

TeMIIepaTypa B HEHANIPY>KEHOMY CTaHi, A; —KOe(iIlieHT TeIUIONpPOBiTHOCTI.

Ha sxanb, Qi3uyni CHiBBiIHONIEHHS 3aa4i TEPMOINPYKHOCTI (CIiBBiIHO-
menns Jlroravens-Heimana) Oy =8 (\e~Y0)+2|le,; momiTHO BimpisHAIOTECS

B/l epuIoro 3 piBHsAHG (4), TOMy 6e3MocepeJHbO BUKOPUCTOBYBATU PO3B’ I3KH

KOHKPETHHX 3a7a4 TePMOIPYKHOCTI, 3aMiHIOIOYM B HUX p HAa P°, y HA Y-, K

Ha K inHa r]D HE MO>KHA.
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TuMm He MeHII, TIpU Po3B’ A3aHHI 3a7a49i PO PO3MOBCIOHKCHHS IMITIHIPHY-
HUX TOPOTIPY)KHUX XBWJIb BiJl TIOPOKHUHHA KPYTOBOTO TEpepi3y MOMUTLHO CKO-
PHCTATUCH 3araJibHOK METOAMKOI Ta JCSIKUMH MPOMDKHUMH PE3yJbTaTaMHu,
oTpuMaHuMH B [4].

CKOpHUCTABIINCH TOJAHHIM BEKTOPA IMEPEMIIIICHb Y BUTJISII MTOTEHITIAIBHOT
i coneHoinanbpHO{ YacTHH

Uj =@ j+ejq (8)
otpumaemo 3amicTb (1), (2)HacTynHi piBHIHHS
P’ o v
AP+ )\+2uq) )\+2|_1 ©)
P’ -
A+ W0 (10)
A+ prien’ad=0, (11)
K

ne A -oneparop Jlanaca (AP=® ).

VY BUNAAKy pO3MOBCIODKEHHS LUWIIHAPHYHHUX XBWIb HaIpy)xeHo-aedop-
MOBaHUH CTaH € BICECUMETPUYHHM, TOOTO 3aJCKUTh TiIIBKH BiJl pamialbHOI

(2212 . d® .1 d  _ _do
KOOpAMHATH I =(X +X .Tomi A=S——+= =0, u, =——.
p (4 +x3) a2 Tt VO U Ty
Bupasumo p 3a gomomororo piBasHHA (9) uepe3 noteHuian @, migcTaBUMo
B (11)i orpumaemo 3BuYaiiHe mudepeHLiaabHe piBHHHHH

iw, iony”
[M ()\+2p K" +)\+aJ)A A2 K }q) 0, (12)
a60 (A+A2)(A+A3)D=0, (13)
MIPUYOMY BEITUIHHU )\12 1 )\g 3aI0BOJILHSOTE CITIBBIIHOIIEHHIM
2_ PO |oo IU)HEV 2y 2_ PO (i
A2 +A3= FT TR LT Almz‘mm%' (14)
Po3p’s130k piBHsHHS (13) Mae BurIsig
®()=AHG AN+ AHT A ), (15)
i, B CBOIO Uepry,
0, =92 =] ANHO O+ AN HOO 1], (16)

(1)

ne Hy” - dynkuis lankens 1-ro poxy nopsaaky K, a koHcTanTu A1 i A, 3Hax0-

JIUMO, 33/I0BOJIBHSIFOYN TPAHUYHI YMOBH.
Hanpy»eHHs B piZivHi MOXXHA BU3HAYNTH, BUXO9H 3 BUpasy (9)
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A+2u p
—q AP+

p:
Y Y
HP Opr AHP O
=AM B -gean 0B pwt-aean]. a7
a Hal'[py}KCHHH B KapKaci - 3a JIOIOMOTOI0 piBH}IHB
HO A r
0, =0 +20 ”%%?*9!0 A [opL e ‘ D+ HP 0]+
Hy7 (A,r
+A2A2[2uM—(A+aJ>A2H‘”(AZr)]+%p, 18)
HE
000 =22 2N 24T p= - arif ‘ RS one o -
-ANY 20 Hy' (}\Zr)+)\H(§1)()\2r)] +a P (19)
Haperuri, 32 q)opMyJIOIO (5) MOHa 3HAWTH IEPEMIIIICHHS B PiMHi:
g, e FoF _ mHPan - SED NN
& i00+6°P,, iwb+a’py, Y o
AHD ) rp o’ ~(A+2u)A2
iwb+aw’p,, Y

1110 BUYEPITYE MEPENiK MapaMeTpiB mopomnpykHoro ocecumerpuanoro HJIC.
Slkmio, HampuWKiIaa, Ha TPAHWIl MMOPOXHWHH pajiycy & 3ajaHi HacTyIHi
TPaHWYHI YMOBHU:

O |r=a="0o» P=0, (21)

TOOTO TPUKIAJCHUI THUCK CHPUIMAETHCS TUIBKM NPYXHUM KapKacoM, TO 3a

dopmynamu (17), (18)orpumyemo

_ (K-AHHP (A ,a)

A= (k-AHHEP A9, -K-A)HP A a)g,
(k-A2)HP (\j0)

° (k-A)HP A 2)g,-(k-ADHP A @)g '

H1 0\ a)

(22)

%—

_pw
XYY =Ailu

(23)

ne k -p+2)HP Aa) , a=1,2.
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UucenpHi po3paxyHKH MPOBOIMIMCH NIPH 3HAYCHHSIX ITapaMeTpiB MaTepia-
Ay,  XapakTepHuX s mimammka  [6]:  A=410°MIa, p=6-10°IIa,
b=0.1910° ke/(cr), p11=2418eln®, pr,=340keln®, p1=-150k2lri’.

B mporieci nmpoBeeHHs YUCETbHUX PO3PAXYHKIB BUSIBHIOCH, IO OJHOYAC-
HO 13 3pOCTaHHSIM YaCTOTH KOJIMBaHb ® JOCHUTH IIBUIKO 3POCTAE MOAYJb KOM-

IUIEKCHOTO TapamMeTpy A;, BHACITIAOK YOrO BEJIHYUHH H(()l) (\a) i Hl(l) ()]

CTalOTh OJIM3BKUMHU J10 HyJs. B cBoto wepry, Oim3bKi 10 HyJIS 3HaYEHHS P~
MarTh 3HAMEHHUKH BHPa3iB (22), (23),110 HEraTUBHO MO3HAYAETHCS HA TOY-
HOCTI pO3B’ sI3aHHS 33]1aui.

Jlnst mojio1aHHA BKa3aHOI MEPeIIKoaX MU OOYKCIeHH] 3HaueHb U, 1 Ogg
Ha TPaHMIN TOPOKHUHU 3aIpPONOHOBAHO OJHOYACHO TOJIIUTH YHCETHHUK 1
3HAMEHHHUK pPO3paXyHKOBUX CITiBBiJHOIIEHbh I BKa3aHUX IapaMeTpiB Ha

H 1(1) (A1) . Bepyuu no ysaru Bupasu (16), (19),a takox rpanununi ymosu (21),

3alnumemMo
0 | mqp KANHT QA (RANHDO2BAR)
T kA)HP L) F-(k-A)BAR)Y,

pi (]

HD o\
B(A\@)= (1)2 la; f=N {)\2—;—(“%)50\13)} :

®opmyia sl BU3HAYCHHS HOPMATbHUX TaHTCHI[IalbHUX HAMpPYKCHb Ha-
OyBae BHUTIISILY

_ (k=ADHP N Eh=(k-A DA B p)h
(k-A3)HP (A ,a) f,-(k-AD)B( 2)g

nie hl:)\—faﬂ\B()\la), h, :A—; HOM,2)+AHO A ) .

st o6uncnends Gpynkmii B(t) mpu Benukux 3HaYEHSX apryMeHTa CKOPH-

Ogg 2, (25)

CTaEMOCH HAOIDKEHIMH BUpa3aMul i1 MonudikoBanux ¢yHkuiit beccens [6]:
o) [E et whoL 06-9) @oDe=90-25), ] e (o)
22° 8 21(82)° 31(8z)°

Ockinbku GyHKIIT ["aHkens moB’ s3aHi 13 MoaudikoBanumu GyHKITiSIMA bec-
CeJIst CIiBBIHOIIICHHSIMA

HEO=-2Ko(-i), HOO=-2K, (it

TO, 30€piraroun B pO3BUHEHHAX (26) I’ ATh MEPLIMX YWICHIB, MAEMO
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iKo(S) . 325{89-165 (L8 )} 751 3675

B(A\,@)= =i . 27
(A:2) Ki(s)  32s{8516s(3+8)- 15} 105} 472¢ (27)
ne s=-i\a.
PesynbpraT 0OUMCIeHHS B TOYKaxX rpaHMI HOpMOoBaHuX napametpis H/IC
u o
ar_qu Ta % (dbopmyiu (24)i (25) BiAmoBigHO) MPH PI3HUX 3HAYEHHAX YACTO-
0 0
TH KOJIMBaHb (® HaBeJeHi Ha puc. 1, 2.
upu
aqo 0y
0.8
06 If
/ 8
0.4 6 q(t)=qosinwt

3 =
7 % 1
02

2 5 -
1 —

0 100 200 300 @
Puc. 1. HopmoBaHi paaianbHi HepeMilieHHs TOYOK IPAHHIT

0 100 200 300 @
Puc. 2. HopmoBaHi TaHreHIiaIbHi HOPMaJIbHI HAIPY>KEHHS HA TPAHUII OTBOPY

Ha pucynkax nudpamu 11 6 nmo3naveHi rpadiku JiHCHUX 1 yIBHUX YaCTHUH
BiamoBigaux mapamerpiB HJIC, o6uucnenux 3a ymoBu, mo [(=0.19,

Q/R=0.32. udppamu 2 i 7 no3HaueHi KpKBi, O BiANOBIAaIOTH MapaMeTpam
HAC npyxHoi obnacTi, B akiit mopu BiacytHi. [lo3Hauku 31 8 BiAmoBigawTh
rpadikam, mobymoBanuMm mpu P=0.1, Q/R=5, a mo3nauku 4 i 9 — npu
3=0.01, Q/R=800. Haperuri, kpusi 3 nozuaukamu 51i 10 orpumani mpu 3ua-
yeHnsx mapametpie $=0.4, Q/R=0.32. Sk 6aunmo, HAWOINBIINH BIJIUB ITO-

PHUCTICTh cepefoBHINA CIIPABIIAe Ha AilicHI yacTnHu napamerpiB HIAC B nuama-
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30Hi yactor 140+ 20C padlc, a Ha ysIBHI YaCTHHH — IIPH 9aCTOTAaX KOJHMBAHb
180+ 28C paalc.

Omxe, HaBeACHI pPe3yJbTaTH HAOYHO CBIiITYaTh MPO MOXKIIUBICTH 3aCTOCY-
BaHHS OTPUMAaHUX PO3PaXyHKOBHX CIIIBBIJIHOIICHb JUUIS BU3HAYCHHS Mapamer-
piB HIC nmoponpykHOTO cepefioBHIIA B ITUPOKOMY ITHANA30H]1 9acTOT.
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Bopona 1O.B., Kapa 1./].
PACITPOCTPAHEHUE IIAJIMHAPUYECKHAX BOJIH B TIOPOYIIPYT Ol CPEJIE
Hccnenyercs pelieHne 3aja4u 0 pacCpoOCTPAHEHUN B HOPOYIPYTOi Cpeie 0CECHMMETPHYHBIX
BoNH. [IpennoXkeHsl pacyeTHBIC COOTHONICHHS, IIO3BOJLIOIINE BBMUCIATH Hapamerpel HJIC B
IIMPOKOM AUAIA30HE YacTOT.
KurodeBble cJ10Ba: IOPUCTOCTB, MOZETb bro, moTeHIman nepemMenieHni, GyHKIUs XaHKeIs.

Vorona Yu.V., Karal.D.
PROPAGATION OF CYLINDRICAL WAVESIN POROELASTIC MEDIA

The paper investigates the harmonic axisymmetrievgopagation in poroelastic media. The
computational formulas for the study of displacetaeand stresses that occur during vibrations in
a wide frequency range are proposed.

Keywords: porosity, Biot's theory, displacement potenttdinkel function
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THE FORMULATION OF NONLINEAR DEFORMATION AND
FRACTURE OF HETEROGENEOUS 3D BODIES SUBJECT TO
THE EMERGENCE AND SPREAD OF CRACKSUNDER
DYNAMIC LOADING

Describes the main output parameters of the prableffracture mechanics and existing
calculation methods for inhomogeneous spatial tsodigh cracks in terms of nonlinear dynamic
effects.

Key words: J-integral, spread of crack, nonlinear deformatéymamic, contact stresses.

Introduction

In previous works [4, 8, 9], devoted to the dynasnid destruction, the
authors were limited to studies of spatial prismaibdies and bodies of
revolution with longitudinal cracks within the liaeelastic deformations.

This article is about the creation of a new taskicW greatly expands the
class of objects is investigated, both in the gddmeand physical
characteristics.

To research selected objects, each of which hasadesistic features,
which requires both correction methods developegrévious works, and
creating new ones.

One such object is a reference device, which ichcally symmetric body
with the limiting case of heterogeneity (see Fig.that is, the object contains
cuts that break the axial symmetry of the formadidlition, as it was shown in
the published works of Bazhenov, Guliar, Topor,o8ei, under quasi-static
and dynamic loads at the boundaries of the compoohdhe cylindrical part
with the tabs having a zone of plastic flow.

If there are cracks in these areas, subject tordimbpads, the application
of traditional approaches to determining the freetioughness of the object is
impossible, because the task parameters do notthesegstrictions, which are
imposed on the use of the SIF or the J-integral.

For example, studies of the dynamic deformationtaioment with a
longitudinal crack should be analysis of the effemiess of the new parameter
fracture toughness, which is in contrast to thetdgral Cherepanov-Rice, not

O Solodey LI., Vabishchevychl.O.
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to have restrictions regarding the availabilitytloé loads applied on the crack
edges.

It is planned to develop new approaches for deteatitin of fracture
toughness parameters in the spatial bodies witkimdisr physical and
mechanical properties on the base of SAFEM in thesgnce of growing
cracks under the dynamic loading.

Fig. 1. The reference device and the protectivé ehthe reactor (General view)

The description of the mechanical and geometridadracteristics of
objects, initial and boundary kinematic conditioaesternal loads is carried out
in the basis of orthogonal circular cylindrical e@oordinate systems of

DescarteZ' .

It is believed, that anywhere in the body knownatieh between the
baseline and the local coordinate systems, whiatetermined using forward
and reverse coordinate transformation tensors:

v 0Z" o ox
2% X T oz @

Here and in what follows, the indices, which araated by Latin letters,
take the values 1, 2, 3; Greek - 1, 2; the comnfarbdhe index shows the
operation of differentiation.

Covariant components of the metric tensor of tlell@oordinate system
can be represented through covariant componeite dfase system:

gi = Z,riﬂz,r}vgmn' . 2
Contravariant components:
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i _Ag;)
ij = 1) , 3
9 =g 3)
A(g;) - is the algebraic complement of the elemgpt g=det[g;; ] - matrix

determinant.
In the general case, the components of the defaymtgnsor are defined in
the local coordinate system:
_1 k
& _E(ui,j +up)-u (4)

_ou

U, , [¥ - the Kristoffels’ symbols of the second king}, - displacement
[

i,

in a local coordinate system.
For convenience, let us imagine a displacement #med Kristoffels’
symbols their values in the base coordinate system:

U = Zj Uy (5)
( e 0z
k — K r )
rij - XrZ:n (an rm’n’ + azn{{J (6)
Zp x4 =& ()

After substituting (5) - (7) in (4), we get the ffoula for the presentation
component of the deformation tensor in the locardmate system through the
components of displacement on the base [5]:

1 ' ’ ' "
&j =_(uk’,i 2 i )_uk’ 2 25 (8)
Description of prismatic bodies and bodies of ratioh with variable

ii—2 g
geometrical and physic-mechanical parameters ofntbet naturally done in
the orthogonal cylindrical coordinate system:

+Uk' ]-Z

' ' ' 1
Orr =z =1, 033 =(2%)%, T3, =-27, F§Z=F§3=? 9)
and coordinate system of Descartes:
Orr =09y =gz =1, rlifr;1 =0. (10)

In this case, the components of the metric tensahé local coordinate
system are fed through the components in the laseding to the formula:
g = lezlJ + Z|2 221 + Z,?/ Zi SEER (11)
The relationship between the displacements andaetions of (8) can be
written in the form:

1 K K 3,32 2,33 3 3
€ (uk’,i Zj+Uy Z )‘Uzzi ris-uzlzirSeu g2l %, (12)

ij =§ i
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An important special case, which is of practicapariance, is the objects
with the canonical form, for which the geometriaiation (12) is much easier.
This is primarily inhomogeneous circular body o¥atition and rectilinear
prismatic body with a variable cross-sectional area

Due to the convergence i Z*, and their orthogonality to the plane of the
cross-section in a cylindrical coordinate syste (x* < 21):
z3 =23 =0, 25=1 (13)
in Descartes@< x*<2):
z2 =25 =0,23=a (14)
a — is the half length of the body.

Considering (13) and (14) equation (12) takes tenfin the orthogonal
cylindrical coordinate system:

Y 1 Y 273U | .
Eop = 2(2 Uy p+ZgUy, ) €a3=5| Usa T Zally 577 |

€3 =Uys+Z%U,. (15)
in Descartes:
1

==( y
€ap=3 (2huy s+ 2ty )
€a3™ Z(au30+ZVUV 3)
€53 = aUgs. 6§1
The components of the stress tensor in the locatdioate system are

expressed through the components of the deformtdizsor on the base of the
generalized law of Hooke [5]:

o' =d™g,. a7)
In an isotropic body, components of the tensor Gfste constants
d™ associated with the coefficients Liameand p relationships [5]:
d™=ng’g" +p(g” g™ +g"g"), (18)
)\_(12\1E—;)(1+v)’ p-2(1+v) E= E( ') v =v( ") - are the values of
modulus of elasticity and Poisson's ratio at thetpaf the body that is treated.
It is assumed, that in the process of the loadinthe body arise elastie]

and instantaneous plastg; deformation. Description of plastic deformation
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of the material is based on the following Genesgldtheses and assumptions
based on experimental data [6]:

1. The body material is homogeneous and isotrojie, change in its
volume - linearly elastic:

eh. =0. (19)
2. The components of the tensor of strain increnuent derived from the
increase in elastide]; and plasticde components:
de; =def +dej. (20)

3. The reverse of the tensor strain increment $®@&ated with the stress
tensor and its growth:

def =k, do* +dk,, 0" . (21)
4. The region of elastic deformation is limited the surface flow, the
equation of which in the space of stresses is:

t(o" x)=0, (22)
X - is the hardening parameter.

5. In accordance with the associative law of ptafdiw plastic deformation
developed normal to the yield surface'

def = dAaS =d\S; . (23)

For isotropic material, subject to Mises’ yield ddions, the equation of
the surface is:

f -58 s’ -t2(x). (24)
T, - is the yield stress in pure shexrzf 2d£pd£” - the parameter Adcwist,

S’ =g’ -ag,g" - components of the deviator stresso@s%o” g -

Movement inhomogeneous isotropic solids, with theimeV and surface
S described by the equation, which is a consequafcthe principle of
D'alembert in the curvilinear coordinate system/7[,

\/,a (\/_zJ )+f’—pu'. (25)

The uniqueness of the solution (25) is providedhwppropriate initial and
boundary conditions.



158 ISSN 0132-14710mip Marepianis i Teopis copya. 2013.Ne 93

The initial condition is well-known the displacentenand velocities
distribution in the body in timg, which is taken as the start of the time

coordinates:
uZ' t,) =u,(Z"), u(z" t,) =u,(Z2"), Z' Ov. (26)
It is assumed that part of the surfa is set to kinematic boundary
conditions:
uz",ty=az",y, z'0s, (27)
and on the surfaces, with normal n = njej - the system loads arbitrarily
oriented in space and in time:
za'n, = ’p(Zk',t), z¥os,. (28)
The spatial bodies with longitudinal and transvecsacks, which are

grown, are considered (Fig. 2).
¥

surface cracks the crack front

Fig. 2. Fragments of bodies with cracks

Application of J-integral Cherepanov-Rice (29),ths main parameter of
the fracture toughness, in the study of stationemyck under static and
dynamic loads within the elastic strains showed lgfficiency and reliability.
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Jk(t):zi[(w +T)n, - f, g)‘:}ds (29)

S=S +S +S, - the surface of integratiom, - projection on the axisc*

unit external normal to the surfac, f, - projection on the axix* vector of

effort on the surfaces, u- the displacementv i T - potential and kinetic
energy, respectively.

However, discussion of consideration of crack dewelent subject to
plastic flow and arbitrary load history needs te asiother parameter fracture,
which takes into account for the behavior of thal\baevith a crack in the
specified conditions. One such parameter is thatdgral expression for the
entries of which contains an additional membehimform of the integral over
the region, which takes into account the presericemass forces and loads
applied to the surfaces of the crack.

T= [ WAt Ehdrs [T Ghar-
Ty I+&p

9 oy = dy,
- 30
J_{(a .,(,X)p(u.ax i) f.a&} (30)
W is the total work stress in a material point, ethis determined according to
the formula (31)
5”
W= [o,de; , (31)
0
%—\)/(1\/ is calculated directly on the base of two pointsam infinitely small
distance from each other.
Another feature by considering bodies with cradspecially fractures of
the 1st mode is conditions for the penetration haf track edges. This is

achieved by applying a contact layer in additiosabrdinate systemy',
associated with the configuration of the surfaddsodlies (Fig. 3).
In each moment, conditions of the penetrationtidicis based on the Coulon's
law and the absence of tensile stresses nornta wutface of the contact:
o' <0, 1, < f o™, (32)
f, - coefficient of friction,n" - normal to the contact surface.

r
It is assumed that for the contact layer matergalsity and Poisson's ratio
equal to zero:
p.=0,v, =0. (33)



160 ISSN 0132-14710mip Marepianis i Teopis copya. 2013.Ne 93

z"

Fig. 3. Modeling of interaction of the bodies

Formulation (33) provides no-weight border andansineous transmission
of forces from one body to another under dynangcliog.

For the numerical study of objects moving cracktlem base of the finite
element method, typically used stationary [2] oving grid [1].

The first difference consists in the transfer @& tnack tip from one node to
another without violating the topology of the fmiélement mesh.

[ (0,8 +pu,du,)dV - [T,8u,dS - [&(T,u,)dS=0. (34)
\ So cD

In case of using the second approach for crack tirasvchanging or the
whole grid, or moving grid only a small region saunding the crack tip.

Since the application of the stationary grid isifed by problems of elastic
fracture, for research identified in stat objeci be used by the mobile grid
in combination with the use of rolling singular ésgrl) finite element at the
crack tip.

Conclusions

Analysis of existing approaches to the solutionpodblems of fracture
mechanics for inhomogeneous bodies with cracksldpieg in the conditions
of dynamic load indicates the need for developnaémtumerical methods for
solving a certain class of problems. Thus, furtltavelopment of the
application of SAFE to calculate the dynamic paremseof fracture mechanics
in terms of crack growth is relevant.
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