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B pobori HaBeleHi pe3yJbTaTH MAaTEMAaTHYHOTO MOJCIIOBAHHS MpOLECiB (HOPMO3MiHEHHS
MAaCHBHHX 1 TOHKOCTIHHHUX Til OOEpTaHHS MiA MAI€I0 BUMYLICHHX IEPEMIl[eHb Ta HEYCTaJICHUX
TeMIIepaTypHHX OB ITPU BEIUKUX HE3BOPOTHIX AedopMalisx i mepeMiHHUX TPaHUYHUX yMOBax. B
SKOCTI TPHUKIALIB PO3MISIHYTI omneparii BHUTSDKKH LIUIHAPUYHOIO CTakaHy 1 rapsdoi OcCaaku
LI HAPUYIHOI 3aTOTOBKH.

KurouoBi cioBa: HampyxkeHo-neopMOBaHHH cTaH, (OPMO3MIHCHHs, BIiCECHMETPHYHI Tina,
MAacCHBHI 1 TOHKOCTIHHI 00’€KTH, HEyCTaJleHe TeMIepaTypHe moie, yHiBepcansHuii CE, MoMeHTHa
cxema ckiHueHux enemeHTiB MCCE, BUTS)XKKa LHIIHIPUYHONO CTakaHy, rapsda ocajka
LI HAPUYIHOI 3aTOTOBKH.

Beryn. Ilporiecu oOpoOkuM MeTalliB TUCHEHHSM BiJ3HAYAIOTHCSA CYTTEBUM
(OpMO3MIHEHHSIM 3arOTOBOK ITiJ] JI€K0 IIyacCOHIB, INTAMIIB 1 IHIIKX
IHCTPYMEHTIB HEpPiJIKO B YMOBaX HepiBHOMipHOro HarpiBy. Kpim Toro, cyrreBuii
BIUIMB Ha mepedir 3MiHM X HaIpyXeHO-Ae(OPMOBAHOTO CTaHy BHU3HAYAIOThH
YMOBH B33a€MOAIi 3 KOHTaKTYIOUMMH Tinamu. [lojanbiie BIOCKOHAJICHHS
PI3HOMaHITHHX TEXHOJIOTIYHHUX HPOLECiB 00POOKH METaliB THCHEHHSIM 3HaYHOIO
MIpOIO 3aJIEKUTh BiJl IOBHOTH 1 JOCTOBIpHOCTI iH(opMamii mpo ocoOIMBOCTI
3minu kaptuau HJIC 3arotoBok B mpoteci nedopmyBanHs. B 3B’s3Ky 3 1um
3pOCTa€  aKTyaJbHICTb PO3POOKM METOMIB  JOCTIDKEHHS  IUIACTUYHOIO
(OpMO3MiHEHHSI 3 YpaxXyBaHHSIM T'€OMETPUYHOI HENHIMHOCTI TPH BEIHKHX
¢iznuHO-HeNiHIHMX AedopMallisX, KOHTAaKTHOI B3aEMOII Ta YMOB TEIIO0OMiHY
Ha TPaHUYHUX MOBEPXHSIX.

B nanifi po0OoTi B SKOCTI BHXIIHHX, PO3PaxyHKOBUX CITIBBiJHOLIEHb 1
aITOPUTMIB PO3B’SI3KYy CHUCTEM HENIHIHHMUX pIBHSHb TPUHHATI HaBelneHi B
myomikauisx aBropis [1, 5, 7].

1. Oco6anBocTi po3B’A3aHHS HecTalIOHAPHOI 3agavi TemJompoBigHOCTI
npu  ¢opmosminenni. B [2,6] BukiageHa MeToAWKa ~ BU3HAYEHHSA
HECTalliOHAPHUX TeMIlepaTypHHX MOJIIB 1 OB’ A3aHUX 3 HUMH IOJiB HAIPYXKEHB,
nedopmalliii i mepemiiieHb B TeOMETPHUYHO JIiHIHHIM nocTaHoBI. 1le m03BOMsIIO0
pO3TISIIATH 3aladi HECTalliOHApHOI TerutompoBimHocTi 1 BusHaueHHs HJIC
HE3aJISKHO. Y BHMAJKY JOCIIPKEHHS TIPOLIECIB CYTTEBOTO (POPMO3MiHEHHS TaKa
MOJKJIMBICTh CITPOIICHHS OpraHizailii OOYHCIIOBAJIBHOTO MPOIECY 33 PaxyHOK
HOro po3MOIiIEHHS Ha JIBa HE3aJISKHHUX ITOCHIIOBHUX €TANH BiJICYTHS, OCKLUIBKH
o0uaBi 3amadi IMOB’s3aHi MK co00r0. Ha KkoKHOMY KpoIli 1Mo mapamerpy
HaBaHTa)KEHHSI PO3B’S30K 3a/1a4i TEIUIONPOBIHOCTI BiAOYBAETHCS B MPOMIXKHIH

© Basxenos B.A., Makcum’tok 1O.B.
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pO3paxyHKOBil KoH]irypamii 3 BiamoBigauMm A,. KpiM TOro, po3mipu KpokKy
TIOBUHHI 33JIOBOJIGHATH YMOBaM 301’KHOCTI 000X 3a1au.

B sKOCTI KOHTpOJBHOTO MPUKIANY PO3MISTHEMO CTAJECBUH IMIiHAPUIHHNA
3pa3ok BucoTor0 H=300 MM, HarpiTHii B MOYaTKOBMH MOMeHT dyacy =0 0
temreparypu 7=11600°C. Ctuck 3pa3ka MpOXOAUTh 31 MIBHAKICTIO V=45 mm/c.
TeIIOpi3MYHI ~ KOHCTaHTH  MaTepially  3pa3ka: [HTOMa  TEIUIOEMHICTb
¢=0,166 Kxan/m-c, koedinienr TemmeparyponposizHocti A=0,2 M*/r. Ha
nedopMoBaHe TLIO HAKIIAJAIOTHCS TPaHWYHI yMOBH TerioooMiny I1I-ro poay, mo
HAMOUIBII BiJIOBIa€ PeaIbHUM YMOBAaM B3a€MOJIii 3 30BHILIHIM CEPEIOBHIIIEM:
HA TOPLEBUX TOBEPXHSX KoedimienT TervioBimmaui 0, =5000 Kxan/m*°C;
Temriepatypa 30BHiIHbOro cepenoBumia 7=2000°C; Ha OOKOBMX IOBEPXHIX
koedimient TervoBimmadi as=5000 Kxan/m>T-°C, TeMmepaTypa HABKOIHIIHBOTO
cepenopuia 7=200°C. Cruck npoxoautb 10 50% MmoyaTKOBOi BHUCOTH 3pa3Ka.
KoegitieHt TepTs Ha TOPLSX HMITIHpA NPUHHITHI PIBHAM HYJIIO.

Ilome Ttemmeparyp, BU3HaueHe B pe3yiabTaTi pO3B’s3aHHA  3ajadi
TEIJIONPOBITHOCTI, MOPIBHIOIOTHCS 3 EKCIEPHUMEHTAJIbHUMH 1 TEOPETHUYHUMHU
pe3ynbTaTamMu, IpuBeZeH] B poOoTi [4].

CiTka CKIHYEHMX EJIEMEHTIB HaHeCceHa Ha TOIEPEYHUIl IMepepi3 3aroTOBKU
TaKUM YHHOM, IIOO CITKOBI KOOpIWHATH, IMapayieiibHi OcCi Z*, Bigmosigamn
TIOJIOXKEHHIO TepMOIap B TiJli 3aCOBKH B €KCIIEpUMEHTI. BHKOHaHE MOCIiIKeHHS
30iHOCTI po3B’sizanHs MCCE 3rymeHHsM ciTku B 30Hi BucoToro =10 MM, Tak
SIK HalO1IbII 3HAYHI 3MIHU TEMIIEPAaTypU B MPOLIECI CTUCKAHHS MPOXOAATh B i
30Hi, OJM3BKIHN 0 TOPIIA 3pa3Ka.

Tabmuns 1
z 1 N
. 1 3 4 EKCHCEI/IMCHT
o ' 9580 10220 10200 [4]
At
b} Lo /3 1775 715 9900
10280 10230 10200

B tabmuni 1 HaBesneHi pe3ysbTaTH JOCHIIDKEHHs! 30DKHOCTI PO3B’SI3aHHS TPH
TPhOX PO3OMBKAX CITKOBOI OONACTi: MEpUIMI pe3ylbTaT OTPUMAaHWKA Ha BHUCOTI
CKiHUeHOro enemeHrta h=b (N=1), npyruii — h,=b/2 (N=2), tperiii — nipu h,=b/4
(N=4). Pegynbratit A0CIiDKEHHS TIOKa3allH, 0 TemrepaTtypa B touri I mpu N=2 i
N=4 Maroth 0fHaKOBY Benm4nHy. Takok Oynu mpoBeneHi IOCIIPKEHHS BIUIUBY
KpOKy 1o yacy. B tabmwi 1 ¢ — gac ocamku 3arotoBkd 10 50% MepBHHHOI BUCOTH
TpH CTaJid MBHAKOCTI V), At — BEIMYMHA KPOKY 10 Yacy, Ha SIKHH po30HBa€THCS
BECh TIPOLIEC CTUCKY 3paska. Jlocnmi/pkeHHs MoKasaid, Mo Kpok mo wacy Ar=t/3
B3ATHH JIOCTATHHO TOYHO, TaK SIK TOAAIBINE HOTro 3MEHIICHHS B 2,5 1 5 pa3iB Majio
BIUTUBAIOTh Ha pe3yibTaT. [IOpIBHAHHA Temieparyp B ToYIi | Imicis 3aKkiHYCHHS
NPOIIECY CTUCKaHHA IIOKa3aJdd JIOCTATHBO XOpOILy 30DKHICTH 3 JaHHMH
€KCIIEpPUMEHTY, HAaBEICHOMY B po0OTi [4], pI3HULII TeMIlepaTyp CKIaJae MOPSIKY
2%.

2. AJITOPUTM PO3B’sI3aHHSI KOHTAKTHOI 3a/1a4i 3i 3MiHHMMM I'PAHUYHUMU
ymoBamMu. B 3aranpbHOMY BHIIagKy B3a€eMofii 00’€KTIiB, IO IeQOpPMYIOTHCS, 3
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YKOPCTKOIO TIEPETIOHOI0 JIOBLILHOI KOH(irypamii HeoOXiJHEe BHKOHAHHS YMOB
NPUMHKAHHS 1 KOB3aHHsS KOHTaKTHUX IIOBEpXOHb. lle MoxHa 3abe3neynTH
3aKpIIUICHHSIM BY3J1iB CITKOBOI OOJIACTI BiJ] epeMillleHb, HOPMaIBbHUX JI0 OBEPXHi

KOHTAKTy. 3 I[i€f0 METO HEOOXiIHO BBECTH CUCTEMY KOOPAMHAT Z' , 3B’s3aHy 3
IPAHUIIEIO KOPCTKOI neperony. Ha pinsiHkax, e Hanpsm ocet Z'  He criBrazae 3

HampsIMKOM  oceif GasucHoi cuctemu koopauHaT Z' — (puc. 1) 3’sBiseTnes

HEOOXiHICTh TMEPETBOPEHHS KOMIIOHEHT 'z
BEKTOpPY peakiiii B 3aKpiIUIEHHX TOYKax
KPUBONIHIFHOT ~ AUIAHKKA 13 0a3ucHOI
CHUCTEMH  KOOpIMHAT B  CHCTEMY
KOOpAMHAT IePETIOHH N
" =R CL, (1)
ne C,:’;r - CKJIaJIOBI TEH30pa MEPETBOPEHB .
” A : a
Ch, =cos(n”m’). | Z;
@dopmyBaHHS ~ MaTpHIi  CHUCTEMH Puc. 1

PO3B’sI3yBaNbHUX PIBHSIHB BiIOYBAETHCS B CUCTEMI KOOpAWHAT Z " Bupas mns
Bapialii eHeprii B 0a3ucHIi cucTeMi KOOPAWHAT Ma€ BUTIISIA:
SW =K, U 8U, ()
Ae Ky - MaTpuLs JKOPCTKOCTI.
Iepemimenns U " B Gasucwiil cucremi KOOpJIMHAT BHUPAXKAEMO Uepe3

nepemimmenns U™ B cucremi koopausat Z' .

u'=umcr,. 3)
Toni, Bupa3 (2) Oyzxe MaTu BUIIISA
W =K,y U™ SU"". (4)
dopMysta AJ1s IEPETBOPEHHS MATPHIII )KOPCTKOCTI Ma€e BHUTIIS
K = Kl-/j/C;n”Cr]l,,. 5)

KoMrioHeHTH BeKTOpa NepeMillleHb, OTPHMaHi B pe3yJbTaTi BUPILICHHS
3aja4i npu nepeTBopeHHi (5), HaBoIAThCS y 0a3UCHII cUcTeMI KOOpMHAT.

Jlnst po3B’sA3Ky 3amad KOHTAKTHOI B3aeMOIl Tida, 1m0 aeGopMyeThCs, 3
KOPCTKOIO TIEPENIOHOI0 CKJIAJHOI TeoMeTpH4Hoi ¢opmu OyB po3poOneHHit
aITOPUTM, KU 3aCHOBaHUH Ha BUKIIAJICHUX BHIIE MOJIOKEHHSIX.

Ha xoxHOMY Kpolli «7» BHKOHYEThCS aHalli3 HAIpYXeHO-Ae(hOpMOBaHOTO
CTaHy 3a pe3yJbTaTaMH IIONEPEJHBOTO «7-1» KpPOKy. 32 YMOBH HETIPOHHUKHEHHS
BiIOYBAETHCSl 3aKpPIIUIEHHS OKPEMHX BY3JIB, B 3arajlHOMY BHINAJAKY, IIO
BiJIPI3HSETHCS Bi/I MOXKJIMBOTO 3aKpPIIUICHHS BY3JiB Ha «n» Kpomi. Y 3B’sI3KYy 3
LIUM 3IHCHIOEThCS IPOOHA iTeparisi, MiCHs SKOi BUKOHYETHCS TIEpEeBipKa peakiiit
B 3aKpIIUIEHUX By3Jax. SIKIIO OCTaHHI 3MiHIOIOTh 3HaK Ha MPOTWICKHUH, BY3/IH
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BIIKPITUIAIOTECS. TTiCIs 1BOTO PIllIEeHHS Ha «71» KPOIll IOBTOPIOETHCS 3HOBY, ajie
BIKE 3 BIJIKODUTOBAaHHUMH BY3JIaMHU.

PosrnsinemMo, Hampukiag, yMOBH KOHTakTy O00’€KTy, IO B3aEMOIIE 3
YKOPCTKOIO MEPETIOHOI0 3 JOBIIBHOK (GOpMOFO rpanuli (puc. 1).

Touka A,.; 3aKpiILTIOETBCA B TOMY BHUIIQJIKY, SKIO BOHA Oy1e 3HAXOAUTHCA
B CEpeMHI IIEPENOHH, SKIIO

I _
An+1 € B’ Un+1 - 0’ (6)
Cor oo,
ne B — oOmacth oOMexeHa NpIMUMU 7 U= Z,, Z°=Z 1 KpuBow
52

f(Z ,27)=0.

BiakpiruieHHsT TOYOK, KOHTAKTYIOUHX 3 )KOPCTKOKO IIEPEMOHOI0 BiI0YBa€ThCS
3a YMOBHU

RY(0
oo Une 20 @)
R¥Y0
y BUIIAJKY, KOIU
R >
r;, U1n+1 =0 (®)
R¥ <0

BY30JI 3JTMIIAETHCS 3aKPITTICHUM.

Takuii miaXig JO3BOJISE CBOEYACHO BIJKPIIUIATH BY3JIHM, KOPHCTYIOUHCH
iHpopMali€l0 Mpo peakiil, 10 BHHUKAIOTH Ha JaHOMY Kpolli, a He Ha
nonepeqHboMy. [IpoTe nepepo3noiieHHs yMOB 3aKpiIUIeHHS By3J1a PU3BOIUTH
JI0 TTOBTOPHOTO OOYHCIEHHS KOE(IIiEHTIB MaTPHIll JKOPCTKOCTI Ha KOXKHOMY
KpOIIi, 1110 301JIBIIYE Yac PO3PAXYHKY.

3 MeToro 3MEHIIEHHsS 4Yacy pO3paxyHKy OyB amnpoOOBaHHil alrOpUTM,
BUKJTIOYAIOUMHA MPOBEJEHHS NMPOOHOI iTepamii: 3a pe3ylbTaTaMu NONEepPEeaHbOro
KPOKY 3JiHCHIOETHCS 3aKPIIUICHHS, MICIS YOro PO3B’sI3aHHS IPOIOBKYETHCS 3a
OITMCAHUM BHIIIE aJITOPUTMOM pO3B’s3aHHs (DI3MYHMX HENHIMHUX 3aaad. [licis
IILOT'0, BXKE 3a PE3yJIbTaTaMU KPOKY «/» aHANI3YIOThCSA Peakilii B 3aKpiIUICHUX
By3JaX, 1, 3a HEOOXIAHOCTi, BUKOHYETHCS 3aKpIIICHHA. 3a IUM ajJrOPUTMOM
BiIOYBAETHCS 3ali3HIOBAaHHS KOPEKIii 3MIillleHHS Ha KPOK, B HACIIJOK YOTO B
CYCIHIX 3aKpIiIUICHMX BY3JaX BUHHMKA€ Tapa CWI, Hisl SIKOi € CYTTEBOIO IS
KpOKY, KU po3risinaerbes. Ha HacTymHOMY «n+1» Kpoll BiAKpiIuieHH# By301
MOYMHA€e pyxatucs. HeBimmoBimHICTE MOAETI A0 PEaJbHUX YMOB PYXy TOYOK
Tija, WO Ae)OPMYETHCS, B3JOBXK TI'PAHHII MKOPCTKOI IMEPENOHH YCYBAETHCS.
JIOCTOBIpHICT, ~ BUKIAJEHOrO  MiAXOAY  OOIPYHTOBAaHO  PO3B’S3aHHIM
KOHTPOJIBHOTO MPHKJIaTy HaBeIeHOro B podori [3].

3. BuraKka NHWIIHIPHYHOrO cTakaHa. BUTsSHKKa HMITIHAPUYHOIO CTaKaHa
BiIOYBAETHCSI 3a JIOIMOMOIOI0 MATpPHIl, TMPIKUMY 1 IyacoHa, SIKWM THCHE Ha
CepeHIO YaCTHHY 3arOTOBKH Y BUTJIS/I KPYIJIoi IIacTuHy (puc. 2 (a)).

I'mubuHa BUTSHKKHM CTaKaHy, SIK MPaBUIO, OOMEXKYETbCS HOr0 PO3PUBOM B
MICIIi, Jie JIOKaJi3ylThCsl HaWOUIbII PO3TATYIOYl MEPHIIOHAIbHI HANpPYKEHHS
(022) puc. 2 (0).
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Mera nociimkeHHs TOJSIrae y BUBUCHHI XapakTepy 3MiHM MEPUIIIOHAIBHUX 1
OKPYXXHHUX HaIlpy>KeHb, 1110 BUHUKAIOTh Y BICECHMETPHYHIH 3aroTOBII B NpoIeci ii
neOopMyBaHHS, aHAN3y 3yCHIb BHTSDKKM P, YMOB KOHTaKkTy 3 MaTpHIClO i
ITyaCOHOM, sIKi 3MIHIOIOTBCS B TIporieci Je)opMyBaHHs, AOCITIHKEHHs BIUIUBY 3MiHH
pajiyca 3aKpyTJICHHS MaTpPHIIi 1 TyacoHa, i HarpykeHO-1e(OpMOBaHHIA CTaH.

2R
2Ra

R *Z
VA Av - ‘ L
IyacoH B
PR TPHKEM Y o < |4 nPWKUAM nyacoH -
E T, ‘ ﬁ i 8 2
5 - g, 1,
[
¥ T ‘ i m ‘ . A
5
[ MaTpuus A T T watpuus .r’n ‘ y -
N A
A 2Ru 4 T
+ | 0
2Rm
(@) (6)

Puc. 2

MexaHiuHi XapakTEpPUCTHKH MaTepiajly 3aroTOBKM BiAIOBIIAIOTH CTajJi THUITY
Cr.10. BigHormeHHs pajiycy 0TBOPY MatTpuili Rm 10 IOYaTKOBOTO Pajiycy Kpyriiol
wiacTUHU R mopiHioe 0,583, BiTHOIICHHS TOBIIWMHM IUIACTHHU /i 10 R CTaHOBHTH
0,004. 3axuM MK TPWKUMOM 1 MaTpuIiero nopiBHIoe 1,2. Paxiyc 3akpyriaeHHs
MaTpull 1 IMyacoHa OJHAKOBI 1 cTaHOBUTH Sh. OCKIIBKY, BUTSDKKA peanizyeThes i3
3aCTOCYBaHHSAM MacTWIa, TEPTIM MOXHA 3HEXTYBaTH. PoO3B’s30Kk  3ajadi
BUKOHYETbCS y BICECHMMETPHYHIA TOCTaHOBI, TOMY IO HAasBHICTb MPWKHUMY
BUKJIIOYAE MOXJIMBICTH CKJIAJIKOYTBOPEHHs 1 JIOKAIbHY BTpary criiikocti. [lo
TOBIMHI TUIACTUHU JIOCTaTHHO BHKOpUCTOBYBaTH oauH yHiBepcainbHuii CE. Ilo
JIOBXKHHI TUIACTHHU B3IOBXK paziycy BukopucroByeThesi 80 CE, mo 3abesneuye
ANPOKCHMAIII0 OKPYTJICHb MaTpwili 1 myacona npuomnmsao 10 CE.

MojenoBaHHS MPOIECY BUTSHKKU 3MIMCHIOBANIOCH 10 TIMOUHM W, Ha sAKid
JIOCSITAIOTBCS MaKCUMallbHI 3HAa4eHHS 3yCWib BUTSKKH P. Sk  mpaswuio,
MakCHMaibHI 3HaueHHs P (ikcyeTbcs mmicins TOro, sK BiAOYBaeThCs 0OXBAT
MaTepiaJoM 3aroTOBKHM 3KPYIVIEHMX KPOMOK MaTpulli ItyacoHa. llpum mpomy
BiIOYBAETHCSI TIOCTYNOBE 3aKPIIUICHHS TOYOK, SKI BXOAATh B KOHTakT 3i
3KpYIJICHUMH KPOMKaMH MaTpHIli i IyacoHa, a TaKOoX 3 TOPH30HTAIBHOIO
IUTOLIMHOWO TipwkuMa. Ha puc. 3 cxemMaTndHO IMoka3aHa 3MiHAa YMOB KOHTaKTy
3aroTOBKH 3 IHCTPYMEHTOM Ha pi3HUX eTanax aeopMyBaHHS.

JlociipKeHHs! BIUTUBY BEJIMYUHU
3KpYIJIEHHS] MATpUIl Ta ITyacoHa r
Ha OCHOBHI napamerpu
HANPYXEHOT0 CTaHy 3arOTOBKH
MPOBOJWIIOCS B Jiana3oHi 3MiHU 7
Bin S5h npo 9h. T'padiku 3MiHH
3yCHILIA BUTSKKU P npu
nedpopMyBaHHI 3arOTOBKH
MpeJCTaBIIcHI Ha puc. 4 (a).

MakcumanpHi 3ycmiist P B ycix Puc. 3
3-x BUIAIKaX BIIIIOBiAAIOTH
MOMEHTY TOSIB BEPTHUKAJILHOI CTIHKHM CTakaHy. BUsBMIIOCH, 1110 BenuuuHa P,y

0=5h

0=15h
©=10h
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3MIHIOETHCS NIPY 301IBIICHHS paxiycy 3KpryienHs » Ha 7,5% npu r=7h i Ha 14%
ipu ¥=9h MOPIBHAHO 13 3HAYCHHS P, =5h.

Ha puc. 4 (6) npencrasnenHi rpadiku 3MiHH MEpHIIOHAILHUX HANIPYKEHb, 1X
3TUHHOI Ta MEMOpPaHHOI CKIAJOBHX B 3aJIOKHOCTI Bl BEIUYHMHH pPaliycy
3aKpyIJIeHHs 7. BcTaHOBIEHO, IO 3pOCTaHHS MEPHUIIOHAIBLHUX HAINPYKEHb Gp)
IpY 3MEHIIEHH] 7 BiJ 9 mo 5h BinmOyBaeThcsl TUIBKM 32 PaxyHOK 301NIbIICHHS
CKJIAJIOBUX 3TMHY G. MeMOpaHHa CKIaioBa G,y 3aIUIIAETHCS TMPAKTUYHO
HE3MIHHOIO TIPY BCIiX JOCIIPKYBaHUX 3HAUCHHAX PadiyCy 7.

P(kH) P(kH)
60 Mra
50 / — 5000 50
. 2 \ o
40 1-ru=sh | 4000 5 T |40
3 2-ru=7h
30 3-m=9h| 3000 T~ |3
o
20 2000 20
o — |
10 1000 10
0 o O
0 5h 10h 15h 20h 25h 05 07 0,9 m
(@) (6)
Puc. 4

TakuM YMHOM TIIPOBEIEHI YHCENbHI JOCIIPKEHHS IO3BOJMIM 3pOOUTH
BHCHOBOK, IIO 3MiHa reoMeTpii iHCTpyMEHTa HE3HAYHOI0 MipOI0 BIUIMBAE Ha
BEIUYUHY 3YCWUISI BHUTSDKKU P, TpPOTE CYTTEBO BIUIMBAE€ HA BEIHMYHHY
MaKCHMaJIbHUX MEPU/IiOHAIEHUX HAPYKEHb.

4. Ocaagka 3aroToBKM 3 YypaxXyBaHHIM BIUIMBY TeMIIepaTypu
iHcTpymenTy. Benukuii BIUIMB Ha HamnpyXeHO-JeOopMOBaHH CTaH 3aroTOBOK,
IO OCa/DKYIOTHCSI Ma€ TeMIeparypa Ipeca, sKa, sK NpaBHIo, B JIEKiIbKa pa3iB
MEHIIIe TeMIIepaTypH JeTalli, 10 MiJmaeTbes 00poOii. Bix TeMmepatypu mpeca,
BiJl IIBUJIKOCTI BiIBEJCHHS TeIUIa 3 TOTUYHHUX TOPIIB 0OPOOIIIOBAHUX 3aTOTOBOK
3aJIOKUTh XapakTep 3MiHM (Di3MKO-MEXaHIYHUX XapaKTepPUCTUK Marepiany i,
OTKe, 3MIHH HanpyXKeHO-/1e()OPMOBAHOT'0 CTaHy 00’ €KTY.

IIpoBeneMo moCIiIKeHHs BIUTMBY TEMIIEpaTypH Martepiany IUIMTH Ipeca Ha
JIesiKi apaMeTpu HaIpy)KEHOr'0 CTaHy 3aroTOBOK. PO3IIITHEMO IMIIHAPUYHY
3aroToBKy Harpity go temnepatypu 7,=1200°C. Ilepenbayaerhcs, o TepTs Ha
MOBEPXHi KOHTAKTYy 3arOTOBKa-IHCTPYMEHT BiJICYTHSI.

TemnodisnuHi  XapakTepUCTUKX MarTepialiB  3aroTOBOK  MalOTh  Take
3HA4YeHHs:  KoedilieHT  TeroeMHocTi  ¢=0,245 kkan/kr'c  koedilieHT
terutonpoBigHocti A=0,058 kan/cM°C, muTOMa Bara MaTepiany y=7870 Kr/cM>.
OCKIIBKHY TIPOIEC Tapsuoi OCaiKH HWIIHAPUYHOI 3aTOTOBKH MOJIETIOETHCS MPH
30BHIIIHIX YMOBaX, MaKCUMAJIbHO HAONMKEHUX 10 PEeabHUX, Ha JedopMoBaHe
TIJIO HAaKJIAJAIOTHCS J[Ba TPOLECH TeIulonepeadi: yepe3 KOHTaKTHY MOBEPXHIO

IHCTPYMEHT - nedopmoBaHe TiJIo (xoedimienT TEIIONPOBITHOCTI
A7=5000 kkan/Ma°C) i uepe3 OiuHi MOBEPXHI 3aroTOBKH 3a PaXyHOK
BUIIPOMiHIOBaHHS i KOHBEKIIi1 (xoediieHt TEIJIONPOBiTHOCTI

Ar=150 kxan/m*a°C). Temmeparypa cepemosuia 1, =20°C. JloCIiImKeHHs
p.
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BIUIMBY TEMIICpATypu MaTepia.ny IUIMTH 1peca TMpPOBOAWIOCA IIpU TPbOX

sHaueHHsax 17=100°C, 7,=300°C, T3=500°C.

Ha puc. 5 HaBeneHi i30iiHii po3nOALTIEHHS TEMIIEPATYPH B MEPHIIOHAIEHOMY
MepeTHHI 3arOTOBKH IpH piBHI ocaaku H/Hy=0,53 i temneparypi npeca 100 i
500 rpamyciB. OdeBuaHO, 10 30UTBLIEHHS TEMIEPAaTypH IIpeca BHPIBHIOE
PO3TIONITICHHS TEMIIEPATYPH 110 BUCOTI 3arOTOBKH B ITPUIPAHUYHIHN 30HI.

500

00 50

500 —— 7 5o

1100

1000

1200

T=500°C
|

Puc. 5

BusBunocs, mo Ha Xapaxkrep 3MiHH
3yCHIIIA nedopmyBaHHs 3arOTOBKH
30UIBLIEHHS ~ TEMIEpaTypu IHCTPYMEHTY
NPakTHYHO He BIUIMBae. lle mosicHIOETHCS
TUM, 10 OXOJOKEHHIO MiJJIAEThCS TLIBKU
TOBEpXHEBUH  map, o00’eM  sKoro B
TIOPiBHSIHHI 3 YCIM TiJIOM CTaHOBUTH 5%.

CrucKalodi OKpYXXHI HamnpyXeHHs, MI0
BUHHMKAIOTh Y BEpXHI YacTWHi OOKOBOI
TIOBEPXHI 3aroTOBKM TPH 11 OXOJIOPKEHHI,
NPU3BOIATE 1O 30UIBIIEHHS  KPUBU3HU
nonepeyHoro mepepisy. Ilpu mpomy ¢opma
OiyHOi  TOBEepXHI  HAaONWKAETBCI [0
604xononioHOi.

3MiHa TeMmeparypu IUIMTH  Ipeca
CYTTE€BO BIUIMBAE Ha pPO3IOAIT 1 piBEHb
OKPY)KHHX HAlpyKeHb G°° 10 Tepepizy
3arOTOBKH. Amnarniz pe3yJNbTaTiB,
TIPE/ICTaBJICHUX Ha pHC. 6 1 pUc. 7 y BUIIIAII
i3omiHii 6°° 3a MOMEPEYHHM Mepepi3oM
MOKa3aB, WO 3MEHIIEHHS TeMIlepaTypH
npeca MIPU3BOJUTH 10 3pOCTaHHS
HATIPY/KEHb G ° SK B 30HI CTHCKAIOWHX
HaNpYXeHb, TaK 1 B 30HaX PO3TATYBAIbHHX
HanpyxeHb. [Ipu 1pboMy BUSBHIIOCS, IO Ha
pO3MipH  30H pO3TATYIOUUX HAaNpPYXKEHb
3MEHILIEHHS TEMIIepaTypH II0 KOHTaKTHOI
TOBEpXHI HE Ma€ IMPaKkTUYHO HISKOTro
BILIUBY.

©6)

o>*MMa 120 100 80 60 40
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Ha puc. 7 npencrasieHa entopa KOJIOBUX Hampy>KeHb MO OOKOBii MOBEpXHi
nedopmyBanHs 3arotoBku a0 H/Hy=0,53 npu pi3HUX TemrepaTypax IUIUTH
npeca. CTHCKalo4i OKPY)KHI Hallpy)KEHHs, 110 BUHHMKAIOTh Y BEPXHIM 4acTHHI
3arOTOBKM IIpH ii OXOJIO[DKEHHI, NPU3BOJATH /0 30LIbLICHHS KOHYCHOCTI
MIONIEPEYHOro Iepepisy i,
OT)K€, /10 BUHHUKHEHHS 1
3pOCTaHHS PO3TATYIOUHX
. HaIpyKeHb B
LEHTpaJIbHIH YaCTHHI.
05 . [pu upomy popma GiuHOT
EN TIOBEpXHI  HAONMKAETHCS
025 e o 6OQKonogi6HoI, TaKOX

SIK TIPU TEPTI.
-16 12 -8 -4 0 4 8 erjlil; TaKH.M .lII/IHOM,
YHUCENbHI  JIOCIHI/PKEHHS
Puc. 7 nporecy ocaIKu
LITIHIPUYHOI 3arOTOBKHM ITOKa3aJik, 10 3MiHA YMOB TEIUIOOOMIHY MiXK HUMH
MIPU3BOANTEL 110 OLIBII HEPIBHOMIPHOIO XapakTepy PO3MOALTY HAIMpPYKEHb IO
MONIEPEYHOMY TEpPEeTHHY 3aroTOBKH, PO3LIMPEHHIO 30HM  PO3TATYIOUUX
OKPYXXHUX HAIPyXXEHb, 3pDOCTAHHIO BEJIMUMHH OCTAHHIX, II[0 MOXKE ITO3HAYUTHCS
Ha SIKOCTI BUPOOIB, 110 BUTOTOBJISIIOTHCSL.

BucnoBok. HaBeneni Buime pe3ynbTaTH pPO3PaxyHKIB TEXHOJIOTIYHHX
MPOIICCIB JAlOTh IiJICTaBy 3POOMTH BUCHOBOK, IO PO3POOJCHA METOAWKA 1
peani3yrounii i IporpaMHUIl KOMIUIEKC, JO3BOJSIIOTH MPOBOIAMUTH TOCIIHKEHHS
(opMO3MiHEHHS OOOJIOHKOBMX, MAaCHBHHUX BICECUMETPUYHUX KOHCTPYKIIH 3
ypaxyBaHHSM TeOMETpUYHOi 1 (i3UYHOI HENiHIHHOCTI TpU CHIOBOMY 1
HECTalliOHAPHOMY TEMIIEpaTyYpHOMY HaBAaHTA)KEHHSIX.

H, H/H=0.53

T=300C
v
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Bazhenov V.A., Maksimyuk Yu.V.
STRESS-STRAIN STATE AND FORM-CHANGING OF MASSIVE AND SIMPLE
OBJECTS

The paper presents the results of the mathematical modeling of the processes of the transformation
of massive and thin-walled bodies of rotation under the action of forced displacements and unstoppable
temperature fields with large irreversible deformations and variable boundary conditions. As examples,
operations of extracting cylindrical glass and hot precipitations of cylindrical work are considered.

The processes of processing of metals by stamping are marked by a significant change in the
workpieces under the action of poissons, stamps and other tools, often in conditions of uneven heating.
In addition, the conditions of interaction with contacting bodies determine the significant influence on
the course of change in their stress-strain state. Further improvement of various technological processes
of metal processing by embossing to a large extent depends on the completeness and reliability of
information on the peculiarities of changing the picture of the VAT of the workpieces in the process of
deformation. In this connection, the urgency of the development of research methods for plastic
molding, taking into account geometric nonlinearity with large physical-nonlinear deformations, contact
interaction and heat transfer conditions on the boundary surfaces, is increasing.

In this paper, as output, settlement relationships, and algorithms for solving nonlinear equations
systems are taken in the publications of the authors [1, 5, 7].

The results of the calculations of technological processes presented in this paper give the basis to
conclude that the developed method and implementing its software complex, allow to conduct studies on
the modification of shell, massive axisymmetric constructions, taking into account geometric and
physical nonlinearity in power and non-stationary temperature loads.

Keywords: stress-deformed state, form-modification, axial-symmetric bodies, massive and thin-
walled objects, unverified temperature field, universal FE, moment diagram of finite elements
(FEMS)), extractor of cylindrical glass, hot draft of cylindrical workpiece.
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Bascenog B.A., Makcumiox 1O.B
HANPSI’)KEHHO-AE®OPMUPOBAHHOE COCTOSAHUE U ®OPMOU3MEHEHMUS
MACCHUBHBIX U TOHKOCTEHHBIX OBBEKTOB

B paGoTe npuBeneHb! Pe3yJIbTaThl MATEMATHYHIO MOJCIHPOBAHMS IPOLECCOB (HOPMOU3MEHEHHUS
MAacCCHBHBIX MW TOHKOCTCHHBIX TE€JI BpPALUCHHUA 1101 ﬂeﬁCTBMCM BBIHYXJI€HHBIX l'lepeMeLLLeHl/lﬁ Hu
HEBCTAJICHUX TEMIIEPATYPHBIX IMOJIEH HpHU OOJBIIMX HEOOPATUMBIX AC(HOPMALMSIX U IEPEMEHHBIX
I'PaHUYHBIX YCJIOBUSAX. B Ka4y€CTBEC NMPUMEPOB PaCCMOTPEHBI ONI€PALIUU BBITAKKH HUJIMHAPUYCCKOI O
CTaKaHa M ropsuei 0calku LIMIIMHAPUYECKON 3arOTOBKH.

KiroueBble  cjI0Ba:  HanpsHKCHHO-IEPOPMHUPOBAHHOE  COCTOSIHME,  (DOPMOM3MEHEHHUS,
0CECUMMETPHYHBIE TEJIa, MACCUBHBIEC 1 TOHKOCTEHHbIE 00bEKTbI, HEBCTABICHE TEMIIEPATYPHOE I10JIE,
yHuBepcanbHbiii CE, MoMeHTHas cxema koHeuHbIX 31eMeHToB (MCCE), BBITSKKA LIMIIMHIPUYECKOTO
CTaKaHa, rops4asl 0cajiKa LIMJIMHAPUYECKOI 3ar OTOBKHU.

YK 539.3

baocenos B.A., Makcum ok FO.B. HanpyxeHo-nedopmoBanmii cran i popmMo3MiHeHHSI MaCUBHUX i
TOHKOCTiHHHMX 00’ €KTiB // Omnip MaTepiaiiB i Teopist cropyx: Hayk.-Tex. 30ipH. — K.: KHYBA, 2019.
—Bun. 102. - C. 3-12.

B po6omi mnagedeni pesyromamu MamemMamuuneo MOOENOBAHHs Npoyecieé Gopmosminents
MACUBHUX | MOHKOCMIHHUX MIN 0bepmanis ni0 0I€l0 SUMYWIEHUX nepemijeHb ma HeeCmanieHux
meMnepamypHux nouie npu GeIUKUX He360POMHIX 0eQOpMayisax i nepemMinHux epaHuiHux ymosax. B
AKOCMI NPUKIaoie po3nsHymi onepayii umMsANCKU YUTIHOPUYHO20 CMAKAHy I 2apadoi ocaoku
YURHOPUYHOT 3a20MOBKU.

Tabun. 1. In. 6. bi6miorp. 7 Ha3B.

UDC 539.3

Bazhenov V.A.,Maximyuk Yu.V. Stress-strain state and form-changing of massive and thin-walled
objects // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles —
Kyiv: KNUBA, 2019. — Issue 102. — P. 3-12.

The paper presents the results of the mathematical modeling of the processes of the
transformation of massive and thin-walled bodies of rotation under the action of forced
displacements and unstoppable temperature fields with large irreversible deformations and variable
boundary conditions. As examples, operations of extracting cylindrical glass and hot precipitations
of cylindrical work are considered.

Tabl. 1. Fig. 6. Ref. 7.

Bascenos B.A., Makcumiox FO.B. HanpsienHo-1epopMupoBaHHoe cocTositHHe H  ¢opMo-
H3MEeHEHHsI MACCHBHBIX W TOHKOCTEHHBIX 00beKTOB. / CONPOTHBIICHHE MATEPHAIOB U TEOPHS
coopyskeHuii: Hayd.-tex. coopH. — K.: KHYCA, 2019. - Bein. 102. - C. 3-12.

B pabome  npugedenvi  pe3ynbmamvl  MAMEMAMUYHZO — MOOEIUPOBAHUS — NPOYECCO8
Gopmousmenenuss MacCuHbIX U MOHKOCMEHHbIX Mel 8PAujeHusi nod Oeucmeuem GblHYIHCOCHHBIX
nepemewenuti u He6CManeHux MmemnepamypHuIxX noueil npu OOIbUWUX HeOOPaAMUMBIX 0ePopMayusx u
nepeMeHHbIX ZPAHUYHBIX YCIosUsX. B kauecmee npumepos paccmompenvl onepayuu GbUMsICKU
YUTUHOPUHECKO20 CMAKAHA U 20psiuell 0CAOKU YUNUHOPUYECKOU 3A20MO6KU.

Tab6a. 1. Y. 6. bubauorp. 7 Ha3s.
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AN ANALYSIS OF RAFT THICKNESS IN HIGH-RISE BUILDINGS -
CASE STUDIES

Cao Van Hoa', PhD
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Lecturer, Faculty of Transportation Engineering

'Hochiminh City University of Architecture, Vietnam
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DOI: 10.32347/2410-2547.2019.102.13-24

Abstract. This study shows that the raft thickness is depended on foundation system, Young
modulus of soil right under the raft and number of floors of superstructure, and explains very well the
case of thick raft of ICC Tower, thin raft of Dubai Tower and reasonable raft thickness of Incheon
Tower.

Keywords: Piled raft, Raft, Pile group, Soil-structure interaction, Case study, Settlement.

1. Introduction

While designing ofthe superstructure, in practice the structural engineers
neglect the behaviour of foundation system, they assume that the raft should be
absolute rigid. On the other hand, the geotechnical engineers in designing of the
foundation system, only take internal forces from the superstructure design to
analyse the foundation, they may not care about the behaviour of superstructure
after its designing. Meanwhile, one of targets of foundation design is
displacement, especially differential displacement - the one of fixed conditions
of superstructure to the foundation. The differential displacement (also called
deformation of raft) is the reason in redistribution of internal forces of the
superstructure, this had changed the condition of the fixity of the structural
engineers. The changed internal forces in superstructure at column feet had also
changed the displacement as calculated by geotechnical engineer. Therefore, it is
necessary to control the raft deformationin order to maintain the fixed conditions.
Niandou & Breysse [1] recognized thatdesigning of superstructure, the raft
should be infinitelyrigid in comparison with the superstructure, on the other hand
the raft is more or less flexible as compared with the subsoil, the model in this
case is when h’/kg (h - raft thickness, k - pile stiffness). For the design of piles,
the geotechnical engineerassumes that the load from superstructure is evenly
distribute for all piles, in this case #’/k...One can recognize that thetwo cases as
mentioned above are of course not compatible, in designing of superstructure and
foundation system.

GB 50007 - 2002 stated that the raft thickness is designed based on the
criteria of the bending and punching capacity, and usually depended on
superstructure. Tomlinson [3] proposed that the raft thickness should be designed
as rigid slab under point forces from piles. Poulos [3] give four criteria for the
raft design, there are: maximum moment, maximum shear force, maximum

© Cao Van Hoa, Nguyen Anh Tuan
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contact pressure and local displacement under the raft. Fig. 2 illustrates the
relationship between the raft thickness and number of floors of 31 statistic
buildings constructed in Vietnam and over the World. It can be recognized that
the thicknesses of rafts are very large, it varies from 1.5 to 8 m. With the
thickness, the bending and punching of the raft is very large, but the construction
cost is also large. Therefore the question is, how the raft thickness should be
designed rationally, so it can satisfy the fixed condition of the superstructure and
the flexible condition in designing of the raft.

There are a lot of researches for the effect of pile group on the raft thickness,
for example: Tan et al (1996), Maybaum et al (200), Poulos (2001), Chow et al
(2001), Oh et al (2006), Rabiei (2009), Vasudev & Unikrisnan (2009), Ziaie —
Moayed et al. (2010); Or the effect of subsoil on the raft thickness as: Thangaraj
& Ilamparuthi (2009), Oh et al. (2006), Nandou & Breysser (2005); Or the
effects of superstructure on the raft thickness, as: Meyerhof (1947), Sommer
(1957), Grasshof et al. (1957), and Thangaraj & Ilamparuthi (2009). From the
researches, one can recognize that the raft thickness is depended on three groups
of factors: superstructure (number of floors, stiffness, distance between columns,
etc), pile group (length, diameter, amount, configuration and so on), subsoil
(Young modulus at the tip and top of piles).

2. Analysis of the effects on raft thickness

This study usedcomputer code PRABS (Piled Raft Analysis with Batter
piles), wrote by Kityodom P. &Matsumoto T [4] to analyse a model of high-rise
building, in comparision with the statistical data from 26 buildings constructed in
Vietnam and over the World. The detail was described in Chau Ngoc An & Cao
Van Hoa [5].

2.1 The effect of foundation structure

Settlement of subsoil, displacement of foundation system are related with the
displacement and deformation of the raft, they have the same value at the bottom
surface of the raft. It is recognized that there are average displacement and
differential displacement. But the differential displacement is related with the
deformation and the bending moment of the raft. In analysing of raft, the
differential displacement is the main target.

The analysis of the effect of the foundation system, the superstructure of the
model is keeping unchanged while the pile configuration and the raft thicknessis
putting changed, similar to [6].

Fig. 1(a) shows the relationship between the differential displacement with
the raft thickness, what isincreasing from 2 m to 8 m, in cases of various pile
configurations (Scheme 1 to Scheme4) and various pile diameter. It can be
recognized that with increasing of the raft thickness, the differential
displacement at all scheme of pile configuration and pile diameter tend to
decrease to zero value. The raft thickness at all pile configuration schemes can
reduce the differential displacement strongly, it can be compensated for error pile
schemes, pile defect and other error. As the more rational pile configuration
sheme, the more homogenious subsoil, then the raft thickness do not effect
significantly on the differential displacement [1]. Fig. 1(b) shows that the raft
thickness do not affect on the average displacement.
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whenever the rational pile configuration scheme is impossible.

2.2 Theeffectofsuperstructure

The effect of number of floors (load) on displacement is mentioned by many
authors such as: Tran&Diep (1990), Tomlinson (1994), Diep T.T. (1995) [7]. In
order to verify the effect, PRAB is used to calculate the displacement at raft’s

level of the above models, being
equivalent to building of 30, 40, 50 and
200 floors. In this analysis, our concern
is about the differential displacement,
is not average displacement, therefore
there is no need to re-design any pile
group and raft, meaning that we keep
the pile group stiffness against average
displacement of the foundation.

The curve in Fig. 2 shows the
relationship of raft thickness and
number of floors of statistics buildings.
It clearly shows that the superstructure
affects greatly on the number of floors
of a building.

Fig. 3(a) shows that the higher a
building, the greater displacement. If
we cannot choose a suitable pile’s
configuration, it is necessary to design
a thick raft in order to meet the
allowable displacement. The result in
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Fig. 2. Relationship between raft thickness
and number of floors from 26 statistic

buildings

Fig. 3(b) shows the relationship of number of floors and raft thickness with
allowable displacements of 0.2% and 0.05% accordingly. Curves in both Fig. 2
and Fig. 3(b) are relatively the same, show that the raft thickness increases when

number of floors increase.
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In short, the raft thickness is depended on number of floors, as with
conclusions of Tran & Diep (1990), Diep T.T. (1995), Tomlinson (1994). When
number of floors increase from 30 to 200, the raft thickness increases around 2.5
times.

2.3 The effect of Young modulus of soil

During the calculation of pile internal forces and soil pressure around piles by
PRAB, it can be recognized the exist of a neutral plane somewhere between top
and tip of piles, see Fig. 4. This conclusion is matching well with Fellenius
research [8].
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Fig. 4. Relationship between internal forces in piles and stress in soil with depth
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Fig. 4 shows that there is a neutral plane stay parallel to raft foundation at
approximately the middle of pile length. The differentiated value between force
in piles and stress in the subsoil on x and z direction above this plane is relatively
large, but the differentiated value below is rather trivial. This means the piles and
soil on the neutral plane bearing the great force.

Therefore, it is really necessary to research the effect of soil in this area
(between raft and neutral plane), displacement and role of raft. Young modulus
of soil underneath the raft foundation in the research is around 30 MPa, which is
rather common in the area of district 1, HCM city. However, when the soil is
improved, or in other construction area, Young modulus of soil has the greater
value, ranging from 50 to 100 MPa (equivalent to the clay soil in Frankfurt). In
some buildings in the world, such as Dubai Tower, the soil underneath the raft is
limestone, with Young modulus of 1,500 MPa. In order to evaluate generally and
understanding the raft thickness of 31 statistic buildings in the world, the Young
modulus in this research is ranging from 30 to 175 MPa.
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Fig. 5. Effect of Youngmodulus on raft thickness and displacement

Fig. 5(a) shows that in case of the soil layeris thick 3.1 m (around 10% of the
raft width) under the raft has the large Young modulus, the displacement is
sharply reduced; in comparison with the thicker soil layer (around 6.2 m and
9.3 m). Fig. 5(b) shows the effect of soil’s Young modulus on the raft thickness:
if the modulus increases from 30 to 175 MPa, raft thickness can be reduced from
2 to 3 times, depending on the displacement tolerance.

In conclusion, Fig. 5 shows that if Young modulus of soil layer under the raft
has thickness of 10 — 20% of the raft width, it can greatly reduce displacement.

3. Discusion and Cases study

3.1 Dubai Tower

The Dubai Tower is 400 m high, include 74 floors plus 3 basement floors, see
Fig. 6. It is founded on very thin raft supported by 163 piles with 22 m and 29
piles 32 m long below the main foundation area. Under the raft there is 15 m
limestone with long term Young modulus of 1,500 Mpa. The Dubai Tower is
designed as piled raft foundation, meaning that piles are placed in the foundation
mainly to reduce the displacement. [9].
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Fig. 7. Comparison of the displacement by various methods, and optimizing raft thickness by PRAB

The original designed raft thickness is 2.5 m, the differential displacement
(raft deformation) of 0.07% calculated by Poulos [9] using GARP. The
computed thickness by PRAB is 1.5 m at deformation of 0.2%. Fig. 5(a) shows
that the displacement of the Dubai Tower foundation is calculated by various
methods by many researchers [9], [10] are matched well with PRABS results.
Therefore, using PRABS one can optimize the thickness of the Dubai Tower’s
raft to meet the allowable different displacement of 0.2% is about 1.6 m. Using
graph developed based on 3 factors: Young modulus of soil, number of floors
and piles length, as described in [5], we get the raft thickness of 2.1 m. It shows
that even with using different methods to attain results with similar value.

We can see that the raft thickness in Dubai Tower is thin because the
Youngmodulus of soil under the raft is great.

3.2 ICC Tower, Hong Kong

The ICC Tower (HongKong) is 484 m high (with 118 floors + 6 basements),
was built in the West of Kowloon Island, on Victoria Coast, Hong Kong. Fig. 6
shows the layout of upper structure and raft foundation of the ICC Tower.
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Fig. 8. Layout of upper structure and foundation structure of ICC Tower, Hong Kong [11]

The Tower is designedbythe pile group foundation. The raft thickness is 8m,
the raft is placed at level of - 26m. The pile system includes 86 barrette piles of
1.5x2.8 m, and 154 barrette piles of 1.0x2.8 m. Since the rock-head level varies
between EL-61m and EL-106 m, the soil hasdifferent bearing capacity, then the
pile toe is proposed to place 2m away from the base rock in order to limit the
different displacement. The result is that the pile length is the ranging from 35 to
70 m (the largest pile toe elevation is EL-95m). The barrette wall surrounding the
perimeter of foundation with dia. 76 m, 1.5 m thick, and is constructed at the
elevation of EL-95m.

The soil under the raft consists of alluvium and CDG overlying rock,
including medium to coarse gravel, clay to coarse sand, sandstone with modulus
under 30 MPa [9].

The designed raft thickness is 8 m at the differential displacement (raft
deformation) of 0.048%. Fig. 9(a) shows that the displacement calculated by
Plaxis [PdLong] and the result from PRAB are matched well. Then using
PRABS to optimize the raft thickness of ICC Tower at Fig. 9(b), one can
recognize that the thickness is about 1.5m at deformation of 0.2%. Raft
thickness based on the graph method [5] is 7.1 m at deformation of 0.2%. It
shows that the raft thickness attained by using 3 methods above give vastly
different value.

In short, the raft thickness of ICC Tower seem to be too large. For this case,
this is the case of the pile group foundation, the average displacement should be
very small, then the differential displacement is also small. The ICC Tower do
not need the thick raft to balance the raft deformation.
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3.3 Incheon Tower Poulos 2011,8, Republic of Korea

The foundation of the Tower is pile group type, include a raft thickness 5,5 m
as an intermediate structure with piles under and core of superstructure above.
Number of piles, pile configuration and sizes are determined after a numerious
repeated analysis, with cooperation between the structural and geotechnical
engineers. Pile length and pile diameter are selected based on behaviour and
bearing capacity. The target of pile length selection is to control the displacement
of tower. From the above analysis, pile tips are proposed to locate in the soft
rock layer, instead of lightly weathered rock above. There are two rules for
determination of pile length: pile tip should be minimum 2 m in the soft rock and
pile tip should be at elevation of EL -50,0 m.

The final pile configuration was proposed to be 172 piles with dia. 2.5m, with
length (from raft level) ranging from 36 to 66m. The raft bottom is at EL -
14.6 m.
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Soil in this area is mainly a mixture of sand and mud, near sea coast, and
constantly flooded by tide. Geological section included: The surface is lost sand
and sandy silt with 8 m thick; the second layer is upper marine deposits (UMD),
with soft to firm marine silty clay, with 20 m thick; the third layer is lower
marine deposits (LMD), with medium dense to dense silty sand, with 2 m thick;
the fourth layer is highly weathered rock, with low pressure bearing capacity,
under it is a layer of lightly weathered rock with greater pressure bearing
capacity; the fifth layer is base rock, with two minor layers: softer stone located
onEL-50m, and harder stone located under EL -50m.[11], [12].

The designed raft thickness is 5.5 mat the differential displacement (raft
deformation) of 0.204%. Fig. 11(a) shows that the displacement calculated by
Plaxis and GARP [11] and the result from PRAB are matched well. One can
recognize that the results from Plaxis with consideration or without consideration
of friction of basement wall can be neglected. That mean that computer program
like PRABS, GARP can be used for evaluation of the pile raft foundation. Then
using PRABS to optimize the raft thickness of Incheon Tower at Fig. 11(b), one
can recognize that the thickness is about 5.8 m at deformation of 0.2%. The raft
thickness from graph (Fig.9) is 7.75m at deformation of 0.2%. The raft
thicknesses calculated by the three methods are matched well.
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30 P F Graphical method
_ i ?025 ' Design thickness
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Fig. 11. Comparison of the displacement by various methods, optimizing raft thickness by PRABS

In short, the raft thickness of the Incheon Tower is designed reasonably. This
is a good practice that the structural engineers and geotechnical cooperate in
optimizing the raft thickness before designing rebar and concrete.

4. Conclusion

It proves that there is no agreed method for designers to use when choosing
raft thickness at the moment, as well as the need for choosing reasonable raft
thickness has not been put into the thought.

The research records 3 important elements that need to be focus on when
analyzinga reasonable raft thickness. They are: number of floors, Youngmodulus
of soil, and pile configuration (especially pile length). The actual raft
thicknesses in all statistic building are larger than optimizing results from
PRABS show that,it is necessary to choose the larger raft thickness than the
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reasonable one, in cases of damaged pile, uneven ground throughout the pile’s
body, soil under the pile’s head.

Raft thickness of The Dubai Tower and the Incheon Tower are reasonable,
raft thickness of the ICC Tower seem to be larger than required.
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Cao Van Hoa, Nguyen Anh Tuan
AN ANALYSIS OF RAFT THICKNESS IN HIGH-RISE BUILDINGS - CASE STUDIES

From the observation of rafts of 31 high-rise buildings constructed in Vietnam and over the
world, it can be recognized that they have very large thickness. So, the questions are, what is the role
of the raft (it’s thickness) in a especially foundation system, and in the whole upper-structure — raft —
soil and pile group’s interaction in general? And why does the raft thickness in some building seem
to be very large (e.g. ICC Tower is 484 m tall, has raft of 8.0 m thick), while the others have
relatively thinner raft (e.g. Dubai Tower is 400 m tall, has raft of 2.5 m thick ).

This study shows that the raft thickness is depended on the foundation system, Young modulus
of soil right under the raft and number of floors of superstructure. This analysis explains very well
the case of thick raft of ICC Tower, thin raft of Dubai Tower and reasonable raft thickness of Incheon
Tower.

Keywords:Piled raft, Raft, Pile group, Soil-structure interaction, Case study, Settlement.
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Kao Ban Xoa, Heyen Anx Tyan
AHAJII3 TOBIIUHU ®YHAAMEHTHUX IIVIUT BUCOTHUX BYAIBEJIb - IPUKJIAIA
JOCJIUKEHHSA

Ilo BUBYECHHIO TOBIUMHHM (YHAAMEHTHUX ILIMT 31 BHUCOTHOrO OyIMHKY, MOOYJOBAHOIO Y
B'erHami i B ycbOMY CBiTi, MOXHA BH3HATH, 110 BOHH MAIOTh JY)KE BEIUKY TOBIMHY. OT)KE, TUTaHHS
IHOJIATa€ B TOMY, sika posib GyHmaMeHTHOI IMTH (11 TOBIMHK) B cucTeMi GyHIaMEHTY, i B LiIOMy Y
B3a€MOJIii BEpXHbOT KOHCTPYKLIi MINTU-TPYHTY 1 cBaiiHe rpymu? | YoMy TOBIIMHA IUTUTH B JESKHX
OyniBIIsSIX BHSBIAETHCS Ay)Xe Benukuil (Hanpukinan, Bexa ICC Bucororo 484 M, mae dyHIaMeHTHY
IUIMTY TOBIUMHOIO 8,0 M), B TOH 4ac sIK IHIII MAlOTh BIJHOCHO OiNbLI TOHKI ()YyHZAaMEHTHI ILUTHTH
(Hanpukiiaj, ToBIMHA (yHaaMeHTHOT mTH [y6aiicekoi Bexa Bucororo 400 M cTaHOBUTE 2,5 M).

Lle mocumimKeHHs MoKa3ye, [0 TOBLIMHA IUIUTH 3AJISKUTH Bil KOHCTPYKLIT (yHAAMEHTY, MOXYJIS
HPYXKHOCTI TPYHTY, 1110 3HAXOAUTHCS OE3M0CcepeHbBO Mif IUNIUTOIO 1 KIMBKOCTI moBepxiB Oyaisii. Lleit
aHali3 Jyke 100pe MOSCHIOE BHIAA0K MOTOBIICHOKW minTd Bexi ICC, OUIblI TOHKOI IUIMTH
JlyGaiicbkoi Bexi i ONTUMAaIbHOT TOBIMHY [UIMTH B Oa1Ti IHYXOH.

KumrouoBi cioBa: [TansoBuil GpyHIaMEeHT, NanbOBE 10JIE, B3aEMO/IS TPYHT-CTPYKTYpa, IPUKIAIH
JIOCIIKEHHSI, [TOCEIEHHS.

Kao Ban Xoa, Heyen Anx Tyan
AHAJIA3 TOJMUHBI ® YHIAMEHTHBIX IJIUT BBICOTHBIX 3TAHUM - TIPUMEPBI
HUCCIIEAJOBAHUS

B pesynbrate u3ydeHus (yHAAMEHTHBIX IUIMT 31 BBICOTHOTO 3[aHHUs, IOCTPOCHHBIX BO
BbeTHaMe U BO BCEM MHpPE, MOKHO MPU3HATh, YTO OHM MMEIOT OY€Hb OOJIBIIYIO TOMIIMHY. MTaK,
BONPOC 3aKJII0YAeTCs B TOM, KAaKoBa poib (YHAAaMEHTHOW IUMTHI (€€ TOJLIMHBI) B CHCTEME
¢dyHOaMeHTa, U B LIEIOM BO B3aMMOJICHCTBHHM BEpXHEH KOHCTPYKLMH IUIMTHI-TPYHTa ¥ CBalHOH
rpynnel? W modyeMy TOMIIMHA IUIMTBI B HEKOTOPBIX 3[aHMAX OKA3bIBACTCS OUYCHb OOJIBLIOH
(nanpumep, 6ammns ICC BricoToit 484 M, MeeT HyHIAMEHTHYIO IUIMTY TOMIIHHOM 8,0 M), B TO BpeMs
KaK Jpyrue HMEIT OTHOCHTEIBHO OoJyiee TOHKHE (yHIAMEHTHBIC IUIMTHI (HAIPHMeEp, TOJIIMHA
¢dynnamentHoit mmTel [ybaiickoit baums Beicoroit 400 M coctasisieT 2,5 m)?

D10 HcCIen0BaHUE MOKA3bIBAET, YTO TOJNIIMHA IUIUTHI 3aBUCHT OT KOHCTPYKLHMH (yHIAMEHTa,
MOJYJIsSl YIPYrOCTH I'PYHTa, HaXOASILIEr0ocs HEMOCPEICTBEHHO IOJ IUIMTOW W KOJMYECTBA dTaKel
30aHUS. DTOT aHAIIM3 XOPOIIO OOBSACHAET Cilydail yToJmeHHOH minThl 6aman ICC, Gosee TOHKOM
winThl JlyOGaicKoii OallHK U ONTHMAJILHOCTh TOJIIIMHBI IIATHI OaHi MHUXOH.

KaroueBble cioBa: CaaiiHblii (yHmameHr, rior, CBaiiHOe I0Jie, B3aMMOACHCTBHE TPYHT-
CTPYKTYpA, IPUMEPBI HCCIIE0BAHUS, [TOCEIICHUE.
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Cao Van Hoa, Nguyen Anh Tuan. An analysis of raft thickness in high-rise buildings - case
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The dependence of the thickness of the raft foundation of multistoried buildings on the structure
of the foundation, the modulus of elasticity of the soil, located directly under the stove and the
number of floors of superstructure, is investigated.

Tabl. 0. Fig. 11. Ref. 12.
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NAUMOTL U IMAICHOCTIU 30AHUSA.
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YK 691.32

3MIHA ITOBITPOITPOHUKHOCTI BA’KKOI'O BETOHY Y YACI

I'.T'. ®apeHok,
JI-p TEXH. HayK,

10.1. HemuunoB,
JI-p TEXH. HayK, Mpod.,
A.M. Bamoypa,
JI-p TEXH. HayK, Mpod.,
JI.O. Uleiiniy,
JI-p TEXH. HayK, Mpod.,
M.I'. Mukosaensp,
KaHI. TCXH. HAYK,

M.C. Myapuk

Leparcasne nionpuemcmeo «/lepiicasnuil HAYKO80-00CAIOHUT IHCMUMYM 6Y0i6ebHUX KOHCIMPYKYILLY,
M. Kuis

DOI: 10.32347/2410-2547.2019.102.25-36

BusHauena 3MiHa MOBITPONPOHHKHOCTI Ba)XXKOro OeToHy y uaci. IlokazaHa akTyanbHICTh LOIO
HOKa3HMKa Uil 3abes3nedeHHs Oe3medHoi eKcIulyaTalii aTOMHHX eseKTpocraHuiil. IlpoBeneni
HOPIBHSJIbHI BU3HAUCHHS TTOBITPOIIPOHUKHOCTI OETOHIB OHAKOBOIO CKJIay y Biwi 28 1i6 i GeToHIB y
Bini Oinpm 35 pokiB, mo Oyianm BimiOpaHi i3 3axuCHOI OOOJIOHKHM ATOMHOI EIEKTPOCTAHLIIL.
BcraHoBIIeHO, 110 MOBITPONPOHUKHICTE OCTOHY 3MIHIOETBCS 3 4aCOM y HAIPSIMKY 1i 3MEHIICHHS.
ToBiTponpoHKKHicTh OeTOHIB y Biui 28 ni0 He BiAmoBizae BUMOram Oe3nedyHol eKcIuTyaTaiii
ATOMHHUX €JIEKTpOCTaHLii. B Toil ke yac GETOHM 3 3aXHCHOI OOOJIOHKH 3a0e3IeuyloTh BHMOTH 3
Oesmeky excrutyaraiii craHuiii. OTpuMaHi pe3ysibTaTH MOSICHIOIOTHCS MPOLECAMH  YIIIIbHEHHS
CTPYKTYpU OCETOHY y 4Yaci Npu CKJIQJHOMY HAIPYKEHOMY CTaHi, BHUKJIMKAHOMY OOTHCHECHHSM
HONEPEAHBO HANPY)KEHUMH KaHATaMU Ha OETOH.

Kiar04oBi c10Ba: aTOMHA €JIEKTPOCTaHILis, 0ETOH

Beryn. IToBITpOMPOHUKHICTE — II€ 3JaTHICTH MaTepialliB Ta KOHCTPYKIIiH
MIPOIYCKATH TOBITPS Iifi BIUTMBOM IIEperaay THCKY IOBITPs, TOOTO pPi3HUII
THCKIB Ha MPOTHIICKHUX MMOBEPXHAX KOHCTPYKIii (MaTepiany) [1,2].

OTKe TOBITPONPOHUKHICTE abo (inbTpalis MOBITPS Kpi3h Marepial
BiIOYBA€THCA i BIUIMBOM Pi3HHMII 3arajibHUX THCKIB Ha MPOTHJICKHUX HOr0
noBepxHsax. ONHCyeThCs 3a JONOMOroro 3akoHy Jlapci, MaTeMaTW4HUid BUpa3
skoro ¢opMmaiabHO cxoxuii Ha 3akoH Dyp'e. Ane 3amicTh KoedilieHTa
TEIUIONPOBITHOCTI ~ BUKOPHCTOBYETbCS ~ KOE(IIIEHT  TOBITPONPOHUKHOCTI
KOHCTPYKLii, a 3aMmiCThb Tpali€eHTa TeMIeparyp — TpPaJi€HT THCKY.
[ToBITPOIIPOHUKHICTB 3aJIEKHUTH Bifl KUIBKOCTI 1 By NOp B Matepiai (3aMKHYTI
a0o BIAKpUTI): YMM OiyblIe BiKPUTHX TOp, TUM Oijbla MOBITPOIIPOHUKHICTH
Marepiany [2,3].

Ha cporonHi BU3Ha4eHHs MOBITPONPOHUKHOCTI, B OCHOBHOMY, TIPOBOIUTHCS
Ul 03I00JIOBAILHUX Ta TEIUIOI3OSILIMHMX —MartepialiB Ta Maibke He
BUKOHYETBCSl /ISl BaXKUX OeToHiB [2]. B Toii e Yac MOBITPOIIPOHUKHICTH
Ba)XKKOTO OETOHY € Ba)KJIMBUM ITOKa3HUKOM 1 HOro 3HA4Y€HHS HOPMYETHCS IPH
3aCTOCYBaHHI OETOHIB B 3aXUCHHX OOOJOHKAax aTOMHHX EJIEKTPOCTAaHIIH [4].

© ®dapentok I'.I"., Hemunnos 10.1., bBam6ypa A.M., Illeiiniu JI.O., Mukonaeup M.T"., Mynpuk M.C.
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KputuuHe 3Ha4yeHHs IOKa3HHKa IOBITPONPOHUKHOCTI OETOHY BH3HAYEHO 3
YMOBH JIOITYCTHUMOI IIBUAKOCTI BUTOKY MOBITpPS KPi3b 00OJOHKY TPH HPOEKTHIMH
aBapii. Ha cporoseHHi 11 3Ha4eHHs IOCSATAETHCS, B OCHOBHOMY, 33 PaxyHOK
KOHCTPYKTUBHHX PillIeHb KOHCTPYKIIT 3aXHCHOI 00OJIOHKH.

Jlana poOoTa € 4YacTHHOI HAYKOBO-IOCTIIHHUX pOOIT 31 BCTAHOBJICHHS
MOXIIMBOCTI  3ampoekToBaHOl ekcruryatamii AEC, o BUKOHYIOTbCS B
HepxaBHoMy mignpueMcTBi  «JlepkaBHUH  HAYKOBO-AOCHITHHNA  iHCTUTYT
OymiBeNbHUX KOHCTPYKIiH». Ii aKTyaldbHiCTH IOB’A3aHA i3 JOCIHiTKEHHSM
BIJIMIOBITHOCTI OETOHY BCTAHOBJICHUM BHMOI'aM MO0 HOT'O MOBITPOITPOHUKHOCTI
JUIE  KOMIUIEKCHOTO OOTPYHTYBAaHHSI IIPOMOBXKEHHS MOAANbIIOl  Oe3rmedHol
eKCIUTyaTallii aTOMHHUX EJCKTPOCTAHIH Ie Ha 25 pOKIB MICIS JOCSITHEHHS
MIPOEKTHOr 0 TepMiHy ekcruryaTarii (30 pokiB).

1. Anani3 JriTepaTypHHX JaHHUX TA MOCTAHOBKA MPo0dJeMu. [cHye nekiabKka
METOJIK BH3HAYEHHS OBITPOIPOHUKHOCTI.

OpHa i3 METOJIMK BU3HAYEHHS TIOBITPOIPOHUKHOCTI, IO 3aCTOCOBYETHCS MPU
BUNIPOOYBaHHAX TEIUIOI3ONALIMHUX MatepianiB, Oa3yeTbcss Ha BH3HAYEHHI
KIUJIBKOCTI MOBITPS B M, SIK€ IPOXOAUTH Yepe3 | M? KOHCTPYKIIT CTiHU POTSIrOM
onmHiei roauHW, npW pi3HUII TUckiB moBitpa 50 [Ma. IlpuHimmn mii
BUNPOOYBAJIbHOI YCTAHOBKM 0a3yeThCsl Ha BHMIpPIOBaHHI T'€pPMETHYHOCTI
3MOJIENTbOBAHOI KIMHATH, Jie 3a JOIIOMOrOI0 BEHTWISTOpAa B IPUMIILEHHI
CTBOPIOETHCA po3pimkenns 50 [1a, sike iMiTye ir0 BITPY Ha OyaiBIIIO.

VY 1poMy BHMNaJIKy MaKCUMajbHi JOMYCTUMI 3HAYEHHsI IOBITPOIPOHUKHOCTI
CTAHOBJIATH: B KUTJIOBUX NMPHUMINIEHHSX - 3 M3/M*TOA, B IHIIMX NPUMILIEHHSX -
6 m*/m*rox [5].

Takok MOBITPONPOHUKHICTH TEIUIOI3OMALIMHNX MaTepialiB BU3HAYAIOTh 3a
METOJIOM, SIKHH TOJNATae B TOMY, IO 4epe3 KOHCTPYKIIIO MPOITYCKAIOTh IMOTIK
TIOBITPSl 1, MICJIsSi BCTAHOBJIEHHS CTAI[lOHAPHOTO TOTOKY, BUMIPIOIOTH BHTPATH
TIOBITPsl Ta Tepenaj TUCKY MK NMPOTHIICKHHUMHU MOBEPXHSIMH KOHCTPYKIi. 3a
JIOTIOMOT'OI0 KOMIIpECOpa CTBOPIOIOTH CTAlliOHApPHY PI3HMII0 THUCKY 1O OOMBi
cropon#u 3paska Big 10 I1a mo 250 ITa crynensamu mo 10 ITa. Kinnese 3HaueHHS
PI3HUII THCKIB IMOBUHHO BiJTNOBiaTH PO3PaXyHKOBOMY 3HAYEHHIO ISl 00’€KTa
BUNPOOYBaHb. YKCIIO CTYNEHIB TUCKY IIOBUHHO OyTH HE MEHIIE 5.

3a pesynpTaraMH BHMIPIOBAaHb OOYHCIIOIOTH XapaKTEPUCTHKU MOBITPO-
MIPOHUKHOCTI KOHCTPYKIii 200 omip NOBITPONPOHUKHOCTI.

IcHye Tako mOCTaTHHO POOIT MO JOCHIMHKEHHIO ITOBITPOIPOHUKHOCTI
oerony [6,7,8,9]. IlpoBedeHUMH  JOCHIDKCHHSAMH  IOKa3aHO, IO
MIOBITPOIIPOHUKHICTh OETOHY 3aJIeKUTh BiJ HOro CKIaay Ta TEXHOJIOTii Horo
yuiiisHeHHs [4].

Jly1sl BU3Ha4YeHHsI MOBITPOIPOHUKHOCTI BAYKKHUX OETOHIB, 1110 3aCTOCOBYIOTHCS
B 3aXHMCHHX O0OJIOHKaX aTOMHHUX €JIEKTPOCTaHIiH, B JlepkaBHOMY MiJIPUEMCTBI
«[lepxaBHUII HAYKOBO-AOCIIIHUI 1HCTUTYT OYy/iBEIbHUX KOHCTPYKLii» B 80-X-
90-x pokax XX ct. Oyna po3pobiena BimnoBigHa meronuka [4]. B pesynbraTi
MIPOBEACHUX JIOCIIKEHb OYJIO BCTAHOBJICHO, III0 OETOHM 3BHYAHHUX CKIIAIiB HE
BiJIMIOBIIAIOTh BHMOTaM II0 TMOBITpONpPOHHUKHOCTI. ToMmy Oymu po3pobieHi
crieliaibHi  OETOHW, MOBITPOIIPOHHUKHICTH SIKUX BIANOBI]a€ BCTAHOBJICHUM
BHUMOT'aM.
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2. MeTa Ta 3a1a4i Aocaizxenb. MeToro 1aHOT poOOTH € TOCHIPKEHHS 3MIHH
TIOBITPOIIPOHUKHOCTI OETOHIB Y yaci.

Jlis OCSITHEHHSI TTOCTaBJIEHOI METH HeoOXiJHO Oyino BUPILIIMTH HACTYIHI
3ajadi:

- migiOpaté MoneNnbHHH CKJaJ OETOHY, SKUi BiANOBiZaB OM pearbHOMY
OeToHy 3axucHux 06onoHok AEC;

- TIPOBECTH MOPIBHSUIBHI JIOCHIPKEHHS OBITPOIIPOHUKHOCTI OETOHIB Pi3HOTO
BiKy: OeToHY y Bili 28 xi0, mo iMiTye ckiaj OETOHY, SIKHI 3aCTOCOBYBABCS MPH
OymiBHHMLTBI craHWii, i OeToHy y Bimi 35 pOKIB 3 KOHCTPYKIII 3aXHCHOI
00OJIOHKH.

3. Cytb MeTOAWMKH BH3HAYE€HHS MOBITPONPOHUKHOCTI KOHCTPYKUIM
AEC. Metonuka BU3HAYEHHS MTOBITPOIPOHUKHOCTI OETOHY CTBOpEHA 3TiIHO 3
«YKazaHus 1Mo 1mogdopy COCTABOB M KOHTPOJIO KadeCTBa T'a30HEIPOHHUIIAEMBIX
OCTOHOB JIJIsI 3aIUTHI COOPY)KCHUI aTOMHBIX 3JICKTPOCTaHIHID [4].

3rigHo 3 BUMOTaMHM, III0 BHCYBAIOThCA J0 3axucHUX o00oimoHOK AEC,
MOBITPOHENPOHUKHUMH MOYKHa BB)KaTH OETOHH, TIOBITPONPOHUKHICTD SIKMX TPH
tHcKy ToBiTps 0,4 MIla He mepesmmye G,=1,0-10"° xr/m-c-Ila (to6To, He

o’
M? -Tox-0,4 Mlla
YMOBH JIOYCTHMOT'O 3HAu€HHS IIBUAKOCTI BUTOKY ra3y 0,3% Ha noOy Bix
00’eMy 3axuCHOI OOOJOHKHM TIpH TPOEKTHIH aBapii, a TaKOX 4YacTKH, IIO
3aliMarOTh CTIHM B 3araJlHOMY 3HAa4YeHHI NPOHHKHOCTI MOBEPXOHb 3aXHCHOI
00O0JIOHKH aTOMHOI eJIeKTpocTaHIlii 3 peakropom BBEP-1000.

BunpoOyBaHHsT TpoBOIMIM Ha 3pa3Kax Ky0ax, BUIOTOBJIEHUX B
a00paTOPHUX YMOBax, Ta Ha KepHaxX, BUOYPEHUX 13 KOHCTPYKIIi 3aXHCHOI
00OJIOHKH.

Po3mip 3paszkiB ky6iB — 100x100x100 mMm. 3pa3ku, Micis BUTOTOBJICHHS,
BUTpuUMYyBaju 28 ni0 y kKamepi HOPMaJIBHOTO TBEPIHEHHS MPH TeMIlepaTypi
2042°C Ta BimHOCHI# Bosorocti moBiTps 96...100 %.

3pasku-KepHU OyiIM BHOYPEHi i3 JOCIIPKYBaHOI KOHCTPYKIli. BoHu Manu
HaCTyIHI po3mipu: miamerp Ta Bucora 100 MM. 3pa3ku Oy BiATOpPIHOBaHI 3
000X OOKiB.

[oBiTpOIIPOHHUKHICT, OETOHY BW3HAYAJIM MpPU PIBHOBAKHIA BOJOTOCTI
JIOCITI/PKYBaHHUX 3pa3KiB.

3pa3ku BCTAHOBJIIOBAJIM y CHELiaIbHI 000MMH, Jie BUIBHI TpaHi QikcyBaIucs
METaJeBUMH KPHIIKaMH, SIKI Mald OTBOPH MJIsl IOJadi Ta BimOOpYy MOBITps
(puc. 1). Biuni moBepxHi 3pa3kiB repMeTH3yBaJd THapadiHOM, SKUH 3aKpHBaB
Mopy 30BHINIHIX TpaHedl OeToHHUX 3pa3kiB. Kpi3b BUIbHY TIpaHb 3paska
3IIHCHIOBANIM MoJavy MOBITPs (puc. 1), IpH NOCTIHHOMY 3HAY€HHI THUCKY, JOKH
BOHO HE TIOYMHAJIO BUXOJHUTH 3 MPOTHIIEKHOI BUIBHOI IpaHi 3pa3ka. HeoOximHuii
THCK BCTaHOBITIOBAJIM 32 JIOIIOMOT'O0 KOMIIpECopa Ta pellyKTopa 1moiadi HoBiTpsi.
[lix yac BumpoOyBaHHS WIMHOM HAIMIIKOBOTO THCKY BiJOyBaBcs [0
HeoOxinHoi BennunHu (0,4 MIla) npotsirom 10 XB 3 BATpUMYBaHHSIM HE MEHIIIE
1 ron [4]. Ilix yac mociiiB MPOBOJAMIM 3aMipH IOBITPS, IO MPOWILIO KPi3b
3pa3oK, a TAKOXK Yac 3a SIKUH Kpi3b 3pa30K NPOMIIIOB NEBHUI 00’ €M IOBITPSI.

6ineie 50

) [4]. lle 3HaveHHS pO3paxOBaHO BHUXOISIUU 3
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O0’eM TOBITPs, WIO
MPOUIIIO Kpi3h BUIBHY
HIOBEPXHIO 3paska,
BU3HAYaIU 3a JOIOMO-
TOI0 CKIISIHOIO Kamijsipa
o6’emom 1 oM,  sikmii
Oyn0 NpHETHAHO TyMO-
BOIO TPYOKOIO 710 OTBOPY
31 IITyLEpOM Y BepXHii
kpumini (puc. 1). Bumi-
proBaHHS 00’€My TOBI-
Tps, 110 NPOHMIIIO Kpi3b

Puc. 1. 3pasku 00THCHYTI B 000iiMi 3pa3ok 3IiHCHIOBAIN He
MeHIIe 6 pasiB.
[NoBiTpornpoHHKHICTH 3pa3ka mpu TUCKY moBiTps 0,4MIla obuucntoBanu 3a

¢dopmymnoro (1):

G= Vt ?9600
sp
ne V — BUMipsHuiA 06’€M TOBITpSI, IO MPOWIIOB KPi3h 3pa30K, CM’; { — Uac, 3a
AKUN Kpi3b 3pa3oK NpoHmIoB 00’eM moBiTps V; S,, — mioma BiTbHOI MOBEPXHI
TpaHi, uepes Ky MPOXOIUTh TIOBITPS, M.
ToBITPONPOHUKHICTE BU3HA4aIM SK cepenne apupmermine (Xo,) M

, oM’ /Ton- M2, (1)

LIECTH BHUMIpIOBaHb 00’eéMy TOBITps. KpiM Toro, oOuuciroBamu KoedilieHT
Bapiauii mocnigy (V) ta noBipui rpaHHIi € BHMNAIKOBOI MOXHOKM BUMIpPIOBaHb
00’€eMy TOBITpSI, IO MMPOHILIO KPi3h 3pa3oK.

4. ExcnepumentaibHa 4YactuHa. OCKIIbKM 3 MOMEHTY OyIiBHHIITBA
000JIOHKH MUHYJIO 0arato 4acy, a sIKICTb i IOKa3HHUKH BIJIACTHBOCTEH IeOeHIo,
MiCKYy, IIEMEHTY Ta 00aBOK 3MiHHWIHCS, TO Oyno 3po0ieHo miadip KijgbKoX
CKNajiB O€TOHY, IO IMITyBalM CKJIaJ pEaTbHOro OeTOHY. 3aIlpOIOHOBaHI
CKJIaJy OETOHY BiIpPi3HSIHCS BUTPATOIO LIEMEHTY B MeHIH 1 OinbImi OiK Bij
peansHoro ckmaay (I1=520 kr/m’). ButpaTy KOMIOHeHTiB Ha 1 M® GeroHy
HaBeJeHO B Tabmuni 1 (MoAesbHI ckiaau OeTOHY, sIKi OyJIM BUKOPUCTaHI IUIs
BUTOTOBJICHHS 3pa3KiB-IMITaHTIB).

Tabmunsa 1
Ne BuTpaTa KOMIIOHEHTIB Ha | M’ GETOHY, KT
n/n | uement M400 (knac 32,5 N) ITICOK mebinp Gp.5-20 BOJIA
1 500 654 1042 193
2 520 642 1034 200
3 550 570 1060 180

B sKoOCTI CHpOBHMHHHMX MartepialiB BHKOPHUCTOBYBAJIHM HOPTIAHILEMEHT
CEM II/A-S 32,5R  BupoOHuuTBa  BONUHB-IIEMEHT,  KBapLUOBUHA  MICOK
JIHinpoBcbkoro Kap’epy 3 MopayneM KpynHocti 1,29, rpaHiTHMI meOiHb
MasuHcbskoro kap’epy ¢paxuii 5-20 mm (5-10 Mmm + 5-20 mm = 33% + 67%) 3
Mapkor 3a japobOwnsHicTio — 1200. B sxocti m100aBKM BHKOPHCTOBYBAaJH
TuiacTugikaTop Ha OCHOBI JIITHOCYNIL()OHATIB.
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Pe3ynpraTi BUNpOOyBaHb Ha MIIHICTH HPH CTHCKY 3pa3KiB MOJEIBHUX
cKJIaniB y Bimi 28 1i06 HaBeAeHI B Ta0HII 2.

Tabmurs 2
Né CKIIasy Burpara Ocanxa MinHicTh qa Cepemm
CTOHY HeMeHTy, kT KoHyCa, CM CTHCK 3pa3KiB, MILHICTh Ha
(tabnwry 1) Mlla ctuck, Mlla
37,65
1 500 9 36,86 37,9
39,02
51,67
2 520 13 52,26 50,76
48,35
52,28
3 550 11 59,14 53,35
48,63

Jlst momaibIuX eKCIepUMEHTIB Oyno oOpaHo ckiam Ne2, OCKUIBKM BiH
BIJMOBIZIaB CKJIaay OETOHY, IO 3aCTOCOBYBABCS MpU OYMIBHUITBI 3aXUCHOL
obomonku. KoeimieHt Bapiarii MirtHocTi juist ckinany Ne2 ckinanas 4,1%.

AHani3 JaHuX >KypHaJiB KOHTPOJIO MIIHOCTI NMpHU OETOHYBaHHI 3aXHUCHUX
CHOpY/, aTOMHOI eJIEKTPOCTAHIIl MOKa3yloTh, 110 peallbHU cKiaa OeToHy OYyB
3alpOEKTOBaHUI 3 TNEpEeBUIEHHSIM HeoOXimHoi mimHocti M400 (kimac GeToHy
C25/30) i peanpbHa Mapka OeToHy Oyna mpaktuuno M500 (C32/40). Taky x
MIIHICTh MarOTh i OETOHH, MO IMITYBaJU pealbHUi OeTOH. TakuMm 4WHOM, He
JIUBJISTYMCH HA BUKOPUCTAHHS Pi3HUX CUPOBUHHUX MaTtepiaiiB MPY BUTOTOBIICHHI
oerony B 1980-x pokax i 2018 p., MIIIHOCTI TIpH CTHCKY 3pa3KiB MOJAEIHHOTO
CKJIaJy BiJIIOBIIaI0Th MIIJHOCTI pealbHOrO OETOHY, 10 OYB BHKOPHUCTaHHUH MpH
OymiBHHUIITBI 3aXxucHUX 00010HOK AEC.

Pe3ysnpraT BU3HAUEHHS TOBITPONPOHUKHOCTI OETOHY, CKIIaJ| SIKOTO iMIiTyBaB
CKJIaJl peajbHOro OCTOHY, HaBeACHI B TaOwvII 3.

Ta6mums 3
Ne Yac npoxomKeHHs 1 cm CraTHCTUYHI XapaKTEePUCTHKH
3paska MOBIiTPS Uepes 3pasok, ¢ qacy MPOXOKEHHs 1 cM® HOBiTps
Kpi3b 3pa30K
1 24,6; 27.9; 28,6, X ep =28,93¢
25,8:27,0; 26,2 >
37,2;36,8; 37,6, §=4,77
2 36,2; 38,0; 24,5 £=9,73
3 25,0; 23,5; 23,0;
24,3;25,9; 26,1 X ep =28,93%9,73¢
A 29,2;30,2; 28.,0; V=16,5%
30,2; 28,8; 29,6

3HayHe MepeBHIIeHHS] OTPUMAHOTO MMOKa3HUKa MOBITPOIPOHUKHOCTI OETOHY
BiJl HEOOXIHOTO MOSICHIOETHCS THM, 110 OETOH € KaIliJUIAPHO-TIOPUCTHM TLJIOM i3
BEJIMKOI KUIBKICTIO Je(eKTiB, MIKpOTpIlMH, SKi 3MIHIOIOTbCS B dYaci
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[10, 11, 12, 13, 14, 15] i miaTBepHKYEThCS paHilll OTPUMaHUMHU JaHUMHU [5, 16].
Cnig  BIOAMITATH, 1[I0 METOJ BHU3HAYEHHS IIOBITPOIIPOHUKHOCTI OETOHY
3aCHOBaHMI Ha MPOXOIDKEHHI MOBITPsl Kpi3b OeToH mo Horo nedekrax. Takum
YMHOM, METOAMKa BHM3HAYEHHS MOBITPOIPOHHKHOCTI OETOHY MOXKE CIIYKUTH
METOJIOM JIOCITi/PKEHHS MPOLIECIB CTPYKTYPOYTBOPEHHSI OETOHY Ta BU3HAYEHHS
crynento #oro nedekrHocti. IIpo 3HauHy HedeKTHICTH CTPYKTYpu OeTOHY
CBIYMTh BHCOKE 3HaueHHs KoeQilieHTa Bapiamii Horo MOBITPOINPOHUKHOCTI,
ki cknagae 16,5%. B Toit wac sk koedimieHT Bapiamii MIITHOCTI MPU CTUCKY
6eTony - 4,1%, 110 CBITYNUTH PO XOPOIIY SKICTh BUTOTOBJIEHOTO OETOHY.

3 30BHIIHBOr0 00Ky 3axucHOi obononkn AEC Oyino BHOYpPEHO OIMH KEpH,
SIKMH TOTIM po3pizaHuii Ha 3 3pa3ka-kepHa. [1ix yac excruryartanii 3ai300eToHHa
KOHCTPYKIIisl, 3 SIKOi Oynu BUOYpeHi KepHHU, 3HAXOAWIACH B HAIIPY)KEHOMY CTaHi,
a BIAMOBITHO 1 OETOH OYB CTUCHYTHH. 3pa3oK-KepH | — KepH, 110 pO3TaIIOBaHHHA
Ha rMOWHI cTiHK 00osoHKH a0 10 oM i mignaeTbes Aii aTMOC(EepHHUX BILUIMBIB.
3pa3ok-KepH 2-1 — 3HAXOMUTHCs OLIBII MIMOOKO B 3aXHMCHIN 00OJIOHII, a 3pa30K-
KepH 2-2 — Ha riubuHi 10 30 cM BiJ 30BHIIIHBOI MOBEPXHI 3aXUCHOI 00OIOHKH.

Pe3ynpraTi BH3HAYEHHS IOBITPONPOHUKHOCTI OETOHY 3pa3KiB-KEpHIB i3
koHcTpykuiit AEC HaBeneHi B Tabnui 4.

Tabmunsa 4
N Yac npoxomxeHHs 1 oM’ Cepe/Hiii yac IPOXOKEHHS |
© 3pa3ka . 3 .
HOBITps Uepe3 3pa3ok, ¢ CM~ HOBITps uepe3 3pa3ok, ¢
376
§=37,97
Kep 1 457, 381; 332(()), 360; 360; £ =93,03
Xcep =376+93,03
V=10%
3547
Kepm 2-1 3900; 3360; 3360; 3600; §=201,47
P < 3580; 3480; £ =201,47%2,45-493,6
V=5,7%
Kepn 2-2 > 18000 ( 5 roxun) > 18000

B pesynbraTi mpoBeACHHMX pPOOIT BCTAHOBJIEHO, IO IOBITPOIPOHUKHICTH
KepHa Nel BUCOTOIO 101,5 mMm CTaHOBUTB: 1886,6 + 51 1,3CM3 .
ExcniepuMeHTaIbHO OTpUMaHa BEIHYMHA OUTBIN HDK y 37 pa3iB IEpeBHUIIYE

3
(50— ).
M~ -rox-0,4 Mlla

TIOBITPOIIPOHUKHOCTI MpHUOIM3HO ckinagae 10 %.

[MoBiTponpoHUKHiICTE  KepHa Ne2-1  Bucotoro 92,9 MM  CTaHOBWTH:
218,5+30,37 om’. Ipu moxuobmi mocmixy 13,9 % i xoedimienti Bapiamii 5,7%.
ExcniepuMeHTaIbHO OTpHUMaHa BEIWYMHA OUIBII HIK Yy 4 pa3d IEpEBHUINYE
JIONYCTAME 3HAYEHHSI.

[oBiTponpoHuKHicTH KepHa Ne2-2 Bucororo 103,5 MM cTaHOBHTH: 38,6 oM,
110 MEHIIIE AOIYCTUMOro 3Ha4eHHs B 1,3 pasu.

5. PesyabraTn A0CHiIKeHb MOBITPONPOHMKHOCTI. AHANI3YIOYM OTpUMaHi
pe3yabTaTH, MOXKHA TPHATH 1O BHUCHOBKY, IO TPUBAJIMA HaNpyKCHUH

JIOITyCTUMUIM KoeginienT Bapiamii moka3HUKIB
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CTHCHYTHH cTaH OETOHY IMO3UTHUBHO BIUIMBAE HA YIIUIBHEHHS HOTO CTPYKTYpH i
MPU3BOJAWTL IO 3MEHINCHHS Koe(illieHTa MOBITPOIPOHUKHOCTI OCTOHY.
Hanpyxenuii cTaH OCTOHY CTBOPIOETHCS SK CTHUCKAIOYOK JIi€I0 KaHATIB, SKi
CTBOPIOIOTh 00'€éMHE HAINPY)KEHHS, TaK i CTHCKAIOUOK €0 CSKCILIyaTallifHuX
HaBaHTa)XEHb. |HTEHCHUBHICTh TIPOLECIB YIIJIbHEHHS CTPYKTYpH O€TOHY
3aJIeKUTh BiJl YMOB eKCIUTyaTalii KOHCTPYKIIi: y HOBEpXHEBOMY WIapi Taki
HABaHTa)KEHHS MEHIII Ta IHTEHCHMBHICTH YIIiIbHEHHs MeHIa. Kpim Toro,
30BHIIIHIA IIap MiAJAa€ThCsl BIUIMBY HABKOJMIIHBOrO ceperoBumia. Ilo wmipi
MPOCYBAHHs BIVIMO KOHCTPYKIIT HAaBaHTA)KCHHs 30UIBIIYIOTHCS, 30UIBIIYETHCS
CTYIIHb VIIITBHEHHS CTPYKTYpu OeTony. Ili mpomecu i 3HaNIUM BigoOpaKeHHS
B 3HAYCHHSAX KOe(Dilli€HTIB MOBITPOIPOHUKHOCTI OCTOHY B IIOMEPEYHOMY PO3pi3i
koHCTpyKuii. Takuii edekr miATBEpIKEHO BIJOMOCTSAMH 3 JITEpPaTypH
[17, 18, 19, 20].

Ha BupiBHIOBaHHSI CTPYKTYpH OETOHY B pe3yibTaTi TPUBAJIOTO TBEPAHEHHS B
HANPY)KEHOMY CTHCHYTOMY CTaHi CBiTYUTh 1 3MEHIICHHS BEJIHMYMHU
koe(illieHTIB Bapiamii MOBITPONPOHUKHOCTI OETOHY.

[oTpiOHO Big3HAUWTH, MO OETOH 3aXWUCHOI OOOJOHKH 3 BHYTPIIIHBOT
CTOPOHU 3aXHUILEHUI METAJIEBUM JINCTOM, & YMOBH TBEPJIHEHHS HOTO TTTHOMHHIX
mapiB BiJIPI3HSIOTBCS B TMOBEpXHEBHX. B mepmry dYepry Ie MOB's3aHO 3i
30epeKCHHAM BOJIOTH BCEpEIUHI OCTOHY, OCKUIBKH Y Hel He 0yJI0 MOXKJIMBOCTI
BUIIapOBYBaTHCs. HasBHICTH BOJOTM y BHYTPIIIHIX MIapax OeTOHY CTBOpIOBaa
CHPHUATINBI YMOBH sl HOro TBepJHEHHA. HasBHICTH CHPHUATIMBUX YMOB
TBEpJHEHHs OETOHY B MOro IMIMOWHHUX IIapax MiJATBEPPKEHO 1 pe3ylibTaTaMu
BUNIPOOYBaHb IIMX OETOHHHMX KEpHIB Ha MILHICTh NpHU CTHUCKY. Pe3ymbraTn
BUIIPOOYBaHb MOKa3aJH, 10 MIl[HICTh OETOHY NPU CTUCKY B INIMOMHHUX IIapax
3pociia OnblI HiX B 1,5 pa3u B MOPIBHSIHHI 3 MiI[HICTIO 30BHILITHBOTO IIApY.

OTxKe, aHAJI3yIOUYM OTPUMaHI EKCIIEPUMEHTAIFHUM IUIIXOM JaHi, MOXHa
MPUIYCTUTH, 110 OeTOH Ha rMOUHI Oinbme 30 cM, y HaNpSIMKY Bifl 30BHIIIHBOI
TOBEPXHI 3aXWCHOI OOOJOHKM AaTOMHOI €JEeKTPOCTaHIii, Mae He OuIbIIy
MOBITPOIIPOHUKHICTh, HiXK OeToH kepHy No2-2 (tabmuus 4). Lle mosicHIOeTBCs
YMOBaMH €KCIUTyaTallii, OCKUJIbKH CTYIiHb OOTHCHEHHSI O€TOHY Ha IJIMOWHI Bij
30 cm mo 120 cM He MEHIIWiA, HiX CTYyIiHb OOTHCHEHHs KepHy Ne2-2. Takum
YMHOM, OETOH 3aXHCHOi OOOJOHKM Mae€ HEOOXiJHY ITOBITPOINPOHHUKHICTH 3a
BHKJTIOYCHHSM ITOBEPXHEBOrO MIapy MIHOUHO0 710 30 cM.

BucHoBkm.

1. BcraHoBiieHO, 10 METO/ BU3HAYEHHS OBITPONPOHUKHOCTI OETOHY € JyXKe
YYTJIMBAM [0 HasBHOCTI JedekTiB OeToHy i MOXe CIIyryBaTH CaMOCTiHHHM
METOAOM JIOCITi PKEHHST TIpOIIeCiB CTPYKTYPOYTBOPEHHS OeToHiB.
[oBiTPOIIPOHUKHICTE OETOHY KOJIMBAETHCA B 3HAYHUX MEKaX 1 3aJ€KHTh Bij
TEXHOJIOTIT BUTOTOBJICHHS 3pa3KiB i YMOB IX TBEpJHEHHS. 3 4aCOM, B pe3yNbTari
TBEpJIHEHHSI OETOHY, HOT0 IIOBITPONPOHUKHICTH 3MEHIIYETHCSI.

2. Bu3HaueHHs MOBITPONPOHUKHOCTI OETOHY KEPHIB, BHOYPEHHUX 13 3aXHCHOT
obononkn AEC, mokaszano, IO TOBITPONPOHUKHICTE OETOHY peaJbHUX
KOHCTPYKIIH 3HaYHO MEHIIE, HiXK 3pa3KiB 3 OETOHY IJEHTUYHOTO MOAEIHHOTO
ckmany. Bemuumna KoedillieHTa TOBITPONPOHUKHOCTI  OETOHY  3pa3KiB
MOJIENIHOTO CKiIany B 240 pasiB OuTbIIIE HOPMOBAHOI, a I OCTOHY 3 peanbHOL
KOHCTPYKIIil 3HAYHO MeHie. Moro Benudmua, s GETOHY TTOBEPXHEBOTO 1Iapy,
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Oijbllle HOPMOBAHOI BEJIMYMHU TUTBKKM B 37 pasiB, a Uil TNIMOMHHHUX MIapiB
KOHCTPYKIii Koe(illieHT MOBITPONPOHUKHOCTI OETOHY BKE MEHIIIE HOPMOBAHOTO
B 1,3 pa3u. PizHuns koeQilieHTIB MOBITPONPOHUKHOCTI OETOHY AJIsl 3pa3KiB-
KyOiB MOJENbHOrO-CKJIaJy 1 OETOHHHX KEpHIB 3 pealbHOI KOHCTPYKIIi
TMIOSICHIOETBCSL TUM, IO 3 YACOM ITPOTIKaIOTh MPOLIECH BIOPSAIKYBAHHS CTPYKTYPH
OeToHy, 11 yIIUIbHEHHA. [HTEHCHBHICTH NPOLECIB YIIIJIBHEHHS CTPYKTYpH
OeTOHy 3aJiekaTh BiJl YMOB €KCIUTyaTamii KOHCTPYKIII: B TIOBEPXHEBOMY MIapi
MPOTIKAIOTh MPOLIECH KOPO3ii i i€l0 30BHIIIHIX BIUIUBIB 1 TOMY IHTEHCHUBHICTh
yuiiisHeHHss MeHma. [lo Mipi mpocyBaHHS BIVIMO KOHCTPYKIIT 301IBIIYETHCS
CTYIIHb VIIITBHEHHS CTPYKTYpu OeTony. Ili mpomecu i 3HaIUIM BiToOpaKeHHS
B 3HAuYeHHSIX Koe(illieHTaxX IOBITPONPOHUKHOCTI OETOHY B IMOINEPEYHOMY
niepepizi KOHCTPYKIII.
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Farenyuk G.G., Nemchinov Iu.l., Bambura A.N., Sheinich L.A., Mykolaiets M.G., Mudryk M.S.
THE CHANGE OF AIR PERMEABILITY OF CONCRETE IN TIME

The air permeability of heavy concrete is an important indicator and its value is normalized with
the application of concrete in protective shells of nuclear power plants. The critical value of the air
permeability index of concrete is determined from the condition of the permissible velocity of air
flowing through the shell in the design basis accident. Today, this value is achieved mainly due to
constructive solutions in the design of the protective shell.

The article presents the results of research on the compliance of concrete with the established
requirements for its air permeability for a comprehensive justification for further safe operation of
nuclear power plants for 25 years after the achievement of the project life (30 years).

To obtain the necessary indicators for calculations, a model composition of concrete was
designed so that it corresponded to real concrete of nuclear power plant protective shells from which
the specimens were made. A comparative study of air permeability of concrete at different age were
made, such as concrete at the age of 28 days simulating the composition of concrete used in the
construction of the nuclear power plant, and concrete at the age of 35 years selected from the
protective shell of the nuclear power plant.

The air permeability of concrete at the age of 28 days does not meet the requirements of safe
operation of nuclear power plants. At the same time, it was established that concrete selected from
the protective shell, meets the requirements for the safety of operation of the nuclear power plants.
The obtained results are explained by the processes of compacting the concrete in time.

Key words: nuclear power plant, concrete, air permeability, structure, cement stone.

@apenrox I'.I"., Hemuunos FO.U., Bambypa A.M., [levunuy JI.A., Muxonaey M.I"., Myopux H.C.
U3MEHEHHUE BO3YXOINNPOHUIIAEMOCTU BETOHA BO BPEMEHU

OrnpesiesieH0 M3MEHEHHE BO3JYXOIPOHHUIIAEMOCTH TsKeJIoro O0eroHa BO BpeMeHH. [lokazaHa
aKTyaJbHOCTh JTOr0 [oOKasarels [Uisi oOecredeHHs Oe30MacHOM JKCIUTyaTallMd AaTOMHBIX
3HeKTpOCTaHLIMﬁ. HpOBeﬂeHbl CpaBHUTEJIBHBIC HCIIBITAHUA 1o ONpeaCIICHUIO
BO3/1yXOIPOHHUIIAEMOCTH OETOHOB OJMHAKOBOI'O COCTaBa B Bo3pacTe 28 CyTOK U OETOHOB B BO3pacre
Gosiee 35 usier, KOTOpble OBbUIM BBIOYpPEHBI C 3aIMMTHONM OOOJOYKH aTOMHOW 3JIEKTPOCTAHLIMH.
VYCTaHOBIEHO, YTO BO3AYXOIPOHHUIIAEMOCTh OETOHA MEHSETCS CO BPEMEHEM B HAIPABICHHU c¢
yMeHbLICHHs.. Bo030yXONpoHHIIaeMOCTh OCTOHOB B Bo3pacTe 28 CYTOK HE COOTBETCTBYET
TpeGoBaHUAM 0e30MaCHON JKCIUIyaTal[dd aTOMHBIX OJJIEKTPOCTaHUMH. B To jxe Bpems OeToH ¢
3alUTHONH 000JI0uKH oOOecriednBaeT TpeOOBaHMSI 1O OE30MACHOCTH OKCIUTyaTALMH CTaHIMIL.
ITonydeHHbIe pe3ysIbTaThl OOBICHSIIOTCS IPOLIECCAMH YIUIOTHEHHS CTPYKTYphI OE€TOHA BO BPEMEHH,
BbI3BAHHOI'O 06)KaTl/leM NPEABAPUTECIBHO HAIPSKCHHBIMU KaHATaMU Ha 6C’TOH.

KiioueBble cjI0Ba: aToOMHasi DJIEKTPOCTAHLMS, OCTOH, BO3IYXOHNPOHHLAEMOCTb, CTPYKTYpa,
LIEMEHTHBIH KaMeHb.
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In recent years in nonlinear dynamics particular attention was paid to studying the chaotic
behaviour of dynamical systems and their routes to chaos. Sometimes this route may be intricate. We
watched such intricate route to chaos when studying the quasi-periodic route to chaos in strongly
nonlinear non-smooth discontinuous vibroimpact system that was two-body 2-DOF one. After
Neimark-Sacker bifurcation many different regimes replace each other. There are transitional
regimes with inconsistent characteristics among them. We analyze these regimes with continuous
wavelet transform CWT applying. CWT plots confirm just their transition kind and give clear picture
of different frequencies presence in time series and their distribution in time.

Keywords: vibroimpact system, route to chaos, transitional regime, Poincaré map, Fourier
spectrum, continuous wavelet transform.

1. Introduction

At present chaotic dynamics is one of the most interesting and investigated
subjects in nonlinear dynamics. Now it is well known that just deterministic
chaos is not an exceptional mode of dynamical systems behaviour; on the
contrary, chaotic behavior occurs in many dynamical systems in mathematics,

mechanics, engineering, physics, chemistry, biology and medicine. Therefore,
the studying of chaotic dynamics is one of the main ways of modern natural
science development. Now the theory of chaotic vibrations is well developed and
is continuing to develop further [1-3].

Let us underline that dynamical deterministic chaos occurs in entirely
deterministic systems only under the control parameter changing without any
random external influence. And this changing may be very small.

The routes to chaos in nonlinear dynamical systems are of the special scientists’
interest. It is known three main routes to chaos in dynamical systems [1, 3]:

1) period-doubling route to chaos — the most celebrated scenario for chaotic
vibrations, it is Feigenbaum scenario;

2) quasiperiodic route to chaos;

3) intermittent route to chaos by Pomeau and Manneville.

We have studied the quasi-periodic and intermittent routes to chaos in
vibroimpact system in our previous works [4,5] and references therein.

Vibroimpact system is strongly nonlinear non-smooth discontinuous
dynamical system. The studying of its dynamical behaviour has certain

! Corresponding author. E-mail address: posttan@ukr.net
© Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
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difficulties because of its non-smoothness and discontinuity. When we are
comparing the quasi-periodic and intermittent routes to chaos in our vibroimpact
system we see that the quasi-periodic route is considerably more intricate then
intermittent one. Different oscillatory regimes replace each other many times
under very small control parameter varying. There are periodic subharmonic
regimes — chatters, quasiperiodic, and chaotic regimes. There are the transitional
regimes which occur between other defined ones. What are the transitional
regimes? They occur in the zones of transition from one regime to another, they
correspond to prechaotic or postchaotic motion. They have the inconsistent
characteristics: their Fourier spectrum fits to the one regime kind, Poincaré maps
— to another. So we cannot say something specified about its kind.

Therefore we decided to test new technique in order to characterize this
multiscale behaviour. This new technique is Continuous wavelet transform CWT.

Wavelet analysis is useful for recognizing periodic and chaotic motions both
in the frequency and time domain. It turned out to be an efficient tool for the
studying of vibroimpact system dynamic behaviour. In particular it permits the
detection of unconformities and other abrupt changes in signal.

In recent years, the wavelet analysis has been applied in many scientific
fields. Much commercial software can present the function of wavelet analysis,
such as Mathcad and Matlab.

The CWT applying for studying our vibroimpact system dynamic behaviour
was very successful one. It was very useful for distinguishing periodic and
chaotic regimes. We have “caught” the intermittency due to its helping [5]. It is
worth to point out that the intermittency finding is not such an easy task. It is
difficulty to discover it by usual ways such as phase trajectories, Poincaré maps,
and Fourier spectra construction, even the Lyapunov exponent estimation. Let us
remind that under intermittency the laminar phases (periodic regimes) alternate
with turbulent ones (chaotic bursts) when the control parameter having the same
value. Just because its Fourier spectrum is board and continuous and all other
characteristics are such as ones under the chaotic motion. But CWT gives the
information about time dependence of the different frequencies. So CWT copes
with intermittency recognizing well. It is the reason for analysis of transitional
regimes with CWT helping.

2. Where the transitional regimes were discovered

We consider the strongly nonlinear non-smooth discontinuous dynamical
system which is two body 2-DOF vibroimpact system (Fig. 1) under periodic
external loading F(¢) = Pcos(wt+ @) . Its dynamical behaviour was studied in

details in our previous works [4, 5] and references therein. Its amplitude-
frequency responses in wide frequency range are depicted at Fig. 1 too.

We have watched the quasi-periodic route to chaos, the transient chaos, and
hysteresis effects (jump phenomena) in very narrow frequency range 7.45 rad-s™
<o <8.0 rad's™. It is the region between points K and L on amplitude-frequency
response where Neimark-Sacker bifurcations occur. At Fig.2 we show the
largest Lyapunov exponent dependence on control parameter that is the
frequency of external loading.
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Fig.1. Vibroimpact system model and amplitude-frequency responses

It is worth to remind that the sign of largest Lyapunov exponent A determines
sufficiently well the kind of oscillatory motion: the negative sign A <0
corresponds to periodic regimes, the positive sign A >0 — to chaotic ones, and
M=~0 — to quasi-periodic oscillatory regimes. We see sufficiently intricate route to
chaos at this plot. Different oscillatory regimes succeed each other many times
under very small control parameter varying in narrow frequency range. There are
periodic subharmonic regimes with long period and big number of impact per
cycle — chatters, quasiperiodic, and chaotic regimes. The hysteresis effects (jump
phenomena) are observed at two frequency ranges.

Quasiperiodic Prechaos
0 . 000000 .'Oo.l 'L'IA.' “T. .'o.. |.........|
742 7,Hz A 2B A 4 7,82 792 o rads’!
-0,09 A \ 06
(19,12)
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Fig. 2. The largest Lyapunov exponent dependence on control parameter

We see two regions of transitional regimes which occur between other ones.
All of them have the small largest Lyapunov exponents, which are near the zero.
These regimes are similar to one another. All of them have the conflicting
characteristics.

3. Analysis of transitional regimes

Let us have a more attentive look at the transitional regimes. Let us attempt
to use continuous wavelet transform CWT for more precise its determination.
We use software Matlab with Morlet wavelet.

In [5] we showed the view of surfaces of wavelet coefficients (3D plots) and
their projections for periodic and chaotic motion. They had different well-
pronounced views.

Now let us first have a look at the view of quasi-periodic motion at the
wavelet plots. At Fig. 3 we show the characteristics of quasi-periodic regime for
attached body m; under ® =7.51 rad-s”.
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Fig. 3. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for quasi-periodic regime under @ =7.51 rad-s™ (Colour online)

The wavelet plots have not well-pronounced view, they are similar the plots
for periodic motions with long periods and big number of impacts per cycle. It is
logical as the quasi-periodic motion is almost periodic one.

Now let us have a look at the characteristics of the transitional regime under
©=7.61 rad's”. We show its phase trajectories with Poincaré map and Fourier
spectrum in logarithmic scale at Fig. 4 (for main body m;,). Its Poincaré map is
almost closed curve as under quasi-periodic regime, but Fourier spectrum is
board and continuous, such as under chaotic motion. These characteristics are
inconsistent ones. This regime isn’t quasi-periodic, isn’t chaotic one. Maybe its
wavelet characteristics can show its kind more precisely? At Fig. 4 the wavelet
surface projection and surface of wavelet coefficients for this regime are
depicted. We see two high frequencies with strong power and a lot of low
frequencies with very weak power which provide the continuous Fourier
spectrum. They change little in time that provides almost closed curve on
Poincaré map. These plots don’t make idea about this regime more precise one.
But they confirm that this regime does not belong to the kind of quasi-periodic or
chaotic one. It is exactly transitional regime.

Let us have more attentive look at the second region of transitional motions
under 7.815 rad-s'<  <7.90 rad's™". We see the chaotic regimes under o =7.80,
7.81, 7.815 rad's™. The characteristics for such regime under ® =7.815 rads™ are
depicted at Fig. 5.
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Fig. 4. Phase trajectories, Poincaré map, Fourier spectrum, wavelet surface projection, and surface of
wavelet coefficients for transitional regime, ®=7.61 rad-s, 2=0.0027 (Colour online)

These plots have the view which is typical for chaotic motion. Poincaré map
is disordered set of points in limited space. The plots of wavelet characteristics
display two high frequencies with strong power and a lot of low frequencies with
weak power that provide a board continuous Fourier spectrum. It is seen well
that all of them are changing in time.

Then we see transitional (prechaotic) regime under o =7.82, 7.825 rad-s™". Its
Poincaré map has the set of separate points, but its Fourier spectrum is board and
continuous one. Its characteristics under  =7.82 rad-s™ are depicted at Fig. 6.

And immediately after this we see the chaotic motion under ® =7.83 rad-s™
(Fig. 7).

We succeeded in finding chaotic regime only under ©=7.83 rad-s’.
Immediately after it the transitional regimes with sets of separate points at
Poincaré¢ maps and with board continuous Fourier spectra exist under @ =7.84,
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7.845, 7.85 rad-s”, and further till ® =7.90 rad's’. They are prechaotic or
postchaotic regimes. The characteristics of such regime under ® =7.845 rad-s™
are depicted at Fig. 8.
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Fig. 5. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for chaotic regime under ® =7.815 rad-s™ (Colour online)
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Fig. 6. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for transitional (prechaotic) regime under o =7.82 rad-s” (Colour online)
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Fig. 7. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for chaotic regime under » =7.83 rad's™ (Colour online)
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Fig. 8. Phase trajectories, Poincaré maps, wavelet surface projection, and surface of wavelet
coefficients for transitional regime under o =7.845 rad-s™ (Colour online)

! the really

Further in narrow frequency range 7.90 rad's” <®w<7.92 rad-s
chaotic motion occurs. It is transient chaos. We have examined it in details in

[4], therefore now we’ll not discuss it.
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We see that all these transitional regimes are similar to one another, they
have: the small largest Lyapunov exponent, the set of separate points or almost
closed curve on Poincaré map, and the board continuous Fourier spectrum. The
characteristics obtained by continuous wavelet transform using also are alike
very much.

We see two high frequencies with strong power and a lot of low frequencies
with very weak power which provide the continuous Fourier spectrum. They
change little in time that provides almost closed curve or a lot of separate points
on Poincaré map.

4. Conclusion

Continuous wavelet transform CWT is very useful for intermittency
recognition and distinguishing the periodic and chaotic regimes. It is
indispensable when recognizing the intermittency. So it is logical to apply it
when studying the transitional modes.

Transitional regimes are similar to one another, they have: the small largest
Lyapunov exponent, the set of separate points or almost closed curve on
Poincaré¢ map, and the board continuous Fourier spectrum. The characteristics
obtained by continuous wavelet transform applying also are alike very much.
The CWT plots confirm that these regimes don’t belong to the kind of quasi-
periodic or chaotic one. They are exactly transitional regimes. The CWT plots
demonstrate the presence of different frequencies in time series and their
distribution in time very clearly. Thus continuous wavelet transform is very
useful in order to understand well what is this or that transitional mode.
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Cmamms naoditiuna 0o pedakyii 18.03.2019 p.

Bbaoicenos B.A., [loeopenosa O.C., I[locmuikosa T.I'.
MPOMIKHI PEJKMMM ITIJT YAC MEPEXO/Y BIEPOYJIAPHOI CUCTEMM 10 XAOCY
B ocraHHi pokd B HeniHiHHIA JuHAaMiui oco0iiMBa yBara MpHIULIACS BUBYCHHIO XaOTHYHOL
HOBEIIHKM JMHAMIYHHMX CHCTEM Ta CLEHApiiB IXHHOrO MEPexXoxy 10 Xaocy. |HKomM Takuil mepexin
OyBae ckiaagHMM. MU crocTepirany Takuil CKIaAHHH Mepexii A0 Xaocy i 4ac AOCTiIKyBaHHS
KBa3ilepiOANYHOro CLICHApiIo MEepexoay B CHIBHO HEINiHIIHIM Hernmaakii po3puBHIil JBOX MacoBiit
BiOpoymapHiii cucremi 3 aBoMa crymHsMmH BibHOCTI. Ilicns Gidypkauii Heiimapka-Cakepa Garato
PI3HUX PEKHMIB 3aMiHsiii oauH omgHoro. Cepex HHX Oyiv HpPOMiKHI (HEepexifiHi) pexuMu 3
CyNepewINBUMHU XapaKTepHCTHKaMH. MH aHami3yeMo L PEeXKHMHU 3aCTOCOBYIOYH Oe3lepepBHE
BeiiBner neperBoperns CWT. Moro 306paxeHHs MiATBEPIKYIOTh caMe iXHill mepeximguuii Tum Ta
JIal0Th HAOYHY KAPTHHY HAsBHOCTI Y 4ACOBOMY Psijii PI3HMX 4aCTOT Ta iXHBOIO PO3IOiIY B Yaci.
KuarouoBi ciioBa: BiOpoymapHa cucrema, CLEHapHil MEpexXoAy 0 XaocCy, MPOMDKHHUI PexuMm,
BijoOpakenns Ilyankape, criektp Dyp‘e, 6e3riepepBHe BEMBIIET IEPETBOPEHHSI.
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behaviour of dynamical systems and their routes to chaos. Sometimes this route may be intricate. We
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of different frequencies presence in time series and their distribution in time.

Fig. 8. Ref. 5
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The paper deals with the influence of the harmonica’s parameters of the unsymmetrical load,
which is represented by trigonometric cosine-series. The analysis is based on the results of practical
calculations of the silo capacities’ constructions by using the moment theory on the influence of the
changeable wind load. The model of the silos construction is schematized in the form of orthotropic
cylindrical shell of revolution with different thickness of the wall in meridional and circular
directions, which allow approximately, considering the existence of vertical stiffeners.

Keywords: cylindrical shell, unsymmetrical load, silo capacity, stiffeners, wind effect,
harmonica of the load.

Introduction. The deflected mode of the cylindrical shell, which is
strengthened by vertical stiffeners in conditions of the unsymmetrical radial load,
is characterized by pretty difficult processes of internal efforts’ changing and
processes of deformation in its separated elements. The detailed analysis of all
calculation’s aspects of such construction allows using received results for real
construction projects in the future.

Problem statement and its solving. A cylindrical shell is the classic model
of vertical steel capacities for grain storage. The main changeable load for the
given type of construction is the wind pressure, which is well approximated by
the series of cosines. The non-uniform distribution of the wind load is considered
by the function of aerodynamic coefficient which in its turn is factorized into the
finite trigonometric series [1]. Practical calculations of silos is limited by using only
first 5-6 terms of series, but the sufficient argumentation of this fact is not given.

The analysis of recent research and publications. The classic problem of
calculation of cylindrical shells of revolution by using moment or momentless
theories is well described in works of famous native researchers [2, 3, 4, 5]. With
respect to the real constructions of silo capacities it should be mentioned works
of foreign scientists [6, 7, 8, 9]. Defining the internal efforts in elements of steel
cylindrical capacities under the axially symmetric load is analyzed in the
authorial research [10].

© Makhinko A.V., Makhinko N.O.
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Formulation of the paper’s purpose. The procedure of factorization of
external unsymmetrical load is simplifying determination of the functional
connection between parameters of the load and the deflected mode [1], since
consequently calculation could be used to every constituent of the load separately.
Probably in this case the parameter of the load’s harmonica is the main factor,
which influence deflected mode of the construction. Besides, the given value is
influence the body of the shell differently, depending on the relation of its overall
sizes, thickness and invoice of the wall (in real capacities of storage the body could
be made of flat or corrugated plates of different thickness).

If terms of series of aerodynamic coefficient’s factorization of wind load are
growing, then, correspondingly, the accuracy of calculation for vertical
cylindrical silos is growing, but the complexity of calculations is also growing.
Consequently, there is a natural question about sufficient and minimum possible
number of terms of series, and, correspondingly, the reaction of the construction.

The main research material. For the solution of the formulated purpose it
were conducted calculations of the silo capacities, which differed in height

(H,, =10..30m) and in thickness of the main elements, such as wall and ribs,
(¢, =t, =2..6 mm) at the unsymmetrical wind load by using the moment theory.

The model of the silo’s construction was schematized in the form of the orthotropic
cylindrical shell of revolution, which is hardly clamped near the basis.
The constituent of the wind load was presented in the form of

W, = 4, cos(kp), (1
where 4, is the amplitude value of thek constituent; ¢ is the corner of the

attack, which consider wind direction. The non-uniform distribution of the wind
load around the perimeter of the capacity was considered through the function of

aerodynamic coefficient C,,, (@)
C,.,. (@) = ay +a, cos(p) +a, cos(2p) +... + a; cos(kp) +...+ a,, cos(mp), (2)
where a, are coefficients of factorization of the aerodynamic coefficient

C,er () into the trigonometric series [1].
The unknown internal efforts and displacements expressed through the
function &, (x), which was found by solving the linear differential equation [1]
d*g(x)
—k4 +An (& () =410 o A3)
dx
where 773,1{ is the value, which considers rigid characteristics of the shell in
predetermined conditions of 4 harmonica of the load; &, , is the coefficient of
proportion, which has dimension of the function &,(y) and considers the
character of the harmonious load W, .

Total deflected mode of the capacity is defined by the way of adding separate
deflected modes of the & influence

RD(y,go)=ZakRk(y,go), “4)
k=0
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where R is the generalized parameter of reaction R =o ,VIVWVYVU; o,

and 7 are normal and contacting loads, correspondingly; u,w, v are the main
displacements (longitudinal, radial and circular); y=x/H, is the non-
dimensional height, which is equal to the relation of the coordinate x and the
height of the capacity H,,.

In the common procedure of defining internal efforts and displacements we
will denote the next moments. Zero term of series (4) corresponds to the axially
symmetric load, and, consequently, it does not cause any efforts in ribs. The
second constituent ¢, R, causes an ordinary bend of the capacity. The other terms

of series (4) when k >2 is expressed by the formula

Ry(3,0) =Y. rp(»)coskp), v Rp(y,0) =Y rp,(»)sintkp),  (5)
k=1 k=1

where 7p () is the value, which is corresponding the reaction of the capacity in

the point (y;¢ = 0) on the function’s cosine (sinus) of reaction’s changing by ¢ .
The received values of reaction were reflected in the non-dimensional polar
system of coordinates (see fig. 1) in the form of dependence
Pp (@) =Rp /max(Rp) . (6)
Results of the capacities’ calculation in the form of the scheme of the body
displacements of capacities are partially given in fig. 2.
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Fig. 1. Introduction of the capacities’ reactions in the non-dimensional polar coordinates

The analysis of calculations showed that differences are shown not only
quantitatively, but also qualitatively, depending on values of elongation A4,

(relation of the height and the diameter of the capacity), the thickness of the body

t,,» the thickness of the vertical ribs 7, and their number 7,,.

For low capacities with relatively small index of rigidity ribs and covering of
zero direction, adjoining to them, could be not pressed into the middle of the
capacity, but buckled outside.

Actually, the first four terms of factorization of aerodynamic coefficient (2)
except for zero ay have additional meanings (see table 1), which corresponds to
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the pressure of the covering in the middle of the capacity. Accordingly, they are
enough to describe the distorted condition near zero direction.

( 1, =1, =2MM '
(b)
Fig. 2. Displacements of points of the capacity’s body under the wind load by different elongation
4, = H,, /D, and the thickness of the covering ¢, andribs 7,:(a) 4,=1,(6)4, =3
Table 1
Values of coefficients when factorizing C,,.(¢) into the series by cos(k¢)
Nel a 4 G ) ay ds g @ ag
51-0,380 (0,326 |0,686| 0,478 | 0,040 H H H H
6 1-0,380(0,337)0,686| 0,489 | 0,040 | -0,114 H H H
71-0,378 10,337]0,690| 0,489 | 0,044 | -0,114 | -0,048 H H
81-0,378 {0,338 0,690| 0,490 | 0,044 | -0,113 | -0,048 | -0,016 | =
91-0,377 (0,338 0,692| 0,490 | 0,046 |-0,113 | -0,046 |-0,016 |-0,021

But to describe in this place reciprocal form of deformation (see fig. 1 (a)),
which is characterized by buckling the covering outside, we need higher terms of
series (2), which are having negative values. Such characteristics of the deflected
mode could not be described without them. So, when we do calculations of short
capacities or constructions, which do not have sufficient local bending rigidity,
the assessment of parameters of the resulting reaction must be necessarily done
at such number of terms in the series m, in which not less than two of them must
have negative coefficients of factorization g, . When calculating relatively high

or pretty rigid capacities the assessment of the reaction could be limited by terms
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of series, which have additional coefficients of factorization @, . Besides, this

conclusion is confirmed from the point of view that the character of deformation
of such capacities is smoother, than the capacities of small elongation. And there
is no need in trigonometric cosine-functions of higher harmonics to describe the

function, which is gradually changing (see fig. 3).
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Fig. 3. The spatial character of capacities’ deformation by
using different harmonics of the trigonometric cosine
factorization (2)

It is good to denote that
sensitiveness of capacity’s
reaction to the described
above moments is rather
different. The most sensitive
to the number of series are
capacity’s displacements,
which are directly participate
in perception of wind loads,
and efforts are less sensitive,
since the character of theirs
deformation is little changed
under the load, when
parameters of harmonica are
growing.

Conclusions

1. The most sensitive to
the number of series are
capacity’s displacements,
which are directly participate
in perception of wind loads.

2. Internal efforts in
elements of the capacity are
less sensitive, since the
character of theirs

deformation is little changed under the load, when parameters of harmonica are

growing.

3. When we do calculations of short capacities or constructions, which do not
have sufficient local bending rigidity, the assessment of parameters of the resulting
reaction must be necessarily done at such number of terms in the series m, in which
not less than two of them must have negative coefficients of factorization.

4. When calculating relatively high or pretty rigid capacities the assessment
of the reaction could be limited by terms of series, which have additional

coefficients of factorization a .
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Maxinvko A.B., Maxinvko H.O.
JESIKI ACIEKTU PO3PAXYHKY BEPTUKAJIBHUX CTAJIEBUX CHUJIOCIB HA 11O
BITPOBUX HABAHTAKEHb

B nawiii cratTi OyB KOCHIIKEHHI BIUIMB TApaMeTPiB rAPMOHIKH HECHMETPHYHOIO HABAaHTAXKEHHSI,
IPEACTABICHOTO TPHUIOHOMETPHYHUMH KOCHHYCHUMH psigamMu. AHami3 0a3yeTbcs Ha pe3ysbTaTtax
HPAaKTHYHHUX PO3PAXYHKIB KOHCTPYKIIH CHIIOCHUX YCTAHOBOK 3 BUKOPHCTAHHSIM TEOpil MOMEHTY Ipo
BIUIMB 3MIHHOTO BITPOBOr0 HaBaHTa)XKEHHSI. MoJeIb KOHCTPYKLIT CHIIOCIB CXeMAaTH3Y€EThCS y BUIILII
OPTOTPONHOI LIUIHAPUYHOI OOONOHKM OOEpTaHHS 3 PI3HOI NPHBEICHOK TOBIIMHOK CTIHKH B
MEpHIIOHAIIBHOMY 1 KpYyroBOMY HampsIMKax, IO JO3BOJISIE NMPHUOIM3HO, BPaxOBYIOYM HAsBHICTb
BEPTHKAIBHUX pebep xopcTkocTi. HepiBHOMIpHMH pO3MOIin  BITPOBOrO HaBaHTaKEHHS 3a
HEePHMETPOM €MHOCTI BPaxOBYBABCs LIUIIXOM PO3KJIafaHHs (QYHKII aepomuHaMivHOro KoedilieHTy B
CKIHYCHHII TpHrOHOMETpHYHMH psix. OTpuMaHi 3HAa4YeHHs peakuiil BigOuBamucs B Oe3po3MipHil
HOJISIpHIKA  cucreMi koopauHaT. UucenbHE AOCHIDKEHHsS Ta rpadidydHi cXeMH MepeMillieHb Tij
MO0Ka3ajiM, W0 MapaMeTpd KOHCTPYKLii (BiAHOLICHHS BHCOTH Ta JiaMeTpa €MHOCTi, TOBIIMHH
KOpIIyCy Ta iX KUIBKOCTI) BIUIMBAIOTh HA Pe3y/bTaT PO3PAaXyHKIB SIKICHO Ta KUIbKicHO. J{yis BifHOCHO
BHCOKHMX 200 JOCHTb )KOPCTKHX CHIIOCIB OLHKA peakiii Moxxe OyTH OOMe)KeHa WICHAMH PsIy, sKi
MaloTh JofaTHi KoedimieHTH po3kiagaHHs (mepuri 4oTHpH WwieHH). Xapaktep Aedopmarii Takux
KOHCTPYKLIi JOCUTh rIagKuil i HeMa€e NOTPeOH B TPUTOHOMETPHYHUX KOCHHYCHUX (DYHKIISIX BUIIMX
rapMOHIK AJ1s1 omucy (YHKII, ska MOCTYIOBO 3MiHIOETbCS. HU3bKI CHIIOCH, SIKI MAlOTh BiXHOCHO
HEBEJMKHH 1HIEKC XKOPCTKOCTI pebep 1 HOKPHUTTIB, HE MOTJIM OyTH MPUTHUCHYTI 10 CEPEIHHH EMHOCTI,
a BUTHYTI 30BHI. Pennnpouna ¢popma gedopmarii, sika XapaKTepH3y€eTbCsl BATHHOM IIOKPUTTS 30BHI,
BHMarae OUIbII BUCOKI WICHH PsAY, SIKI MaroTh Bix’eMHI 3Ha4deHHs. OTKe, JUIs CHIIOCIB, SIKi HE MAlOTh
JIOCTAaTHBOI JIOKAIBHOI JKOPCTKOCTI Ha BUI'MH, OLIHKA aPaMETPIB OTPHUMAHOI peakiii NOBHHHA OyTH
000B'I3KOBO MPOBEACHA HA TaKii KiJIbKOCTI WICHIB psioy, B SKHX HE MEHIIE ABOX MAIOTh Bil €MHI
KoeQilieHTH PO3KJIaJaHHs. AHalI3 Yy TIMBOCTI PeaKiii CHIIOCIB MMOKa3aB, IO HAHOIIbLI Yy TIMBUMHU
JI0 YKCJa PSIiB € 3MIIIEHHS CHIIOCY, a 3yCHJUISL MEHII YYTJMBI, OCKIJIbKM XapakTep iX 3MiHM Mif
HABaHTAXKCHHSM MaJIo 3aJIOKUTH BiJl 3pOCTAHHS [IAPaMETPiB TapMOHIKH.

Karo4oBi cioBa: muwiiHaApuYHa 000JIOHKA, HECHMETPUYHE HABAHTAXKEHHS, CHUJIOCHA EMHICTb,
pedpa KOPCTKOCTI, BITPOBHIA BILIMB, FApMOHIKA HABAHTaXKCHHSI.

Maxunvko A.B., Maxunvko H.A.
HEKOTOPBIE ACIIEKTbI PACYETA BEPTUKAJIbHBIX CTAJIbHBIX CUJIOCOB HA
JEUCTBUE BETPOBOU HAT'PY3KH

B naHHO# craThe OBUIO HCCIICIOBAHO BIMSHHE MapaMeTPOB TapMOHHKH HECHMETPHYCCKON
Harpy3ku, IpEACTaBICHHOH TPUIOHOMETPUUYECKUM KOCHHYC-PSIIOM. AHaJM3 OCHOBBIBAJCS Ha
pe3yibTaTax MPaKTHYECKHMX PacyeToB KOHCTPYKLMH CHIIOCHBIX €MKOCTEH COIrJIaCHO MOMEHTHOMH
TEOPUH Ha JICHCTBHME MEPEMEHHOrH BETPOBOW HAarpy3ku. Mojenb KOHCTPYKLHMH —CHIIOCA
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CXeMaTH3apoBajach B BHAE OPTOTPONHONW IMIMHAPUYECKOH O0OOYKM BpalleHUs C pasHOH
HPHUBEACHHON TOJIIMHON CTEHKH B MEPEJAMOHAJIBHOM Ta KOJbLEBOM HAIPABJICHUH, YTO IO3BOJIUIIO
HPUOTVDKEHHO ydIeCTh HAIMYHE BEPTHKAIbHBIX pebep jkecTkocTH. HepaBHOMepHOE pacmpenencHue
BETPOBOH HArpy3ku 110 IIEPUMETPY €MKOCTH YUUTHIBAICA IIYTEM pa3JIOXKEeHUs (QYHKLUH
A’POANHAMHUYECKOr0 KOd(pdHUIMEeHTa B KOHEYHBIX TpPHUroHOMeTpuueckuil psia. IlomydenHble
pe3yibpTaThl MMOKa3ajiu, 4TO Haubosee BOCIHPUHAMYEBBIMHA K KOJIMYCCTBY YJICHOB psda pa3iOoXKCHU
SBJIAIOTCA HEPEMELICHUsT KOpIyca eMKOCTH. [[jii OTHOCHTENbHO BBICOKMX CHJIOCOB IOCTaTOYHO
OrPaHMYUTCSI TONBKO IOJIOKHTEIbHBIMY 3HaYCHMUSIME KO3 duirenTa pasnoxenus. s KOpoTKuX
eMKocTei HeOﬁXOL{l/lMO Y4YUTHIBATH 60.]'[66 BBICOKHUEC YJICHBI psaa.

KiroueBble ciI0Ba: LIWIMHApUYECKas 000JI0YKA, HECHMMETPHYECKas Harpyska, CHJIOCHAs
€MKOCTb, pedpa )KEeCTKOCTH, BETPOBOE BO3/ICiCTBIE, TADMOHHKA HATPY3KH.

VK 624.042

Maxinvko A.B., Maxineko H.O. JIesiki acieKTH po3paxyHKY BePTUKAJIbHUX CTaJeBHX CHJIOCIB Ha
Iiro BiTpoBUX HaBaHTaxkeHb // Omip MaTepiaiiB i Teopis cnopyn: Hayk.-Tex. 30ipH. — K. : KHYBA,
2019. —Bun. 102. — C. 46-52. — Anri.

Posenadaemocss  6nnue  napamempie  2APMOHIKU — HECUMEMPUUHO20 — 3A6AHMANCEHHS
npeocmasieno20 mpueoOHOMempUYHUM KOCUHYC-PAOOM HA 6a3i NPAKMUYHUX PO3PAXYHKIE CUNOCHUX
emHocmeil.

Tabu. 1. . 3. Bi6miorp. 11 Ha3s.
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It’s presented results of numerical investigation via the finite elements method (FEM) of stress-
strain state of beam corrugated web under local load action in its plane. It’s concluded that the values
of local normal stresses at the level of the web and the flange connection are directly dependent on
the web thickness, the flexural and the longitudinal rigidity of the flanges and virtually don’t depend
on the web height. A practical technique for determining the limit values of local normal stresses in
the web and its stress-strain state is developed.

Keywords: corrugated web, stress-strain state, strength condition, patch loading

1. Introduction

Steel I-beams with sinusoidally corrugated webs becomes more popular in
modern building practice. They are mostly used in slab’s constructions of light
industrial and civil buildings frameworks. Usually it is girders with span less
than 30 m, and also, but rarely, it is columns.

Wide usage of elements with corrugated webs caused by its constructive
simplicity and economy (small steel consumption, highly mechanized and
robotic methods of its produce usage, transit simplicity, and ease of its
preassembly into major units).

One of the insufficiently resolved problems, related to applying of such I-
beams, is a behavior of its corrugated webs under patch loadings.

According to Eurocode 3 [1] there are three following cases, when limit state
can appear in unstiffened plane web under patch loading:

- plastic strains appearance in the region of the web connection with the flange;
- web local buckling in region of patch loading action;

- general web buckling form (one or more corrugations) over the entire height.
The simplest condition for not appearance of plastic strains in the web can be
written by the following formula [3]:

F= cOtwfy > (1)
where ¢y — the design length of the local load application to the beam web, which
is calculated by the next formula:

co=c+k(tf+a), (2)
¢ —the length of the local load application to the bean flange; & — coefficient,
which depends on deformability of element, which passes the load to the beam

(k= 2...5); t,—flange thickness; f,—web thickness; a —thickness of welded
seam, which joins web with flange; f, — yield strength of web steel.

© Semchuk LY., Nilova T.O.
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As the experimental researches are shown, this method gives reliable but
inflated results (in some cases more than 200%).
If loaded element is rigid, effective patch loading distribution width should

be calculated by the formula [7]:
I,
lef = 77%/%, (3)

where 7 — coefficient, which for beams with plane web depends on rigidity
connection of web with flange (for welded beams # = 3.26); I, — moment of
inertia of flange section.

The formula was obtained for low beams, which under local loads has local
buckling at the level of web and flange connection (Broude terminology [7]).
Also this formula doesn’t account the length ¢ of the local load application.

On 1999 Pasternak and Branka [5] investigated the beam’s geometrical
parameters influence on load-carrying capacity under patch loading. It was set
that web and flange thicknesses significantly influence on load-carrying capacity.
But location of load relatively to web points (comb, zero point) doesn’t have
such influence.

Pasternak and Branka proposed the formula for calculation load-carrying
capacity of corrugated web under local load:

04
F=1o( W ) 2 f oty Sy )

Ty Jt

where W —section modulus of loaded flange; I, —moment of inertia of
corrugation (wave) relatively to beam axis; f—wave amplitude with the
projection length m (Fig. 1).

Equation (4) doesn’t account the width of load application, which causes
underestimating the load-carrying capacity in case of large length (Kuchta [6]).

In numerical investigations Luo and Edlund ([8] and [9]) proved that load-
carrying capacity of corrugated web significantly depends on local load
distribution width /, and beam web thickness z,,.

It should be noted that all discussed above formulae aren’t sufficient
scientific justified, don’t account flange flexural rigidity and shear stresses
between flange and web. So results with accounting of these formulae mismatch
with experimental results and need correction.

The article [10] shows, that maximum matching to experimental results is
achieved after usage of numerical FEM.

This paper proposes numerically analytic method for corrugated web limit
state determination under patch loading, which is based on stress-strain state
analysis of physico-mathematical models via FEM.

For the limit value of the local force F its value is taken, in which a local
stress equal to the yield strength of the web steel f, occurs in the beam web under
the local load.

2. Research problem formulation

In this paper we consider an improved procedure for determining the web
load-carrying capacity under the action of local load.
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In real constructions the load passes to the beam through hot rolled or cold
bended angles, which supporting length along beam length is usually
l,=60...80 mm (Fig. 1, @). Also transversal elements can be used instead of
angles. It made from sheet with width 10...15 mm (Fig. 1, »). The length of
transversal elements is always equal to beam flange width.

lF
¥ 11
———
&
1
N—
I—J .
3 L ] T | T
e ! o %
} m=155mm | m=155mm
(a) (b)

Fig. 1. The supporting nodes of purlins on the beam with corrugated web

Stress-strain state of transversally corrugated webs was analyzed in the
program LIRA 10.6. All calculations were done on physico-mathematical
models, which had been created according to standard corrugated profiles range
of company Zeman. Used profile models WTA, WTB and WTC had such
geometrical parameters:

- web thickness ¢, =2,0; 2,5; 3,0 mm respectively;
- web height 4,, = 500 mm,;

- flange width b= 200 mm;

- flange thickness #= 8; 12; 16; 20; 25; 30; 40 mm;
- model length L = 1860 mm.

Beam models were loaded by two options of load with the same resultant
force (F=38.05kN) and different lengths of its action area (/,=15mm and
77.5mm) and width 40 mm (such width was set because of corrugation
amplitude dimension f, which is 40 mm) (Fig. 2). The load was applied on beam
axis in such way, that composite force was acting through change in corrugation
curvature.
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Beams were modeled by
finite elements of thin shell.
Considering that beams with
corrugated webs is the third
class construction by its
stress-strain state [1, 2], all
strength analyses were done
under the condition of
elastic behavior of steel. The
mark of the steel was E335
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m=155mm
Fig. 2. Load action regions
(f, = 305 MPa).

3. Numerical results

After carrying out the necessary calculations via LIRA it was established that
the height of the beam web practically did not affect the magnitude of the
maximum normal stresses at the level of its connection with the flange. Web and
flange thickness, and supporting length of purlin on the beam (/) have
significant influence on the stress-strain state of beam web.

As the normal and tangential stresses distribution diagrams show (Fig. 4),
maximum values are concentrated within one corrugation, and not lower than
10...20 web thicknesses from connection of web and flange (Fig. 3). It should be
noted, that both diagrams (Fig. 3 and Fig. 4) based on results from calculations
of beams with flange thickness 8 mm. At that the diagram on Fig. 3 displays the
local load distributed on the lengths /, = 15 mm.

| Stresses, MPa

Web height z, sm

-300 -270 -240 -210 -180

-150 -120

-90 -60 -30 0

Fig. 3. The diagram of normal and tangential stresses distribution along beam web’s height
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Fig. 4. The diagram of normal and tangential stresses distribution along beam length
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Nowadays, design codes [1, 2] suggest to calculate local stresses under force
by the next formula:
—< 5
s )
where [,—design stresses distribution length taking into account web
corrugating:

O-y,lac =

L= (I, + 2t)) 2s/m;
[, — the length of the local load application along the beam; s — the length of the
half-wave sine curve.

The 2s/m ratio takes into account the increase of the corrugated web length in
comparison with the flat web.

It should be noted, that the formula (5) isn’t sufficient scientific justified, and
doesn’t account the flange flexural rigidity and shear stresses between the flange
and the web. So results which were got by this formula, need correction.

More accurate values oy, were got with usage of FEM via LIRA. It was
done values comparison of stresses (Table 1), which were got via FEM
(ay.,()f EMy " with those, which were calculated by formula (5) (ay.,(,f)). So it was
set, that these stresses were changed by different rules (Table 1). If the purlin
supporting length is insignificant (/, = 15 mm), ay.,(,f EM always are much smaller
than ay.lof). If to increase contribution length (/,=77.5mm) and flange
thickness is small (¢=8...12 mm), ay.,(,f EM are higher than ay.lof). But with
flange thickness increasing ay.,(,f EM is becoming smaller than ay.lof).

To simplify the calculations, approximate values of normal stresses g, /o can
be found with the diagram (Fig. 5) depending on the web thickness ¢, and the
flange thickness # when the purlin supporting lengths /, =15 mm and J,
=77,5 mm.
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Fig. 5. Dependence of gy, on t,, and ¢ when [, = 15 mm (a) and /, = 77,5 mm (b)
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In this paper while using the formula (5) it is proposed to calculate the design
length /,, taking into account flange flexural rigidity /, and web thickness ¢,, by
the formula (3) with introduction of new refined coefficient y instead of the
coefficient 5. The procedure for determining the value of this coefficient besides
flexural rigidity of the flange takes into account the deformability level of its
connection with the corrugated web. For corrugated beams the coefficient y
should be taken from Table 2 which is the basis for its determination for any
geometric parameters of the beams according to the company Zeman range.

Table 2
Coefficient y values for beams with flange width 5= 200 mm

72}
PEE o
SE| E| S| 8 [ 12 ] 16|20 |25 | 30 40
= < b 15,51 31,48 | 30,21 | 31,48 [ 33,10 | 34,78 | 35,98 37,34
= 77,5 | 48,07 | 40,97 | 39,50 | 39,36 | 39,52 | 39,66 39,72
= m |25 15,51 32,29 | 30,18 | 31,02 | 32,48 | 34,19 | 35,47 37,02
= | 77,5] 50,47 | 41,82 ] 39,69 | 39,32 | 39,42 | 39,58 39,72
E o 3 15,5 ] 33,07 | 30,28 | 30,73 | 32,03 | 33,70 | 35,04 36,74
= 77,5 | 52,71 | 42,73 | 39,98 | 39,35 ] 39,36 | 39,52 39,71

Iy 0,85 | 2,88 | 6,83 | 13,33 | 26,04 45 106,67
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The given coefficients y are calculated by the formula:

F F
O-y,locth?’[ tf /tw O-y,loc %}tfvlf

Also obtained values y account the load action length along the beam flange
[, =15mm or [, =77.5 mm (Table 2). When web thickness (#,) is given, y values
depend only on flange moment of inertia (/= b, :,»3/12). When flange width or
thickness is different to table values, the y values should be calculated with
using of the last row in Table 2 and linear interpolation.

If the flange thickness ¢ differs from the values given in Table 2 or the value
1I5mm</,<77,5mm then linear interpolation method should be used to
determine the coefficient y.

It should be noted, that the web has composite stress-strain state at the level
of connection with the flange. Such condition caused by deformation continuity
effect. The appeared stresses (0, j, and 1,,.) could be calculated as a component
of 0, ,.. At that for practical calculations it can be taken the average values
0,=(0.21+0.25)0, and 7, = (0.2+0.3)a,.

As the Huber-Mises-Hencky theory says, the condition of steel elastic
behavior is verified by formula:

2 2 2
Opgy = \/ay +(c7x + Ux,zoc) -o, (ax +0x,1oc)+ 3(1g + Txy’loc) < ﬂfy. (7

Tangential stresses z,, should be calculated as sum 7, = 75+ 7., Where 7,
is calculated from transverse force in the section. Taking in accounting that
plastic strains are generated in the web on the small length under local force,
then it is suggested in case of compressed flange take coefficient g=1.15, and
in case of tensed flange take B=1.30. In addition, normal stresses should not be
higher than yield strength of steel f,.

For practical calculations the value of the limiting force F under the condition
of strength is recommended to be determined by the formula:

F=tlf,, (®)
where /- should be taken using the coefficient y (Table 2).

Conclusions

It is proved that stress-strain state of beam corrugated web under the action of
the local patch loading should be determined taking into account the distribution
length of the local load, the web thickness, the flange rigidity and the behavior of
its connection with the web using the FEM.

A scientifically grounded technique for determining stress-strain state of
beam corrugated web is developed with sufficient accuracy. This procedure
presented in tabular form and allows determining the limit value of local patch
loading provided prevention of plastic strains.
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Cemuyk I.FO., Hinosa T.O. = .
HAINIPYKEHO-JE®OPMOBAHUU CTAH 'O®POBAHOI CTIHKH! BAJIKU ITPU
JIOKAJIBHOMY HABAHTAKEHHI

3rifHO CyyacHMM HOpPMaM IIPOEKTYBaHHs, rodpoBaHi CTIHKM 3BapHHX OajoK Mmix i€
JIOKaJbHUX HaBaHTaKEHb, NMPUKJIAICHUX IO MOSCIB B IUIOLIMHI CTIHKH, IIOBHHHI IEpeBipATHCS Ha
MIL[HICTb 32 YMOBOIO NpPYXHOI poOOTH cTaji. Aje B Hall 4yac B HOpPMax IPOCKTYBAaHHS HAyKOBO
00rpyHTOBaHa METOAMKA TAKOTO PO3PAXyHKY BIACYTHS.

VY poboTi 3amponOHOBAaHO YHCENbHO-AHATITUYHHH METOJ BH3HAYCHHS TIPAHHYHOIO CTaHY
roh)poBaHOI CTIHKH IPH JIOKaJIbHOMY HaBaHTa)KCHHI, KU Oa3yeTbcs Ha aHami3i 3a Mmetonom MCE
HarnpyXeHo-1e(pOPMOBAHOrO CTaHy (i3MKO-MaTEMaTHUYHUX MOJIENICH, CTBOPEHHX BIAIMOBIAHO 10
coprameHTy roppoBaHux npodiaip kommanii Zeman. [Ipu aHanizi MilHOCTI GaJIKK MOJEIFOBAIMCS
CE TOHKOI OOOJIOHKM 3a YMOBaMH MpYXHOi poOOTH craji. BCTaHOBIIGHO, 10 BHUCOTA CTIHKH
IPAaKTUYHO HE BIUIMBAE HA 3HAYCHHS HOPMAJbHHMX HANPYXXCHb B DIiBHI ii 3'€qHAHHs 3 MOsSCAMU.
CyTTeBHl’l BIIVIMB Ha BECIUMYUHY JIOKAJIbHUX HANpPY)XEHb HaAarOTh TOBLIMHA CTiHKl/l l JOBXHWHA
PO3MOALTY JIOKAJIBHOTO HABAHTAXKEHHS.

P03p0o0IeHO OCHOBOIOJNIOXKHY TabJHMI0, sKa JO3BOJIAE 3HAMTH BCI HEOOXimHI maHi Juist
BH3HAUYCHHSI MAKCHMAaJIbHOT O 3HAUCHHSI JIOKAJIbHOI HABAHTAXKECHHS 32 YMOBOIO MPYXKHOI poOOTH cTai.
Y BUINIAAKaX, KOJM TOBIIMHA IIOACY 360 JOBXHWHA pOSl’IO):liJ'ly JIOKAJIbHOI'O HaBAaHTAXCHHS
BIIPI3HAETHCS Bijl TAOMMYHNX 3HAYCHB, HEOOXIIHO BUKOPHCTOBYBATH JIIHIMHY IHTEPHOJIALIFO.

BpaxoByroum, 1mo B 00JacTi CHPSDKEHHS CTIHKM 3 [OSCaMH JiFOTh OJHOYACHO JIOKaJbHI
TaHreHI[iabHI 1 HOpMaJIbHI HANPY)KEHHS, MILIHICTh CTIHKH CJIJIy€ MepeBipsiTh 3a KpuTepiem Xybepa-
Mi3zeca-XeHki.

KuimrouoBi cioBa: roppoBana cTiHKa, HamnpyXeHO-AepOPMOBaHMH CTaH, yMOBa MIIHOCTI,
JIOKaJIbHE HaBaHTa)KCHHSI.

Semchuk 1.Y., Nilova T.O.
STRESS-STRAIN STATE OF BEAM CORRUGATED WEB UNDER PATCH LOADING

One of the insufficiently resolved problems related to the use of steel I-beams with sinusoidally corrugated
webs that are becoming more popular in modern building practice is a behavior of its webs under patch
loadings.

According to modern design codes corrugated webs of welded beams under patch loading action via on of
the flanges in the web plane should be checked for strength under the condition of elastic behavior of steel. But
nowadays standard scientific justified technique for such analyses is absent.

This paper proposes numerically analytic method for corrugated web limit state determination under patch
loading, which is based on stress-strain state analysis via FEM of physico-mathematical models created
according to standard corrugated profiles range of company Zeman.

In the strength analysis the beams were modeled by finite elements of thin shell under the condition of
elastic behavior of steel. It’s established that the web height practically don’t have an effect on the values of
normal stresses at the level of its connection with the flange. The web thickness and the distribution length of
the patch loading exert the main impact on the value of local stresses.

A generic table that allows finding all necessary data to determine the maximum value of local patch
loading under the condition of steel elastic behavior was developed. In the cases when flange thickness or
distribution length of the patch loading is different to the table values it is necessary to use the linear
interpolation method.

Considering that in the area of local stresses the tangential stresses act simultaneously with the normal
stresses, the web strength is proposed to be checked by the Huber-Mises-Hencky criterion.
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The application of the developed technique makes it possible to determine with a given accuracy the value
of local stresses in the web and, if necessary, to correct its thickness or the flange thickness. This procedure
allows refining the required web thickness when patch local loading affects it and, thus, reduces consumption of
steel.
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HAMNPSKEHHO-TE®OPMUAPOBAHHOE COCTOSIHUE TO®PUPOBAHHOM CTEHKH
BAJIKM ITPU JIOKAJIBHOM HATI'PY)KEHUHU

IIpuBeneHsl pe3ysibTaThl YUCICHHOTO HMCCIIENOBaHMS METOJOM KOHEuHbIX 3nemeHToB (MKD)
HANPSDKEHHOTO COCTOSIHHS FO(PPUPOBAHHON CTEHKU OalKU HPH NEHCTBHHU JIOKAIBHON HArpys3ku B €
IUIOIAAM. YCTAaHOBJIEHO, 4YTO BEJIMYMHA JIOKAJIbHBIX HOPMAJIbHBIX HANpsHXKEHUH Ha YpOBHE
COEJIMHEHHUs CTEHKHM C IOSCOM HEMOCPEACTBEHHO 3aBUCHT OT TOJILIMHBI CTEHKH, M3rMOHOH M
HPOIOJILHONW KECTKOCTH I10SCOB M NPAKTUYECKM HE 3aBUCHT OT BBICOTHI CTEHKM. Pa3paborana
HpPaKTUYECKask METOAMKA ONPEJIEJIEHNs] BEIMYMHBI JIOKATIbHBIX HOPMAJIbHBIX HANPSKEHUH B CTCHKE U
€€ NPeJIeIbHOr0 COCTOSHUS.

KiioueBble cioBa: rodpHpoBaHHas CTEHKA, HANPSHKCHHO-Ae(HOPMUPOBAHHOE COCTOSHUE,
YCJI0OBHE ITPOYHOCTH, JIOKAJIbHOE Harpy>KeHue.
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The results of a numerical study by the finite element method of the stressed state of a corrugated
beam wall under the action of a local load in its plane are presented. A practical method was
developed for determining the magnitude of local normal stresses in a wall and its limiting state.
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High-rise buildings are sensitive to progressive collapse — when the local destruction leads to the
collapse of the entire building or disproportionately large part of it. Current Ukrainian norms are
requiring the vitality of high-rise buildings under the action of unidentified factors and, since 2017, -
under the action of fire, which is considered in this article.

Key words: high-rise buildings, progressive collapse, threat, vitality, column, fire, steel
structures.

Actuality. The safety issue today is very relevant in various spheres of human
life, including the sphere of exploitation of building structures. The development of
society from the second half of the XX century has led to the creation of technical
and organizational-technical systems in a global scale that provides activity in the
political, economic, military, environmental and other areas.

The development of such systems increases their sensitivity to external
actions as spontaneous - earthquakes, floods, solar activity, weather disasters,
man-made disasters, and purposeful nature - hostilities, terrorism, etc.

Recently, the issue of the stability of high-rise buildings (with the height 73.5
m and higher) [1] to the so-called “progressive collapse” - the proliferation of
local destruction, which leads to the collapse of the entire building or
disproportionately large part of it.

Analysis of recent research and publications.In national norms [1], [2]
there are noformalized methods of calculating buildings for vitality, there are
only basic recommendations. In [1] it is recommended to calculate vitality with
the simulation of a local destruction by removing one first floor column from the
calculation scheme. However, in the simulation of local destruction in this way
does not take into account the factor that causes the removal of the column from
work and extraction parameters.

In [2] is a list of events that should be taken into account in a vitality
calculation. The method for calculating vitality with a specific threat in national
norms is not given. USA normative documents such as UFC 4-023-03 [9] set out
the main provisions for the calculation of progressive collapse and methods of
protection against it, as well as features and examples separately for metal,
reinforced concrete, stone, wood, cold-rolled steel constructions. A European norm
[3] providesmethods for calculating the vitality due to impact and internal
explosion. In the review of selected normative documents, methods or
recommendations regarding the calculation of vitality during the fire were not
detected.

© Daurov M.K., Bilyk A.S.
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In scientific works [10-12]studiedmodern methods of progressive collapse
simulation of building and structures and methods of analysis of steel frames
high-rise buildings at single vitality.

A large number of scientific studies [13-19] is devoted to the research of the
progressive collapse of steel frame in the removal of the first-floor column from
the design scheme of the building. Also, in a many studies [21, 22] attention was
paid to the work of the beam-to-column connection at the removal of the
columns from the design scheme and the effect of the work of the connection on
the progressive collapse of the floor plate. This doesn’t take into account the
factor that caused the local destruction of the column. In studies [20] the removal
of a column is presented as a consequence of an explosion. But this approach
doesn’t take into account the process of removing the column from the work of
the calculation scheme.

Studies [23-27] consider fire as a specific factor that can lead to the
progressive collapse of a steel frame and simulating the effect of a fire on frame
elements. However, the real mode of fire and then the cooling stage, which
depend on the parameters of the fire compartment, and therefore the planning
decisions of the building, as well as the fire protection of steel structures, are not
taken into account. Also, there aren’t ways to prevent progressive collapse or
prevent local destruction.

In studies [28] it is proved that in the event of a fire, the beam is more
exposed than the column, which is still working in the calculation scheme. From
this it follows that by removing the first-floor column it is impossible to simulate
local destruction as a result of a fire.

The scientific work[29] is devoted tobuckling of the flat form of bending of
I-beams.The influence of heating and temperature loads on structural elements is
given in publications [30-32].

Unsolved part of the problem. If the impact from a motor vehicle or an
explosion can be simulated by removing the first-floor column, then the issue of
simulating the effects of a fire with taking into account the real fire curves and
fire proofing of steel structures is open to examination.

Tasks of the research. In this study the main task is to modeling the effect of
a fire as a specific threat, and determining the possibility of designing a steel
frame of a high-rise building in order to avoid the local destruction of elements
of the design scheme.

Main material. As the initial model, the steel rigid frame of a high-rise
building with a height of 75,6 m (18 floors) and 45x45m in size with a central core
of rigidity in the plan of 15x15m, a 7,5m column in both directions, was adopted
(Fig. 1). The structure of the building is designed in accordance with the building
codes and regulatory loads. Steel for the bearing structures adopted S345.

Six expertly most likely and worst scenarios for the emergence and spread of
fires in the building on the ground floor were considered in the plan (Fig. 2).

It was simplified that the plans on all floors are identical. The fire scenarios
were expertly reviewed on the 1st, 4th, 7th, 11th, 15th floors (on each floor were
modeledall 6 scenarios).

For each scenario, the parametric fire temperature-to-time ratios were
determined according to Eurocode 1 [4]. Fire resistance of unprotected steel
structures was determined according to Eurocode 3 [5]. At critical temperatures
and fire protection of steel structures was designed in accordance with the Guide
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to EN 1993-1-2 [6], providing the fire resistance R180 [1] (as EN 1993-1-2:2005
[5] regulates a differentiated approach - taking into account the fire resistance of
unprotected steel structures at projection of fire protection). The chosen fire-
protection means - cement-vermiculite plates.

(a) (b) ©
Fig. 1. General view of the calculation model:
(a) the plan of the building; (b) cross-section; (¢) 3D view
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Fig. 2. Scenariosfortheemergenceandspreadofthefire:
(a) —within the floor, (b) —within a height of the building

The simulation of the fire effect on steel frame structures was carried out
using the temperature loads, the values of which were equal to the steel
temperatures of the protected steel structures, which were determined according
to Eurocode 3 [5] for each scenario. After determining the values of temperature
loads for each fire scenario, it was found that the strength characteristics of steel
in the structural elements exposed to the fire are almost unchanged (with a
maximum temperature load of 120,4 °C the value of the proportional limit is
reduced by 3,9% and the value of the slope of the linear elastic range by 2%)
when providing fireproof materials with a fire resistance limit R180.

Emergency loading is assumed to be dead and live with the value of load
reliability factors equal to units [7], and the responsibility reliabilityfactor
K;=1,05, which corresponds to the CC3 consequences class in the emergency
calculation situation when verifying the elements for theultimatelimit state [7].
Factor of combination of loads are accepted as for an emergency calculation
situation [7]. Emergency load in this case is the temperature load.

After calculating the effect of the fire, it was found that for any scenario, the
strength of all structural elements of the framework is not ensured. It was
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decided to check the possibility of designing the framein such way as to prevent
local destruction in the calculation, and in a case of the absence of such
possibility - to analyze the local destruction and allow it to be calculated.

The first strategy of vitality was chosen to increase the areas of the frame
elements cross-sections. Allsections and stresses determination was completed
using SAP 2000.20. The calculation of steel structures wascompleted according
to EN 1993-1-1:2005 [8].

As a result of the calculation, the weight of steel beams increased by 83.1%
after the increase of cross sections areas, which is explained by the appearance of
longitudinal forces in the beams, whose values reach - 3100kN.The weight of the
steel columns has not increased. Total mass of steel frame increased by 49,2%.

In order to reduce the weight of the frame, two more strategies were considered.

The second strategy for providing vitality was to ensure the composite work
of steel beams with ain-situ reinforced concrete slab on a profiled metal sheet,
using stud-bolts. The weight of the steel columns has not increased. But the
weight of steel beams increased by 129,4%, which is explained by the
appearance of significant longitudinal forces in the beams, the values of which
reach - 10225kN, which is much more than without the composite work of
beams with a reinforced concrete slab. The total mass of the steel frame
increased by 76,7%, which is more than with the increase of cross-sections.

The third strategy for providing vitality was to increase the thickness of the
fireproof material in beams by 3 mm in order to reduce the weight of the frame
compared to the variant with the increase in cross-section areas. At the same time, the
weight of steel beams increased by 71,7%, which is 11,3% less than with the strategy
of increasing cross-sections. The weight of the steel columns has not increased. The
total weight of the steel frame was increased by 42,6%, which is 6,6% less than in the
strategy with increasing cross sections, and by 34,1% less than in the strategy to
ensure the composite work of steel beams with reinforced concrete slab.The
economic costs of the considered strategies were compared in a Tab. 1.

Conclusions. The most economical strategy for providing vitality of a frame under
action of fire is an increase in the thickness of the fireproof material in the beams.

Fire protection, which provides the fire resistance R180 in steel constructions
of high-rise buildings, minimizes the temperature load and allowscalculating the
frame of the building taking into account the fire. It was concluded that the steel
frame of a high-rise building could be designed in such a way as to prevent the
local destruction of elements of the design scheme due to the fire.

Table 1
Comparison of strategies for providing vitality of a frame under action of fire
Strat Increasing the Extracash expense, mil. eur.*
egy Measures metal The cost | Costs or fire | ¢ 1
Ne consumption, % | of metal protection
1 Increasing cross sections 49,2 1,78 - 1,78
2 Ensuring the joint work of
steel beams with a 76,7 2,78 - 2,78

reinforced concrete slab

3 Increasing the thickness of
the fireproof material in 429 1,54 0,036 1,576
beams by 3 mm

* prices are provided by commercial mid-market experts for the city of Kyiv/7-2018
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The best strategy for providing vitality under action of fire in this study was
recognized increase in the thickness of fire protection. It was concluded that
when calculating steel frames for vitality under action of fire, it is necessary to
consider not only constructive measures, but also fire prevention measures.
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Jaypos M.K., Binux A.C.
3ABE3NEYEHHS )KUBYYOCTI CTAJIEBUX KAPKACIB BACOTHUX BYIIBEJIb ITPU
JII NOXKEXI

Bucorni OyniBii 4ymIMBI 10 NPOrpecyrodoro pyHHYBaHHS — IIOMIMPEHHS JIOKaJIbHOIO
UuHHI BITYM3HSIHI HOPMH BHMAararoTh 3a0e3[ICYeHHs JKHBYYOCTI IUIsl BUCOTHUX OyaiBenb mpH Aii
HEBCTaHOBJICHUX (DaKTOPIB 1, BiJHENABHA, - IPH Jii MOKEXKI, [10 PO3IIIAAAETHCS B JIaHil CTaTTi.

B nawiii cTaTTi 3MOJ€JIbOBAHO BIUITMB MOXKEXKI SIK KOHKPETHOTO (akTopy, 10 MOXKE CIPUYHHHUTH
Hporpecyroue pyiHyBaHHs], Ha €IEMCHTH CTAJICBOr0 Kapkacy BHUCOTHOI OyaiBii. Bymo posrisiHyTo
pi3Hi ClieHapil BUHUKHEHHS MOXEK] Ha PI3HUX MOBEPXax Ta B Pi3HUX MPOTHIIOKEKHUX BiAcCiKax Ha
noBepci. Ilpu MozxemoBanHi OyJ0 BpaXOBaHO: BOTHE3aXHCT CTAJICBUX KOHCTPYKLIl Ta mapaMeTpu4Hi
TEMIIEPaTypHO-YaCOBl 3aJEKHOCTI A PI3HUX MPOTHIOKESKHUX BiacikiB. Jlilo moxexi Oyio
3MOJIC/IbOBAHO Yepe3 TEMIEPaTypHI HABAaHTAXKECHHs, BUKOHAHO IIEPEBIPKY MILHOCTI mepepisiB
crajeBoro kapkacy. ITicist po3paxyHKy Oyjio BU3HAYEHO XapakTep 3MiH MILHICHMX XapaKTEPUCTHK
CTaJIi MpHU MOXEXI 1 MpoaHaTi30BaHO 3MiHY BHYTPIIIHIX 3yCWsb B eleMeHTax kapkacy.llepeBipena
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MOXJIUBICTb Ta DOLLIBHICTH 3aIPOCKTYBATH CTaJICBUH Kapkac BUCOTHOI OyIiBJli TAKHM YHHOM, 1100
HE JIOIYCKaTH JOKaIbHe PyHHYBaHHS IpHU il noxkexi. byio po3risiHyTo Tpu crpaterii 3a0e3nedeHHs
OIIOPY €JIEMEHTIB CTaJIeBOro Kapkacy Ail moxexi. Takumu crpareriimu Oyiiu: 30UIbLIICHHS epepisiB
€JIEMEHTIB CTAJIEBOr0 Kapkacy, 3a0e3rne4eHHs: CyMiCHOI poOOTH CTajeBUX OalloK i3 3ai1i300€TOHHO0
IUIMTOO TEPEKPUTTS Ta 301IbIICHHS TOBLIMHN BOIHE3aXHUCHOro Martepiany B Oankax. JlaHi crpaTerii
OyJi MOPIBHSIHI 3 TOYKM 30py METAJOEMHOCTI Ta SKOHOMIYHHMX BHMTpAT i BH3HA4YCHAa HAWOLIbLI
eKoHOMiyHa crpateris. J{is HaWOLIbII eKOHOMIYHOI cTpaTerii OyJ0 BHKOHAHO PO3PaxyHOK i3
ypaxyBaHHSIM (i3HYHOT Ta TEOMETPUYHOI HEJHIHHOCTI.

KurouoBi ciioBa: BucotHi OyaiBii, mporpecyrode pyiHyBaHHS, 3arpo3a, )KHBYYiCTb, KOJIOHA,
HOXKEXa.

Jaypos M.K., bunvix A.C. .
OBECIEYEHME )KUBYYECTH CTAJIbHBIX KAPKACOB BLICOTHBIX 3JAHUU ITPU
BO3JENCTBHUMU ITIOXKAPA

BrICOTHBIC 3JaHHS 4YYCTBHTEIBHBI K HPOrPECCHPYIOLIEMY Pa3pyLICHHIO — PAaCIpOCTpaHEHHE
JIOKAJILHOTO  pa3pylleHusi, KOTOpO€ IPHUBOAMT K  Pa3pyIIEHUIO BCEro  3JaHusi  HIIH
HEMPONOPLHOHAIBHO O0JbIIoil ero dvacTd. OTedecTBEHHbIE HOPMBI TPeOYIOT obecredeHns
JKUBYYECTHU [UISL BBICOTHBIX 3[aHUI NP ACHCTBHU HEYCTAHOBIICHHBIX (hakTopoB H, ¢ 2017 roaa, - npu
BO3/ICHCTBUY MOXKApa, YTO PACCMATPUBAETCS B CTAThE.

KirodeBble cj10Ba: BBICOTHBIE 3aHMs, NPOrPECCUPYIOILEE pa3pylLIeHUe, Yyrpo3a, *KHUBYUECTb,
KOJIOHHA, T10XKap.
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Abstract. In this paper the problem of gas turbine rotor impellers free vibration has been studied.
For its solution, the new, more correct mathematical model on the base of the nonlincar FEM has
been designed. All calculations have been held for the two types of boundary conditions (C — C and
C -S) that match the most common types of the turbine rotors assembling. By the usage of the
designed mathematical model several rotor impellers free vibration modes and frequencies have been
calculated. The developed mathematical model adequacy has been verified by the comparison of
calculated results with the experimental data.

Key words: turbine rotor, impellers, free vibration, finite elements method, vibration modes and
frequencies.

1. Introduction.

In the modern world one of the most important trends in the power machine
building, marine and aircraft engine building areas is a sharp increase of the gas
turbine engines power. But such increase imperatively demands from the
designers to complement the whole turbine structure and its main units’
durability. Thus we have a need to find out the details and assembly units of the
turbine that are extremely loaded. Without any hesitation the turbine rotor should
be taken into consideration, because it works under influence of non-stationary
gas flow of extremely high temperature. Of course the vibration unfavorable
factors influence on the impeller are more sufficient and their impact in the gas
turbine rotors breakdowns is more important.

Due to the high cost of the modern high power gas turbines it’s very
important to develop the more correct mathematical models and numerical
methods for their vibration characteristics calculations during the designing
process. So despite the intense studies in this area [1-8] there are several
important questions left unstudied. That’s why the problem of the gas turbine
rotor impellers free vibration studying by calculating its vibration modes and
frequencies is rather actual.

2. Literature Review and the Problem Statement

Firstly the impeller blades have been considered as a unity of stiff rods or
even plates [9, 10]. According to this approach the Bubnov-Halerkin’s method
was used to calculate the frequency of only one blade. It was considered that all
other blades vibrate with the same frequency. So the turbine rotor impeller was
simulated only by the vibration of one blade. Of course such approach was
incorrect, because in reality the turbine blades are shaped by space curves and
their geometric form is sharply different from the rods or even plates.

© Morhun S.0.
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In modern literature the main issues of the gas turbine rotors correct design and
especially strength calculations are linked with the finite element method (FEM)
usage. In the paper [9], compressor and also turbine rotors models on the base of
FEM are given. But the main disadvantage of these models is an incorrect description
of blades feather by the plane finite elements of triangular type. These circumstances
sharply decrease the reliability of the obtained results. To prevent all these
disadvantages, in the papers [4-6, 11, 12] the three-dimensional finite element
models are used. For example, in [4] special five-node finite elements of pyramid
type were applied for the rotor modeling. For the turbine blades bandage modeling,
the eight-node finite elements of prismatic type were also used. In the paper [5], the
authors simulate the blade’s feather using the eight-node finite elements of prismatic
type and in the paper [6] — four-node finite elements of shell type.

But, as it has been mentioned above, the gas turbine rotor impeller consists of
the blades that can be correctly described only by the space curvilinear finite
elements. Such elements have been developed in papers [3, 12, 13], but all
calculations have been held only for single blades. Thus the problem of the rotor
impeller vibration characteristics calculation on the base of the space curvilinear
finite elements usage has been out of the question till that time.

There are also several experimental methodologies that could be applied for
the research of the impeller free vibration modes [10]. But all of them are very
expensive.

3. The Aim and Main Tasks of the Study

The main aim of this work is to research the gas turbine rotor impeller as a
solid body free vibration process for two different types of boundary conditions.
The first three most dangerous vibration modes and frequencies of the impeller
should also be calculated.

To achieve the aim of the work, the following tasks have been set:

— to develop a more correct mathematical model of the gas turbine rotor impeller
free vibration state on the base of three-dimensional curvilinear finite elements;

— to study the influence of the rotor blades boundary conditions (conditions
of the rotor assembly formation) on the whole impeller free vibration modes and
frequencies value;

— to compare the obtained by the numerical calculation results with the
experimental data and take a decision about an adequacy of the designed
mathematical model and its usefulness for the further researches.

4. Main Materials of the Study

4.1. Model of the gas turbine impeller section and its boundary conditions

The gas turbine rotor impeller can be considered as a cyclically symmetric
system, which consists of several sections with equal geometric, inertial and stiff
parameters. Each section includes the blade, the corresponding disk sector and the
bandage or damping links due to the assembling scheme (fig. 1). Indexes a, b and ¢
are used to mark the left border, middle part and the right border of the section.

The described impeller section is located in the right rectangular Cartesian
coordinate system XYZ. The Z axis is normal to the turbine rotor axis of rotation;
X axis matches the turbine rotor axis of rotation. The whole coordinate system is
rotating with constant angular velocity together with the rotor.
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To study the shown section free vibration by
means of FEM let’s use the Lagrange variation
principle (1). Thus:

oL d| dL .
3, dt(ac]i)_o’ i=1..., n, (1
where L — Lagrange function, ¢; — generalized
coordinate of the i node of the section finite
elements model, » — the quantity of the finite
element nodes.

The whole section is modeled by three types of
the finite elements. The turbine blade, which is the
most important part of the impeller, is
approximated by curvilinear space finite elements
with eight nodes. The disk is properly described by Fig. 1. Three-dimensional
the space finite elements of hexagon type with model of the bandaged gas
eight nodes. And the bandages or damping links turbine rotor impeller section
are formed by prismatic finite elements with eight nodes two. The extended
description of the reasons why such finite elements have been chosen, their
shape functions and fields of displacement are given in papers [13, 14].

After the nonlinear FEM approximation of the impeller section (fig. 1) on the
base of (1) we receive the canonic equation of the solid body vibration in matrix
form (2). Thus:

d
where [M] — the FEM model mass matrix; [C] — the FEM model damping
matrix; [K] — the FEM model stiffness matrix; {3} — the FEM model generalized
displacement vector; {F} — the vector of external forces.
As we take into consideration only the rotor’s free vibration, then the
elements of damping matrix and the vector of external forces are equal to zero.
So the matrix equation (2) is transformed to matrix equation (3):

{8l kifo) -o. o

According to the gas turbine rotor assembling schemes there are two types of
the impellers — the impellers with bandages and the impellers with damping
links. That’s why we have to take into consideration two types of boundary
conditions. They are C — C for the impeller with bandages and C — S for the
impeller with damping links.

4.2. Amplitudes of the gas turbine rotor impeller free vibration.

The solution of matrix equation (3) can be found by spreading out the section
generalized displacement in trigonometric row. So:

8, = a’; cos(wt)+ a3 sin(t),J =1,2,....m, 4)

where m is a quantity of the finite elements model nodes, @ — angular velocity of
the rotor rotation.

prif oL 13} [k)(5) =}, @
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The indexes 1 and 2 would be used later to differentiate the amplitudes
belonging to cos(wf) and sin(w?).

After putting the equation (4) into the equation (3) we will receive next
system of matrix equations:

Aoty + Appay + Ay oal + Ay + Ayaj, + Aga; =0,
Asgy + Aapay + Ageay + Ao al + Agyaj + Agea? =0, (5)
A3aa; +A3ba}) + A3cal + A3aa§ + A3ba§ + A3ca3 =0,
where Ay = [Ky] —f*[My], Ay — blocks of the impeller section dynamic stiffness
matrix; f — the impeller free vibration frequency.
Solution of matrix equations systems (5) gives us an opportunity to calculate
the unknown impeller free vibration frequency.
5. Main results of the study and their analysis
The aforementioned gas turbine rotor impellers are made out of heat resistant
alloy X2CrNiMo 17-34-3, which has the following parameters: density
p=8100 kg/m3; Young’s modulus £=1.79*10° MPa; Poison’s ratio v =0.3 [14].
The quantity of the blades in the impeller is 80. The disk diameter =500 mm;
the blade’s height #2=120 mm.

First let’s take into consideration the rotor impellers free vibration modes
(fig. 2—4).

(@) (b)
Fig. 2. The impeller free vibration mode with one nodal diameter
(a) — impeller with damping links (boundary conditions C — S); (b) — impeller with bandages
(boundary conditions C — C)

(@) (b)
Fig. 3. The impeller free vibration mode with two nodal diameters
(a) — impeller with damping links (boundary conditions C — S); (b) — impeller with bandages
(boundary conditions C — C)
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(a) (b)
Fig. 4. The impeller free vibration mode with three nodal diameter
(a) — impeller with damping links (boundary conditions C — S); (b) — impeller with bandages
(boundary conditions C — C)

According to the data, given on the fig. 2 — 4, we can find out that for two types
of boundary conditions the modes of impeller free vibration are practically similar.
The mode with one nodal diameter almost corresponds the well-known first flexural
vibration form for solid bodies. Displacements of the impellers with bandages are
much slighter (blue color on fig.2 — 4 (b)), than the displacement of impellers with
damping links (red color on fig.2 — 4 (a)). These facts don’t contradict the main
postulates of the oscillation theory. But there are some differences too. It should be
mentioned that for the impeller with damping links the nodal diameters are more
obvious. The explanation of this fact is their higher ductility. On the other hand the
vibration mode for all types of impellers changes from the bending mode at the
peripheral antinodes to the torsion mode near the nodal diameters.

For taking the decision about the developed mathematical model adequacy,
we should compare the calculated impeller vibration frequencies with the
experimental data (table 1). The experimental methodology is given in the paper
[10]. The experiment has been held for three same impellers with damping links.

Table 1
The impeller free vibration frequencies for the first three modes
. Free vibration frequency f, Hz Divergence,
Nodal diameter Calculated data Experimental data %
1 112 105-108 7,3
2 549 485-502 9,14
3 1086 921-957 12,8

Analyzing the data, represented in table 1, we can conclude that the divergence
between the calculated results and experimental data is less than 15%.

7. Conclusions

It has been possible to develop the new refined mathematical model of gas
turbine rotor impellers free vibration. The matter is that this model gives an
opportunity to take into consideration the turbine blades constructional
inhomogeneity, in particular their space curvilinear form with sharp inflections.
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It gives the designers an opportunity to calculate the free vibration modes and
frequencies for turbo machinery rotors of various types and assembling schemes.

On the base of the developed mathematical model usage the free vibration
characteristics of gas turbine rotor impellers of two main types have been
calculated. Two different boundary conditions have been taken into
consideration. It was found that for both types of impellers the free vibration
modes are practically similar due to the nodal diameters location.

The calculated frequencies of the gas turbine impeller free vibration have
been compared with the experimental data. The divergence between the obtained
results and experimental data has been found too. Such low percentage of
divergence shows us that the developed mathematical model is adequate and
could be used for further calculations in the field of gas turbine rotor dynamics.
Especially it will be useful for the studies of gas turbine rotors stress-strain state,
caused by complex effect of forced vibration and thermal load.
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Morhun S.
GAS TURBINE IMPELLERS FREE VIBRATION STUDY USING THE FEM ANALYSIS

Due to the rather hard working process gas turbine engines rotor impellers are always heavily
influenced by the unfavourable factors of the gas flow. So the close attention should be paid to the vibration
processes in the rotor. More worse is the fact that the impeller consists of blades, which have a curvilinear
geometric form. So they can’t be correctly described by the theory of plates or even by the plate finite
elements. That’s why the problem can be solved only by the usage of space curvilinear finite elements on
the base of which the mathematical model is built. The whole impeller can be considered as a cyclically
symmetric system. Thus it can be divided into several sections, one of which would be studied. After the
nonlinear FEM approximation of the aforementioned impeller’s section we receive a canonic matrix
equation of the solid body vibration state. As in this study only the problem of the impeller free vibration is
taken into consideration, than the matrix of damping and the vector of external forces are equal to zero.
After making all necessary preparations, we find out the section free vibration modes and frequencies. All
calculations were held for two types of boundary conditions that are chosen according to the impellers
assembling schemes. Calculated results have been compared with the experimental data. As the divergence
between them is less than 15%, than the developed mathematical model is adequate. The developed
mathematical model and obtained results could be used for the gas turbine rotors forced vibration and stress-
strain state study.

Key words: turbine rotor, impellers, free vibration, finite elements method, vibration modes and
frequencies.

Mopeyn C.O.
JOCJIUKEHHS BJJACHUX KOJIUBAHB JIOITATKOBUX BIHIIB 'A3OTYPBIHHOI'O
JBUT'YHA 3A 1OIIOMOI'OIO CKIHYEHO EJIEMEHTHOI'O AHAJII3Y

JloCIiDKy€eThCsl IMTAHHS BJIACHHX KOJIMBAHb JIOMATKOBUX BIHI[B POTOpA ra3oTypOIHHOrO ABHIYHA.
Jlis1 poro po3po0iieHa yIOCKOHAICHa MaTeMaTHIHA MOJIENIb BIIACHUX KOJIMBAHb BIiHIS 3 BUKOPHCTAHHIM
TPUBUMIPHHX KPUBOJIHIHHUX CKIHYECHHX €NIeMEHTIB. JlomaTkoBuil BiHElb MO)ke OYTH HpENCTABICHUN B
SIKOCTI CyHepHO3uLii CEKTOPIB, KOXKHHil 3 SKUX BKIIOYAa€ B ceO€ CEKTOp AKMCKY Ta JIOMATKy 3 MDK
JIONATKOBUMH 3B’si3KaMu. J[/isl MOZEIMIOBaHHS Iepa JIOMATKH Ta CEKTOPY JHUCKY JIONATKOBOTO BIiHIIS
BHKOPHCTOBYIOTBCSI KPUBOJIHIIHI CKIHYEH] €/IeMEHTH ['€KCaroHaIbHOIO THILY, {0 MAIOTh IO BIiCiM BY3JIB 3
TpbOMa CTYHEHSMH BUIGHOCTI. baHmakHa Ta KOpeHeBa MONMLI JIONATKA 3MOACIBOBAHI TAKOXK
TPUBUMIPHUMH CKIHYGHMMH €JIEMEHTAMH, ajie MPU3MATUYHOTO THIy. JIOCTiKEHHS IPOBEACHO IS
JIONATKOBUX BIHIIB, IO MAalOTh JeMII(epHi MDK JomaTkosi 38’s13kd. OXONOMKyBaHi JIONATKH MAlOTh Y
HIOPO>KHHHI Iepa CITKY KaHaJIB 11 IVIMHY OXOJIODKYI0UOro HoBiTps. CTIHKM [MX KaHAIB SIBISIOTH COOOI0
pedpa KOPCTKOCTI y MOPOXKHHUHI ITepa. ToMy ISt KOPEKTHOTO MOZAEITIOBAHHS IIOPOXKHKUCTOIO I1epa JIONATKU
OyJ1i BAKOPHUCTAHI 00OJIOHKOBI CKIHYCHI eJIeMEHTH.

Bcei po3paxyHKH BUKOHAHO st ABOX THIIB rpaHudHux ymMoB (C — C ta C — §), 10 BiINOBINalOTh
HAWOUTBII MOLIMPEHHM THIIAM KOMIIOHYBAaHHS POTOpIB. 3a JONOMOrOK pPO3pOOJICHOI MaTeMaTHYHOL
Moziesli BU3HAYEHO YacTOTH Ta (GOPMH BJIACHHX KOJMBAHb JIONATKOBHX BIHIIB POTOpa ra3oTypOiHHOro
JIBUI'yHA. AJIGKBaTHICTb PO3PO0JICHOI MaTEMATHIHOI MO MiATBEPIKYETHCS OPIBHAHHSAM PE3yJIbTATIB
PO3PaxyHKy Ta JAQHUX EKCHEPUMEHTY. PO3ODKHICTE MDK pe3yJbTaTaMi PO3PaxyHKIB Ta eKCIEPHMEHTY He
nepeuiy 15%.

Po3pobrieHa MaTemMaTH4Ha MOZENb Ta OTPUMAHI Ha il OCHOBI pe3yJIbTaTH MOXYTb OyTH BUKOPUCTaHi
JUB TIOJAJIBIINX PO3PaxXyHKIB BIOPOMIILIHOCTI, BIOPOCTIMKOCTI pOTOPIB ra30TypOIHHUX ABHUTYHIB, a came —
IPH BH3HAUYCHHI X HAIPY)KEHO-1e()OPMOBAHOIO CTaHy.

Kio4oBi cjioBa: poTop ra3orypOiHHOrO JIBUTYHA, JIONATKOBI BiHIl, BUIbHI KOJMBAHHS, METOI
CKIHYCHHX €JIEMEHTIB, I'PAHUYHI YMOBH, 4aCTOTH Ta (POPMH KOJIMBAHb.

Mopeyn C.A.
HCCJIEJOBAHUE COBCTBEHHBIX KOJEBAHUM JIOITATOYHbIX BEHIIOB
TA30TYPBUHHOI'O ABUT'ATEJISI C IOMOLIbIO KOHEYHO-EJJEMEHTHOTI'O
AHAJIN3A

Hccnenyroress CoOCTBEHHbIE KOJIEOAHMSI JIONATOYHBIX BEHIOB POTOpAa TIa30TypOHHHOIO
neuratens. Jiust 3Toro paspaboraHa YTOYHEHHas KOHEYHO-3JIEMEHTHAsi MOJENb COOCTBEHHBIX
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KoJleOaHHH BEHIa C HCIONB30BAHMEM TPEXMEPHBIX KPHBOIMHEHHBIX KOHEYHBIX 3JEMEHTOB. Bce
pacuersl BBINOJHEHBI Ul JBYX TUNOB rpaHuuHbiX ycinosud (C — C u C — S), koropsle
COOTBETCTBYIOT HauboJiee paCIpOCTPaHEHHBIM BapHaHTaM KOMIIOHOBKM poTopoB. Ha ocHoBe
pa3paboTaHHOW MaTeMaTHYECKOW MOJIEIH ONPEACICHBI YaCTOThl U (POPMbI COOCTBEHHBIX KOJICOAHMI
JIOMATOYHBIX BEHIIOB pOTOpa Ta30TypOMHHOrO JBHrarteis. AJEKBaTHOCTh pa3pabOTaHHOM
MaTemaanecxoﬁ MOJCIIM TMOATBECPXKAACTCA CPaBHCHUSAMU PE3YJbTATOB pacdy€Tra C JaHHBIMH,
IMOJTYYCHHBIMH SKCIIEPUMEHTAJIBHBIM ITYTEM.

KiroueBble cjioBa: poTop ra3oTypOMHHOIO JIBUraTess, JIONATOYHBIC BEHLBI, CBOOOAHBIC
KoJIeOaH s, METO/ KOHEUHBIX 3JIEMEHTOB YacTOTHI U POpPMBI KoJeOaHuUA.

VK 539.3
Mopeyn C.O. Jloc1ifizeHHs] BJIACHHX KOJIHBAHb JONATKOBUX BiHIIB ra30TypOiHHOI0 ABUIYHA 3a
J0NIOMOT0I0 CKiHUEHO eJIeMeHTHOro aHaxi3y // Omip mMaTepiaiiB i Teopist copya: HayK.-TeX. 30ipH.
—K.: KHVYBA, 2019. — Bumn. 102.— C. 69-76.

Locnioxcylomocs énachi KOIUSAHHA TONAMKOGUX GiHYIE pomopa 2a30mypOiHHO20 08U2yHA HA
OCHOBI  pO3POONEHOI YOOCKOHANCHOT MAMEMAMUYHOI MOOeNi 3 BUKOPUCIAHHIM MPUSUMIDHUX
KPUBOMIHITIHUX CKIHYEHUX eneMenmie. Adexeamuicms MamemamuyHoi Mooeni niomeepodicycmvcs

NOPIGHAHHSM Pe3yIbMamis po3paxyHKy ma OAHUX eKCnepumMennty.
Tab6um. 1. . 4. Bibaiorp. 14 Ha3s.

UDC 539.3

Morhun S.O. Gas turbine impellers free vibration study using the fem analysis / Strength of
Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv: KNUBA,
2019. —Issue 102. — P. 69-76.

The free vibration of the gas turbine rotor impellers are studied on the basis of the developed
advanced mathematical model with the use of three-dimensional curvilinear finite elements. The
adequacy of the mathematical model is confirmed by comparing the results of the calculation and the
experimental data.

Tabl. 1. Fig. 4. Ref. 14.

YK 539.3

Mopeyn C.A. UceiienoBanue cOOCTBEHHBIX KOJIeOAHMIi JIOMATOYHBIX BEHIOB ra3oTypoOMHHOTO
JBUTaTeJIsl ¢ MOMOIIBI) KOHEYHO-3JIeMeHTHOTo aHayin3a // COnpoTHBIICHUE MATEPHAJIOB U TCOPHS
coopyskeHuii: Hayd.-tex. coopH. — K.: KHYCA, 2019. - Bein. 102. - C. 69-76.

Hccenedyiomess  cobcmeennvle  KOAeOanus JTONAMOYHBIX BCHYO8 POMOPA  2A30MYpPOUHHO20
dgueamensi Ha OCHO8e pA3PAOOMAHHOU YCOBEPUEHCMBOBAHHOU MAMEMAMUYEckol Mooeu ¢
UCNONL30BAHUEM — MPEXMEPHBIX — KDUBOJUHEUHbIX — KOHEYHbIX  dleMeHmos.  Adeksamnocmo
MAMEMAMUYecKol MOOe NOOMEEPHCOACMCsL CPABHEHUEM pe3yIbmanmos pacyema u OAHHbIX

IKCnepuMenma.
Tab6u. 1. Wi 4. bubawuorp. 14 Ha3s.
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YK 539.3

JOCJIIXKEHHS IPYTOI OCHOBHOI 3AIAYI TEOPIi TPYKHOCTI
JJIA HTAPY 3 TUWJITHAPUYHOIO ITIOPOKHUHOIO

B.1O. MipomHikos,
KaHA. TeXH. HayK, JOLEHT

Xaprxiecvkuil nayionanvhuil ynisepcumem 6yoienuymea ma apximexmypu, m. Xapxie, Ykpaina
DOI: 10.32347/2410-2547.2019.102.77-90

JlocItiKEeHO Hapy)eHo — JAe(pOPMOBAHUIM CTaH WIAPY 3 WHIIHAPHIHOK MOPOKHHHOK, KOJIM Ha
MeXax LIapy Ta Ha MEeXi MOPOXKHHUHY 3afaHi mepemimeHHs. Po3B’s30k mpocTopoBoi 3amadi Teopii
HPY)XHOCTI OTPUMAHO Yy3arajbHeHHMM MerogoM @Dyp’e CTOCOBHO CHCTeMH piBHSHb Jlame B
LWIIHAPUYHUX KOOPAWHATAX, OB I3aHUX 13 LHIIHIPOM, Ta JEKAPTOBHX KOOPIAMHATAX, MOB’SI3aHUX
i3 Mexxamu 1mapy. HeckindeHHi cucTeMH JHIHHUX anreGpalyHuX piBHSHb, Ki OTPUMaHI B pe3yabTaTi
3a/I0BOJICHHS TPaHMYHHX YMOB, BHPILIGHO METOAOM YyciueHHSA. B pesynbrati Oymu oTpuMaHi
HepeMillleHHs] Ta HaNpyXEHHs B PI3HUX TOYKaX HPYKHOro Tija. IIpoBeneHo aHami3 HampyXEHO —
nehOpMOBAHOTrO CTaHy TiJia IIPU Pi3HHUX BIACTAHAX Bif LHIIHAPHYHOI TOPOKHUHHI [0 MEX LIApy.

KumrouoBi cioBa: LuliHIpUYHA NOPOXKHMHA B IIapi, piBHsAHHA Jlame, y3araabHEHHH MeTO[
Dyp’e, HeCKIHYCHI CHCTEMH JIHIHHUX anreOpaiyHuX PiBHSHb.

Beryn. Ilpu mpoekTyBaHHI Pi3HOTO pOJY IMPOCTOPOBUX KOHCTPYKIIN Ta
KOMYHIKaIlif, Ji¢ pO3PaxyHKOBOIO CXEMOI € Imap 3 IWIHIPUYHUMHU
MOPO>KHMUHAMH, HEOOXIJIHO MaTH YSBIIEHHS IIPO PO3MO/LT HANpPYKEHb HaBKOJIO
LTI HIPUYHOI TIOPOXKHUHY Ta MeX mapy. [yist mocsrHeHHs 1iel MeTH TOoTpiOHO
MAaTH aJITOPUTM PO3pPaxyHKY, SKHH OU TaBaB MOXIIUBICTb OTPUMYBATH PE3YJIbTAT
3 HEOOX1THOIO TOYHICTIO.

B naniit po0OTI pO3TISIIAETHCSA MPOCTOPOBA 3aJaya TEOpil MPYNKHOCTI, KOJIU
MOPO’KHIHA PO3TAalIOBaHa B IIapi MapaieNbHO HOro MOBEPXHSIM, Ha MEXKax IIapy
Ta Ha MEXI1 MOPOKHUHU 3a/IaHO MEPEMIIIICHHSL.

B nmyOumikariisx 3ycTpigaroThes 3a1adi IS MPOCTOPY, MIBIPOCTOPY Ta Iapy 3
LW HIPUYHUMHY [TOPO)KHUHAMHY, 3 PI3HUMH THIIAMH TPAaHUYHUX YMOB Ha HUX Ta
PI3HAMH METOJaMH PO3B’S3KY.

Tax B pobotax [1, 2] po3risatoTbes cTalioHapHi 3aqaul qudpakuii XBUiIb B
MIPOCTOPi, B MIBIIPOCTOPI 200 mIapi 3 HUITTHAPUIHOIO TIOPOKHHUHOIO.

B poGorax [3,4] mochimkyroThCsa 3amadi mpo Au(PakIiio XBHIb B
MiBOPOCTOPI 3 OJHIEI0 IWJIIHAPUYHOI IOPOKHWHOIO Ha OCHOBI DiBHSHHS
I'enbMmrompia. 3agadi po3B’A3yIOTHCS 3 BAKOPUCTAHHSIM IIEPETBOPEHHS TUIOLIHHI
3 KPYrOBUM OTBOPOM B KOHIIEHTPHYHE KiJIbIIEe, 800 3aCTOCOBYETHCS KOM(OpMHE
MepETBOPEHHS Ta KOJUIOKAIliiHA cXeMa MeTOAy HalMeHIInX KBajpaTiB. Onucai
aJITOPUTMHU JIO3BOJISIFOTH PO3PaxyBaTH 3a]adl TUIBKH 3 OJHIEI0 MOPOXKHHHOIO Y
MiBOPOCTOpI 1 HENPHUIATHI IS HIapYy.

B pobori [5] 3 BUKOpuCTaHHSIM MeETOAY 300pakeHb 1MOOYJ0BaHI YHCETBHO-
aHAITHYHI PO3pPaxXyHKH JBOBHMIpHOI KpaioBoi 3azaui mpo audpakiiiiHe
PO3CISTHHSI CUMETPHYHHUX HOPMAaJIbHUX XBHJIb MO3JJOBXXHBOTO 3CYBY JUIS IIapy 3
LT HIPUYHOIO TTOPOXKHUHOIO.

lap 3i cdepuyHO0 MOPOKHUHOIO, SKUH PO3TATYETHCS paaialbHUMU
3YCWIJISIMU Ha HECKIHUEHHOCTI, PO3TJISTHYTO B poOoTi [6].

© MipommHikos B.10.
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[MopoxHUCTHIA UITIHAP Ta WAap 3 KPyrOBUM OTBOPOM, SIKI PO3B’S3YIOTHCS 3a
JIOTIOMOT'OF0 METO/Y CYTIepHO3ullii, po3ristHyTO B [7].

[opoxHMHYN TIEPIIEHUKYIISIPHI 10 MOBEPXOHb MIapy po3riisiHyTi B [8, 9, 10].

PoGotu [11, 12, 13] npucBsiueHi BU3HAUYSHHIO HAMPYXXEHOTO CTaHy KiHIIEBOI'O
mTiHApa. MeTos 3aCHOBaHMI Ha CYNEpIIO3HILi po3B’s3KIB 1 pO3KIalaHHl y paau
@yp'e 1 [ini. Ane 3amaui g OPYKHHX TUT 3 JAEKUIbKOMa TPaHUYHAMH
MOBEPXHSIMU HE MOXYTh OyTH PO3B’si3aHi B paMKax KJacuuHoro mimxony. s
TaKuX 3a]a4 HeoOXiJJHO OyJI0 CTBOPIOBATH y3aranbHeHui meton Dyp’e [14], sxuit
i OyB ITOKJIaICHU B OCHOBY ITiAXOAY JI0 PO3B’SA3KY 3a71a4i, BKa3aHOI y 3aT0JIOBKY.

3a mormoMoror yzaraibHeHoro merony ®@yp’e Oyino po3B’si3aHO 3a7ady s
MiBOPOCTOPY 3 IWIHAPUYHUMH TOPOKHUHAMU B TmepemimeHHsx [15], B
HanpyxeHHsx [16, 17, 18] Ta 3mimany 3agauy [19].

Jus mapy 3 UWIHIPUYHUMH IIOPOXXKHMHAMHM TOTOBHX aITOPUTMIB B
MIPOCTOPOBOMY BapiaHTi HEMae, TOX IpoblieMa pO3paxyHKy TakuWX 3aaad €
aKTyaJIbHOIO.

Meroro 11i€i poboTi €:

— po3po0Ka aHATITUKO-YHCEIFHOTO aJITOPUTMY PO3PaxXyHKY JPYroi OCHOBHOI
3aja4i Teopii MPYXHOCTI (Ha yCiX TpaHMYHHUX MOBEPXHAX 3aJaHi MepeMilleHHs )
Ul mapy 3 IWITHAPUYHOK TOPOKHHHOIO, sIKa PpO3TAalllOBaHAa IMapajeibHO
MIOBEPXHSM 1Iapy;

— MPOBEACHHS aHai3y HANPYXEHO-IeOPMOBAHOIO CTaHy Tijla, BU3SHAYECHHS
BIUIMBY BIJICTaHI MDK IMJIIHAPUYHOIO TOPOKHHHOIO Ta MEKaMH IIapy Ha
HaNpY)XEHHS B 30HI MEPEHINIKIB MiXK MEXaMH IIapy 1 IATIHAPOM.

IMocranoBka 3amaui. B npyxHOMY OIHOpiZHOMY Iapi po3TamloBaHa
KpyroBa LWIIHIPUYHA ITOPOXKHUHA
pamiycom R (puc. 1). IlopoxuHuny
OynemMo po3risiaTH y HHIiHIPUYIHIH
cucTeMi KoopAauHAT (p,(,z ), MexKi

mapy |y JleKapToBiii  cucremi
<> KoopauHAT (X, , z), SIKa OJHAKOBO
OpieHTOBaHa Ta  TOE€IHaHA 3
CHCTEMOI0  KOOpJAWHAT  IMJIIHIpA.
BepxHst Mexa mapy po3rairoBaHa Ha
BiICTaHI y=h, HWKHA MeXa Ha

=

BiJICTaHi y=—}~z . IotpibHO 3HaiiTH
pO3B’s130K piBHsAHHSA Jlame 3a yMOB,
0 HAa MeXax Imapy Ta Ha Mexi
HWTIHAPUYHOT TTOPOXKHHUHU  3ajaHi
TiepeMileHHsI:

U(x,z)‘yzh ZU;(,) (x,2), U(x, Z)‘y=_~ = U}? (x,2), U((p, z)‘sz = Ug (9,2),

Puc. 1. llap 3 quiIiHAPUYHOIO TOPOIKHUHOIO

e 9 (x,2) = UWel) + Ul Ly |

(
00,2 = U + gV 4 P, (1)
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00,2y = U + U 4 P

BioMi (YHKIIIT; é](- )( j=12,3) — optu aexaprooi (k=1) i nuninapuaHoi (k=2)

CHCTEM KOOpMHAT.

VYci 3amani Bektopu i QyHKINI OyIeMO BBa)kaTH IIBHIKO CHAJA0OYHUMH JI0
HyJIsS Ha JaJeKUX BIJCTaHSAX BiJ MOYATKY KOOPAWHAT 1O KOOPAWHATI z IS
LIJTIHIpa Ta TI0 KOOPJMHATAX X 1 Z U1l MEX MIapy.

Po3m’a30k 3amaui. BubOepemo OasucHi po3B’si3kd piBHSHHA Jlame mis
3a3HAYEHHUX CHUCTEM KOOpAWHAT y BUIIIAI [ 14]:

it (Myh) = N (M), k=1,2,3, @
Rk,m(M }”) () L, (Ap)e (Azmq))’

3
Sean (Mp:0) = NP [ (pi2) €57 |, k=1,23, ©

MY =Ly, MO = do-nel) + Ly (), MY =%rot(é3(l) .

o~ (Md,K “) i(Az+px)yy ’

NP =Ly, N ={v(p§pj+4<o—l>(v—é§2> a—i)}, M = rorfaf?) ),
Sm(p;}\‘) (Slgl‘l?x (|}"|p)as ’Y_\/A'Z'H-l ) —<x><7\, U<oo,

ne My =(x,y,z), M, =(p,9,z) — TOYKH POCTOPY, BIANOBIAHO B ICKAPTOBIM

cHCTeMi KOOpIMHAT Ta B LIMIIHIPUYHIN CHCTEMI KOOpAWHAT; é](-k ) (j=123) -
optu nekaproBoi (k=1) 1 wmmiHgpuuHOi (k=2) cuCTEM KOOpAMHAT, G —
koedimient Ilyaccona; [, (x), K, (x) — momudikoBani ¢yHnkuii Beccens;
Rk mo gk n (K=1,2,3) — BiANOBiHO BHYTPIIIHI Ta 30BHINIHI PO3B’SI3KN PiBHAHHS

Jlame moist nptiHapa; u( ), 12,(:) — po3B’si3ku piBHHHS Jlame U1 Mex miapy.

Po3B’s130k 3a/a4i IpecTaBUMO Y BI/IFJ'IH}:[i

a:i"j’ i By (M-St (90,231 d7M+Z ,f ,[(Hk (M) (v, zh )+

k=1—com=—co k=] —co—co
+H, (x,u)-a,ﬁ‘)(x,y,z;x,u))dudx, @
e S’k’m(p,(p,z;%.), ﬁlsr) (x v,z A, ].L) i uk (x,y,z;?»,].i) 0a3uCcHI pO3B’A3KH, SKI

3anaHi ¢popmynamu (2) i (3), a HeBimomi QyHKLiIT H, (k,p), [?k (k,p) i By, (k)
HEOoOX1THO 3HAWTH i3 KPaHOBUX yMOB.

Jnst mepexomy MiK cHcTeMaMH KoopAuHAT (puc. 1) CKOpPHCTaeEMOCH
bopmynamu:
- JUIs Iepexofy BiJ KOOPJMHAT IMITIHAPA A0 KOOPAHMHAT BEPXHBOI MEXi LIapy

[16, -na (4)]



ISSN 2410-2547

80
Omip marepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

St (P:0,251)= (Gl ) 'fu)l ()d;tk 1,3,

2 o ((mu__J e o), o

Szm(p,(p,zk
B2Y vs0, m=04142,... ;

2
ze 7 =+/A% +p? ;o (Ap)= 7»
I Iepexony Bl):[ KOOpJAWHAT HI/IJIiH[[pa J10 KOOpArHAaT HIDKHBOIL Me)Ki mapy

— m e
G| wz.g]g+>.dy_u, k=13,

St (P9 731) ="
SQ,m(P,(P,Z;k): (= ’) J‘mz [(m u_i_}\:yj =(-) }L2a(+)+4u(l G)»(+)) l;’ (6)

ae y = ’)\‘24_“2 , mz(}bau)zuT”’y<O’ m:O,il,i2,... 5

JJIA TIEPEXOAY Bi):[ KOOpAUHAT BEPXHBLO1 MEXKI1 HIapy A0 KOOpAWHAT HWIIHApa

[16, d-na (5)]
if? (x.p.2)= ¥ (i-0)" Ry s k=1, 3,

m=—oo

(0= 5, [0 2 (0] R 1o +40(1-0) )] D
ei(m(p-%—?\z)’

IS
I (Ap)+i-1,(Ap)-| & L+”Zj,
(Ap)-+i (p)(e(pxp é

by, (0. M) = &, -[ (45-3)- I, (hp) +2p , 1(Ap) |+

+é¢i~m(1,’, (hp)+ “‘;p D, (xp))+ &.inpI (hp),

53,71 (p’}\‘) = _[ép 'In O"p)}\’ip*'é(p llr,z(}\'p)i| s

Jec €p 5 6(') , €, —OpTH B HPIHIHI[pPI‘IHlﬁ CHUCTEM1 KOOpAMUHAT
I Iepexony Bi)l KOOpJAWHAT HIDKHBOI MEX1 mapy 10 KoopAuHaT HUIitHApa

oo

i) R, ,, k=13,
2 ( 2) k,m
=m0

R —“{'ﬁz,m+4M(1—5)R3,m)}(8)

=

i) (x0,2)= 3 [(0,)" 27 (mon) &

m=—oco

Jlyist BUKOHAHHS TPAHAYHUX YMOB HA BEPXHill MexXi mapy y=h, BEKTOpa S ,,

B (4) 3a gonomororo ¢Gpopmyin nepexony (5) mepenumeMo y IeKapToBiid CHCTEMI

i (5.7.2)=
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KOOpIWHAT 4epe3 Oa3uCHI PO3B’sA3KH ﬁ,g_). OTpuMaHHUii BEKTOp MPHUPIBHAEMO
(mpu y=h) 3amaHoMy U;?(x, z), TPEACTaBICHOMY Yepe3 MOMBIWHHK iHTErpas
Dyp’e.

JIyis BUKOHAHHS MPAaHMYHHAX YMOB Ha HIDKHIM MEXi Iapy y=—}~1 , BEKTOpHU
gk,m B (4) 3a momomororw ¢opmyn mepexony (6) mepenuiIemMo y IeKapToBii

3 . P —~(+) o
CHCTEMi KoopaWHAT dYepe3 OasucHi pos’sasku i, ~ . OTpuMaHudl BEKTOp

. 7 70
npupiHseMo (npu y=-—h ) sananomy Up(x,z), npencraBieHOMy 4depes
no/BitiHMI iHTerpan dyp’e.
Cucrema 3 6 piBHIHb Ma€ BU3HAYHHUK

4-¢7*-y? - (e** =1)(x* =57 -sh? x)
At ’

)

ne x=y(h+h), 6=3-4c.

3 oTpumaHux piBHSHb 3Haiimemo ¢ymkuii H,(A,u) i Hy(Au) uepes
Bk,m 0") .

Jlis BUKOHAaHHS TPaHWYHMX YMOB Ha IWIIHIAPI P=R, mpaBy uactuny (4) 3a
nmorroMoror dopmyin nepexony (7, 8) mepenuimieMo y IMMIIHAPHYHIN CHCTEMI

KOOpIMHAT uepe3 OasucHi po3s’s3ku R ., S, OTpuMaHuii  BEKTOp

e
MIPUPIBHSAEMO 3aJ]aHOMY Ug (x,z), TpeICTaBICHOMY IHTErPaJoOM Ta PSIOM
®yp’e. B pesympTari OTpUMAEMO CYKYIHICTh TpPhOX CHUCTEM IJIiHIHHUX
anreOpaivtHUX PiBHSAHB UL BUSHAYCHHS HeBigomux B, (M) .

Busnaunuk 1i€i cuctemu [16]:

ans m=0 |Ay|=8(1-0) x> K[ (x) Ky(x),

s m 2 1A, [>4m- K, (0K, (0K, (x), x=[A]p, L=0.

Po3B’s13aBIIH IF0 cUCTeMY BigHOCHO By, (A) , 3HaiinemMo

Bk,m(k) = Fk(Hl9H29H39HlaH23H3) >
ne Fy — niHiiHI QyHKIIT 6 apryMeHTiB.

Bnaiineni paniuie uepes By, (M) dynxuii Hy (A,u) i H; (A1) BUKIIOYMMO
3 CUCTEMH PIiBHsIHB. B pe3ynbraTi OTpuMaeMo CYKYIHICTb i3 TPhOX HECKIHYEHUX
cHCTeM JIIHIHHMX anreOpaidYHuX pIBHAHB JPYroro poay [Ulsd BH3HAYEHHS
Hesizomux B, (A) .

Jlis oTpuMaHMX CHCTEM, BUKOPHCTOBYIOUM (9), HOBEIEHO iX OJHO3HAYHY
PO3B’s13HICTh. BijbmI TOro, i CHCTEMH MOYKHA BHPIIIYBATH METOIOM YCIU€HHS i
Ma€e MicTto 30DKHICTh HAaONMKEHHX pillleHb 10 TOYHOro. J3HaileHi 3
HeCKiHYeHHOI cucTeMH piBHAHB (yHkuil B, , (A) migcraBumo y Bupasu it

H,(\w) i H,(A,u). Lum 6yayTs BusHaueHi Bei HeBifoMi 3anaui.
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YuceJbHe [JOCJHIIKeHHSI HAINpPY:KeHOro cTtaHy. Maemo map 3
WWIHIPUYHOW —mopoxkHuHOIO (puc. 1). Illap — i3oTpomHmMid Matepian,

koedirient Ilyaccona o =0,35, MOmyiab NPYXKHOCTI E =2xkH/cem?. Paniyc

WWTHApUYHOI TopoxkHuHH R=10 cM. BepxHs Mexa mapy po3TanioBaHa
BiJTHOCHO IIEHTpY LWJIiHIpa Ha BifcTaHi /=40 cM, HWKHS MeXa PO3TallIOBaHA B

JIBOX BapiaHTax h=60cMTa h =20cM.

Ha w™exi muiiHapa 3amaHi HepeMilllCHHS Uép) ((p,z)=10_4~(22+102)2,
U(gp)=U§P)=0. Ha Bepxmiii mexi mapy U :Uy’) =UM =0, na umxniit

LU — g g _
mexi Uy” =U7 =U;" =0.

HeckinuenHa cucteMa piBHSIHB Oyiia 3Be/icHa 10 KiHIIEBOI 1O Mapamerpy m —
mopsimok cucremu. Ilpu 7 =60 cm mapamerp m=6, npu 7 =20 cM mapamerp
m=10. Mexi iHTerpyBaHHS I 3aJaHUX TIpaHWMYHUX (yHKUid Oymm [-1,1].
OOuucrieHHs 1HTerpajiiB BHKOHAaHO 3a JOMOMOrOK KBaJpaTypHHX (opMyl
®inona ta Cimncona. ToYHICTh BHKOHAHHS TPaHUYHUX YMOB IIPU BKa3aHUX
3HAYEHHSX TeOMETPHYHUX mapameTpis 107,

HamnpyxeHuii cTaH Ha MOBEPXHI IMIIHAPUYHOI MOPOKHUHH B IUIONHHI z = 0

TS BapiaHTiB, Koiau 4 =60 cMm Ta i =20 cM mpencTaBicHU Ha puc. 2.

[Kevien’] (ew/en?] 7 =60cm.
-0.25 — 0.08 —
h|=60cM. " —1
0,27 - 0,07 >—7

029
s \ / 0,06
033 _ \ |/ 0.03 boc A\\ /

==
Il

h|=20cwMm. \ /
035 0.04
-0.37 0.03
-0.39

0.02
0 w4 w2 3n/4 T Sm/46mi4Tm/4 2 0 w4 w2 3n/4 m 54 6m/i4Tm/42n

(2) 6

[Ker/em?] [Ker/em?]
-0,06 A 0.03
- CM.
0,07 - 0.02 / \\
0,08 001

|
-0.09
0 y t\< —
0.1 \
/ -0,01
0,11 =
i =pock. \[/
0,12 -0.02 =
’ h 520¢ \/
-0,03
0 w4 m/23m/4 w Smi46m/4Tm/42n 0 /4 m/i23m/4 m Sm/46m/4T/42n
(8) )
Puc.2. Hanpy»xeHuit cTaH Ha OBEPXHI LHIIHAPUYHOL TOPOXKHUHH:
(@~ G (6)= Oy (8)— G 1 ()~ Ty

[

-0.13
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HopMaibHi Harpy»keHHsI Ha TIOBEpXHI IHITIHAPUYHOT ITOpoxkHUHE (puc. 2 (a),
(0), (B)) MatoTh eKCTpeMallbHI 3HaYE€HHS HABIIPOTH MEX 1apy (1/2, 6m/4), ta npu
HaOJIIKEHHI [IUX MEX JI0 HWIIHAPUIHOI MOPOKHUHHU HATIPYXKEHHSI 3pOCTAI0Th.

)IOTI/I‘IHI HaIllpy>XCHHA Tp(p Ha TIOBCPXH1 MOUIIHAPHUYHOl TOPOKHUHU

(puc. 2 (r)) TOpIBHIOIOTH HYIIIO HABIPOTU MEX miapy (1m/2, 67/4), ekcTpeMaibHi
3HA4YEHHsI BUHHUKAIOTh pHu ¢=571/16, ¢p=111/16, p=217/16 ta ¢=271/16 (Tabmn. 1,
Ta6m. 2). [Ipu HaOMIKEHHI MEX Iapy 10 LWIIHAPUYHOI ITOPOXHUHH IOTHYHI
HaIpYXEHHS 3pDOCTaIOTh.

Tabnums 1

JloTiuHi HAPY)KEHHS T, (xH/cM?) Ha moBepXHi LHUTiHAPa TpH h =60 cm

¢ 0 /16 | 2n/16 | 3w/16 | 4n/16 | 5n/16 | 6m/16 | 7n/16
T | -0,0014 | -0,0021 | -0,0027 | -0,0031 | -0,0033 | -0,0030 | -0,0023 | -0,0013
0] 8n/16 | 9n/16 | 10m/16 | 11n/16 | 12n/16 | 137/16 | 14n/16 | 157/16
0,0000 | 0,0013 | 0,0023 | 0,0030 | 0,0033 | 0,0031 | 0,0027 | 0,0021
(] 16m/16 | 17n/16 | 18%/16 | 19%/16 | 20m/16 | 21n/16 | 227/16 | 23w/16
0,0014 | 0,0008 | 0,0002 | -0,0002 | -0,0005 |-0,0006 | -0,0005 | -0,0003
¢ | 24n/16 | 257/16 | 26w/16 | 27w/16 | 28n/16 | 297/16 | 307/16 | 31w/16
T, | 90,0000 | 0,0003 | 0,0005 | 0,0006 | 0,0005 | 0,0002 | -0,0002 | -0,0008

Tabmuis 2

JloTHuHi HAPY)KEHHS T, (xH/cM?) Ha moBepXHi LUTiHAPa TpH h =20 cm

¢ 0 n/16 | 2n/16 | 3nw/16 | 4n/16 | 5n/16 | 6m/16 | Tn/16
Ty | 0,0085 | 0,0047 | 0,0018 | -0,0002 | -0,0015 | -0,0020 | -0,0018 | -0,0010
[ 8m/16 on/16 | 10n/16 | 11w/16 | 12n/16 | 13n/16 | 14n/16 | 157/16
Too 0 0,0010 | 0,0018 | 0,0020 | 0,0015 | 0,0002 | -0,0018 | -0,0047
() l16n/16 | 17n/16 | 18n/16 | 197/16 | 20m/16 | 21n/16 | 22w/16 | 237/16
Ty | -0,0085 | -0,0131 | -0,0183 | -0,0235 | -0,0275 | -0,0284 | -0,0242 | -0,0141
() 24m/16 | 25n/16 | 26m/16 | 27w/16 | 28w/16 | 29w/16 | 30m/16 | 317w/16
Too 0 0,0141 | 0,0242 | 0,0284 | 0,0275 | 0,0235 | 0,0183 | 0,0131
Haii0inpiri  1OTHYHI  HaNpy>KEHHs

T,, Ha MOBEPXHI LMIIHAPHYHOL IIOPOXK- [Ket/em?2]

HHMHH B3JI0BX OCi z BUHUKAIOTh IpU (=0 g=gj

Ta IPU G=T Ta € MAKCUMAJIBHUMH IIPU 002

BiJylaNieHuX Mexax mapy. [lpu Habnu- 0.00

KEHHI MeX Imapy 0 IMWIiHIPUYHO] 0,02

NOPOKHUHH T, 3MEHIIYETbCA. JloTHuHi -0,04
-0,06

HanpyXeHHd T, npu ¢=0, h =60 cum 30 20 40 0 10 20 30[cu]

pz
TpesIcTaBIIeH] Ha puc. 3. '
Ha nepemnﬁKaX MisK HI/IJ‘IiHZ[pOM Ta Puc. 3. HanpyxenHs sz Ha MOBEPXHi

MexamMu miapy (B3OOBX oci y) B LAIHAPHYIHOT TOPOKHHHM
B3JIOBK OCi z 1ipu ¢=0
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60 50 40 30 20 -10 0 10 20 30 40[w]  IUIOUIMHI z=0 HATPY/KEHHS
0.00 e = — )
0.05 7 = 60cy. | 1Ty O, TpencTaBleHi  Ha
0,10 \ h =60cmi—x - 2{) puc. 4.
= CM. . -~
015 8 Bincrans 4 Mae BIIUB

10 6% Ha HaPYXEHHS O,

Ha MepenmiKky  MiX

0,20 \\
025 A\
A

s il=206x. | LWIWIHIPOM Ta BEPXHBOIO

035

0.35 ) Mexero mapy (tabm. 3).

-0,40 o .

Kev/en?] Haii0inpmmii BILTHB
Puc. 4. HanpyxenHs G, B3JIOBX oci y B monwHi z = 0 BiJICTaHI h

CIIOCTEpIraeThCsl Ha MEXi
mapy (y=40 cm).
Tab6murst 3

=10 y=15 =20 y=25 =30 y=35 =40

B =60cm | 02873 | -0,1173 | -0,0568 | -0,0331 | -0,0225 | -0,0171 | -0,0133

h=20cm | 02871 | -0,1172 | -0,0570 | -0,0336 | -0,0232 | -0,0179 | -0,0141

pi3HULS 0,05% | 0,09% | 0,35% 1,51% | 3,11% | 4,68% 6,0%

CyTTeBUi BIUIMB BiACTaHb / Mae€ Ha IMEpPEmMHOK MiX IIIIHIPOM Ta
HIDKHBOIO Mexketo mapy (puc. 3, —60<y<-10), ne HampyxeHHS Ha TOBEpPXHi

TiHApUYHOi mopoxHuHH (=10 cM) 1IpH h =60 cM cTaHOBUTH Cp=—

0,2818 KH/CMZ, pu % =20 cM CTaHOBHTH G =-0,3677 kH/cm?. Ha mwkHil Mexi
apy npu h =60 cm 6,=0,0040 kH/eM?, ipu 7 =20 cm c,=0,1312 kH/em?.

HamnpyxeHHs G, Ha nepemmiikax MiXk HWIIHAPOM Ta MeXaMH apy (B3I0BK

®
oci y) B miomuHi z = 0 pecTaBiIeHi Ha puc. 5.

P13HI/IIJ,H B HaNpYXCHHAX G(p Ha JIIH11 TNEpeHIMUKa MDK HWIHIAPOM Ta

BEPXHBOIO MEXKEIO IIapy B 3AJIGXKHOCTI BiJ BiZICTaHI /i CTAaHOBUTH MOJCKYIU O

175% (ta0m. 4).
Tabmuig 4

=10 y=15 =20 y=25 =30 y=35 =40

B =60cm | 0,0738 | 0,0315 | 0,0141 | 0,0064 | 0,0019 | -0,0019 | -0,0068

F=20cm | 0,0733 | 0,0303 | 0,0128 | 0,0051 | 0,0007 | -0,0030 | -0,0076

pi3HULS 0,7% 3,96% | 10,15% | 25,49% | 174,4% | 57,89% | 11,76%

Ha mepemmiiky MiX IDUTIHAPOM Ta HW)KHBOIO MeEXEw Imapy (puc.S) 3i

3MEHIIEHHSIM BIJICTaHI /i HampyXeHHS O, Ha IOBEPXHI IWIIHIPUIHOI

®
MIOPOXKHUHU 3MEHIIYETHCS: TIPHU =60 cm 6,=0,0761 kH/eM?; mipu 7 =20 cm
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G, =0,0299 «H/ev?. Ha , 10-60 50 40 30 20 -10 0 10 20 30 40 [cm]
HIDKHIHE Mexi mapy 3i 0.08 = L
. e h =|60cM. \
3MEHIIICHHSIM BimcTani /i 0ils N/ \
0.04 V-
HaNMpyXeHHA G, 3Ha4YHO / K =60cm
® 0,02 . /

: |_o— _f "l\ Y
301IBLIYIOTHCSL: npH 0,00 7 e
> -0,02 = /

h =60 cm Gq) :—0,0021 004 h= QOCMff h =20cm
kH/em®; mpu  h=20cm 006 lr
2 -0,08
6,=0,0706 xH/cm”. [Kev/em2]
Hapr>I<eHHH O, Ha Puc. 5. HanipyxenHss O, B30BXK OCi y B IJI0IUHI z=0
py ® y
nepemnnkax MIXK
LWTHAPOM Ta MekKamu 00 60 50 40 30 20 -0 0 10 20 30 40 [em]
mapy (B3ZOBXK oOci )) B 0=00 N L [ 7 5]60em
wiomw i =0 7 = 60cm—\ | [k v
HpeJcTaBlIeHi Ha puc. 6. 008 o 7i=20dm.
Ha HanpyeHHs G, Ha 0:06 f )
MePEIUiKyY MK o { ¢
IUITIHAPOM Ta BEPXHBOKO 4
MeXelo Iapy BifCTaHb /i 012 h =20cm.
Ma€ BIUIMB MOJeKy:n y 4 014 .
pasu (Tabi. 5). (w/en]

Puc. 6. Hanpyxenns O, B3J0BX 0Ci y B IuIoumHi z = 0

Tabmurs 5

=10 y=15 =20 y=25 =30 y=35 =40

7 =60 cm | -0,0749 | 0,0048 | 0,0056 | 0,0029 | 0,0004 | -0,0025 | -0,0072

B =20cm | -0,0748 | 0,0047 | 0,0054 | 0,0026 | 0,0001 | -0,0029 | -0,0076

pi3HULIS 0,13% 2,1% 3,3% 11,5% 300% 16% 5,55%

Ha mepemmiiky MiXk HWIIHAPOM Ta HIKHBOIO MeXer mapy (puc.6) npu
7 =20 cm Hapy)KeHHA G, He TIAbKM 3HauyHO OLblII 3a 3HAYECHHAMH B
MOPIBHSAHHI 3 h =60 cM, aje ¥ MaloTh TIOCTiHHI CTHUCKAIOYi 3HAYCHHS
HanpyXeHb. Ha moBepxHI MWIIHApaA MPH h =60 cm c,=0,07198 kH/eM?, mipu
h =20 cm c,=0,11826 kH/cM’. Ha mmkHili Mexi mapy npu h =60 cm
6, =0,00215 kH/cm?, ipn 7 =20 em o, =0,07063 kH/cm.

HopMaibHi HanpyXeHHsI B3/IOBX OCI X B HWJIIHAPUYHOI MOPOXXHUHU NPH

h =60cM i ipu 7 =20cM MaroTh OJTHAKOBI 3HAYEHHS, SIKi 300pakeHi Ha pUC. 7.
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[Ket/cm?] Hopmanbhi  Hampy-
0.10 JKEHHS B3JIOBX OCI X
0.05 x < MaJjio BIPI3HAIOTHCS Bif
0.00 . HanpyxeHb B3JIOBX OCi
g:}; / _py y npu h =60 cM no
o5 - oy HATPAMKY /0 HHXKHBOI
020 - G, Mexi mapy. 3 IOro
005 MOKHa 3pOOHMTH BHCHO-
00 BOK MpO Te, IO MpH

10 20 30 40 50 60 [cm] po3TairyBaHHi Mexi
1Iapy Ha BiJICTaHi MoHaJ
60 cMm (R/h<0,16) miero
MEXEI0 MOXKHAa 3HEXTY-

Puc. 7. HanipyxeHHs Gy, Oy, O B3IOBX oci x B mIonmHi z = 0

BaTH Ta PO3PaxOBYBATH LIAp SIK MIBIOPOCTIp.

BucnoBku. 3a nomomororo ysarajgbHeHOro merony Pyp’e pospobieHuit
aHAJIITUKO-YMCEIbHUI aJrOpUTM pO3paxyHKy APYrol OCHOBHOI 3ajadi Teopii
MPYXKHOCTI (Ha YCIX TPaHUYHUX MMOBEPXHAX 3aJaHi MepeMilleHHs) ISl Imapy 3
LT HIPUYHOIO TOPOXKHUHOIO, SIKa PO3TAIIOBaHA MapalielIbHO TOBEPXHSM ILapy.
3amaya 3BeeHA J0 CYKYITHOCTI HECKIHYCHHMX CHCTEM JIIHIHHUX aareOpaidHux
PIBHSHB.

UucnoBi  mocmijpkeHHst  anreOpaidyHoi  CHCTEMHM JalOTh  MOKIIMBICTB
CTBEPJDKYBATH, IO 11 PO3B’SI30K MOXe OYyTH 3 Oy/Ab SKOI CTYIIHHIO TOYHOCTI
3HaleHo MeronoM peaykuii. lle miaTBEpIKYeETbCS BHCOKOIO TOYHICTIO
BUKOHAHHS TPAHUYHHUX YMOB.

HaBeneni rpadiku Ta TaObmuii Mar0Th KapTHHY PO3MOIUTY HANpYXeHb Y
HAMOUIBII IIKAaBUX 30HAaX — Ha IIOBEPXHI WMIIHAPUYHOI MOPOKHMHU Ta Ha
nepenmikax MK TMOPOXKHHUHOI 1 Mexamu mapy. [IpoaHanizoBaHo BILIHB
BiJICTaHI MK MEXaMH Iapy Ta IMTIHAPHYHOI MOPOKHHHOIO Ha HAIPY>KEHHH
CTaH Tina.

[Nopanpmmii pO3BUTOK I[LOI'O HANPSMKY MOXKJIMBUI B 30UIBIIEHH]I KiTBKOCTI
LWITIHIPUYHUX TOPOXKHUH a00 po3paxyHKy 3afadl 3 IHIIUMH KpadOBUMH
YMOBaMH.
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Miroshnikov V.Yu.
THE STUDY OF THE SECOND MAIN PROBLEM OF THE THEORY OF ELASTICITY
FOR A LAYER WITH A CYLINDRICAL CAVITY

The stress - strain state of a layer with a cylindrical cavity was investigated, when displacements
are set at the boundaries of the layer and at the boundary of the cavity. On the cavity and on the
boundaries of the layer, displacements are given.

The solution of the spatial problem of the theory of elasticity is obtained by generalized Fourier
method in relation to the system of Lamex equations in cylindrical coordinates connected with the
cylinder, and Cartesian coordinates associated with the boundaries of the layer. Infinite systems of
linear algebraic equations obtained as a result of satisfaction of boundary conditions, solved by the
truncation method. As a result, movements and strains were obtained at different points of the elastic
body.

Numerical studies of the algebraic system of equations give grounds to assert that its solution can
be found with any degree of accuracy by the method of reduction, which is proved by the high
accuracy of the implementation of boundary conditions.

A numerical analysis of the stress - strain state of the body at various distances from the
cylindrical cavity to the boundaries of the layer is carried out.

The greatest normal stresses occur on the surface of the cylindrical cavity and on the isthmus
between the surface of the cylindrical cavity and the boundaries of the layer. As the boundary
surfaces approach each other, the stresses increase.

The greatest tangential stresses T, arise on the surface of the cylindrical cavity at ¢ = 5/ 16,

pe
¢=11n/16,9p=21n/16 and ¢ = 27 / 16, and with the approximation of the boundary surfaces to

each other the stress T 0 increases.

The greatest tangential stresses T, arise on the surface of the cylindrical cavity along the z axis

pz
at @ = 0 and at ¢ = . When the boundaries of the layer approximation the cylindrical cavity Tpz
decreases.

The given analysis and algorithm of calculation can be used in the design of constructions, in the
calculation schemes of which there is a layer with a cylindrical cavity and specified on the boundary
surfaces by displacements.

Keywords: cylindrical cavity in a layer, Lame's equation, generalized Fourier method, infinite
systems of linear algebraic equations.

Mupownuxoe B.1O.
HCCJEIOBAHUE BTOPO OCHOBHOWM 3AJIAYM TEOPUU YIPYIOCTH IJIs
CJIOSI C HUJIUHAPUYECKOM MOJOCTHIO

VccnenoBaHo HaNMpsDKEHHO - 1eOPMHPOBAHHOE COCTOSHUE CIIOSL € LIIIMHPHYECKO MOJIOCTBIO,
Korjga Ha rpanunax CJ1os )54 Ha rpaHuLe ITOJIOCTH 3aJIaHbI NNEPEMEIICHHUS. PCLLICHI/IC
NPOCTPAaHCTBEHHOW 3a/Ja4Ml  TEOPUHM YIPYrOCTH MOJIY4eHO OO0OOIIEHHBIM MeronoM Dypbe
OTHOCHUTCJIBHO CHCTEMBbI ypaBHeHl/lﬁ HaMe B UHUWIMHAPUYECCKUX KOOpAHWHATAX, CBA3AHHBIX C
HWIMHAPOM, U ACKAPTOBBIX KOOpAWHATaX, CBA3AHHBIX C I'PAHHLAMU CJIO. ECCKOHC'-{HI:IC CHUCTEMBbI
JIMHEHBIX aJre0panveckux ypaBHEHHH, [ONY4YEHHBIC B PE3yJbTaTe YAOBICTBOPCHMS TPAHHYHBIX
YCJIOBUH, PEIIEHO METOJIOM yceueHus. B pe3ynbrare OblIM MOTYyYEHbl IEPEMELIECHNS 1 HAPSDKEHUS
B Da3NMYHBIX TOYKAaX ympyroro tena. IIpoBeneH aHamn3 HAOPsDKEHHO - AehOPMHPOBAHHOIO
COCTOsIHMA TE€J1a IPH PA3JIMYHBIX PACCTOAHUAX OT Lll/lJ'Il/lHLlpl/l’-lCCKOi;I ITOJIOCTHU 0 I'paHul1] CJIOs.

KiroueBble ci10Ba: [WIMHAPUYECKas: MOJOCTh B Clloe, ypaBHeHus Jlame, 000OIEHHBIH METOx
Dypbe, 0ECKOHEUHBIE CHCTEMBI JIMHEHHBIX aare0pandeckux ypaBHEHHH.



90 ISSN 2410-2547
Omip marepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

VK 539.3
Mipowmnixoe B.FO. Jlociim:keHHs1 APyroi OCHOBHOI 3aiadi Teopii mpykHocTi ajsi mapy 3
IHJIIHAPUYHOK NOPOoKHUHOW // Omip MatepianiB i Teopis cropyn: Hayk.-rexH. 30ipH. — K.:

KHVYBFA, 2019. — Bun. 102. — C. 77-90.

Locrioceno nanpysceno — 0epopmMosanull Cman wapy 3 YUIHOPUYHOIO NOPONCHUHOIO, KOIU HA
MeACax wapy ma Ha Mevuci NOPONICHUNY 3A0aAHT NePEMIUYeHHSI.
Tabu. 5. L. 7. Bi6miorp. 19 Hass.

UDC 539.3
Miroshnikov V.Yu. The study of the second main problem of the theory of elasticity for a layer
with a cylindrical cavity // Strength of Materials and Theory of Structures: Scientific and technical
collected articles. - Kyiv: KNUBA, 2019. - Issue 102. - P. 77-90. — Ukr.

The stress - strain state of a layer with a cylindrical cavity was investigated, when displacements
are set at the boundaries of the layer and at the boundary of the cavity.
Tabl. 5. Fig. 7. Ref. 19.

YK 539.3
Mupownuxos B.FO. UccienoBanne BTOPOii OCHOBHON 3alauM TEOPUH YNPYIOCTH ISl CJI0S C
IHJIHHAPHYECKOH 1M010cThI0 / CONMpPOTHUBIICHHE MATEPUAIOB U TEOPHS COOPYXKCHHUM: HAYY.-TCXH.
coopH. - K.: KHYCA, 2019. - Bei. 102. - C. 77-90.

Hccneoosano nanpsicenno - 0egpopmupogannoe cocmosue cos ¢ YuauHOPUYeckol no1ocmolo,
K020a HA 2paHuyax clos u Ha epanuye NOIOCMu 3a0aHbL NepeMeujeHus.
Tab6n. 5. V. 7. bubnuorp. 19 Ha3s.

ABTOp (BUeHa CTyneHb, BUeHe 3BaHHS, Mocana): Kanoudam mexniunux HAyK, Ooyenm, OOyeHm
Kagheopu 6ydisenvHoi mexaHiku XapKiecbKo20 HAYIOHAIBHO2O YHieepcumemy OyOigHUymMea ma
apximexmypu Mipowmnixoe Bimaniti FOpiiiosuu

Anpeca podoua: 61002, Vkpaina, m. Xapxie, eya.Cymcvka 40, Xapxiecokuii HayionanibHul
yHisepcumem 6yoienuymea ma apximexmypu, Mipowmnixosy Bimaniio IOpiiiosuuy

PoGounii Tes.: +38 057 7062063

Mooinbnuii. Tea.: +38 067 7893333

E-mail: m0672628781@gmail.com

ORCID ID http://orcid.org/0000-0002-9491-0181



ISSN 2410-2547 91
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2019. Ne 102

VK 693.546

JTUHAMIYHHU AHAJII3 POJIMUKOBOI ®OPMYBAJIBHO{
YCTAHOBKH 3 KPUBOILIUITHO-IIATYHHUM ITPUBIJTHUM
MEXAHI3MOM

B.C. Jlogeiikin’,
JI-p TEXH. HayK, npodecop

K.I. ]'lotmaz,
KaH/. TEeXH. HAyK, JOLEHT

10.0. Pomacesuu’,
JI-p TEXH. HayK, IOL[EHT

0.B. Mouxka®

'Hayionansnuii ynisepcumem Giopecypcis i npupodokopucmyeanns Yipainu,
eyn. I'epoie Oboponu, 15, m. Kuis, Ykpaina, 03041

2 . o . o . . . .
Kuisecvruil hayionanvnuil ynisepcumem 0yoignuymea i apximexnypu
Hosimpogromcokuii npocn., 31, m. Kuis, Yxpaina, 03037

DOI: 10.32347/2410-2547.2019.102.91-108

Jlnst ponkoBoi (hOpMYBaNIbHOI YCTAHOBKU 3 KPHBOLIMITHO-IIATYHHUM MPUBITHAM MEXaHI3MOM
PO3paxOBaHO HABAHTAXKCHHS B €JIEMEHTAX 1i KOHCTPYKIII Ta MPUBOAY, BU3HAYCHO (PYHKIIIO 3MiHH
HEOOXITHOro KPyTHOTO MOMEHTY JUlsl 3a0e3IedeHHs MpoLecy YINIIbHEHHS BUPOOIB 3 OyIiBelbHUX
CyMilllell i3 BpaXyBaHHIM JMCHIIALIl IPUBITHOrO MexaHi3My. BCTaHOBIGHO 3aJIeKHICTH MOMEHTY Y
My®dTi IpUBOAY BiX BEIMYMHHU KoedilieHTa aucunanii, po3paxoBaHo (yHKUIT 3MIHU KiHEMaTHYHUX
XapaKTepUCTHK YCTAaHOBKM IPH PI3HUX 3HA4YCHHAX KoediuieHTa [gucHnanii, BH3HAYCHO
PEKOMEH/I0BaH| BEIMYNHHU KOPCTKOCTI Ta KoedillieHTa AucHmanii.

KuarouoBi ciioBa: ponnkoBa GopMyBajibHa YCTaHOBKA, MPUBIAHMN MEXaHi3M, 3yCHILISI, MOMEHT,
JKOPCTKICTh MPUBOLY, AUCHIIALIIS.

IMocranoBka 3amaui. B ycraHoBkax  ponukoBoro  QopmyBaHHS
3aJ1i300€TOHHUX BUPOOIB i Yac iXHHOI POOOTH BHHUKAIOTH 3HAYHI JTUHAMIYHI
HAaBaHTa)XEHHS B €IEMEHTaxX NPUBOAHOIO MeXaHi3My Ta B elleMeHTax
¢dopmyBanbHuX Bi3KiB [1-14]. He3Bakarounm Ha JOCHUTH IUPOKE JOCIIIKEHHS
TEXHOJIOTIYHOTO Tpo1iecy (dhopMyBaHHS 3aJ11300€TOHHUX BHPOOIB
0e3BiOpaliiiHUM poiaMKOBHUM MeTonoM [1-4], moremep He Oyno IOCHTiKEHO
IUHAMIKY pyXy (opMyBasbHOro Bi3Ka Ta i BIUIMB Ha mpouec (OpMYBaHH:.
Maiio npualIsAIOCh YBard pexxumaM pyxy (POpMYBaJIbHOTO Bi3Ka Ta 3YCHILISIM,
10 BUHUKAIOTh B €IEMEHTAX IMPUBOJHOTO MEXaHI3MY.

Orasa nyOmikamiii. B icHylOUMX TEOpETHMYHHX Ta EKCHEPUMEHTAIBHHUX
JIOCHI/DKEHHSIX MAIllMH  POJHMKOBOTO (hOPMYBaHHS 3ai300€TOHHUX BHpPOOIB
OOTpYHTOBAHO iXHI KOHCTPYKTHBHI MapaMeTpH Ta NPOAYKTHBHICTH [1-4]. Pazom
3 THM HEIOCTaTHhO YBard NPHUAUIEHO JOCTIDKEHHIO MiIOYMX JAWHAMIYHHX
HaBaHTa)XEHb Ta PEXKHMIB PyXy, 110 B 3HA4HIA Mipi BIUIMBaE Ha pPOOOTY
YCTaHOBKH Ta SIKICTh roToBOI mpoaykii. ITix yac mocTiiiHuX mycKoraabMiBHHUX
PSKUMIB pyXy BHHHUKAIOTh 3HAYHI AMHAMIYHI HABAaHTAKEHHS B eJleMEHTaX
MPUBOJAHOTO MEXaHI3My Ta B eleMeHTax (OpMYBAJIBHOTO Bi3Ka, IO MOXeE
MIPU3BECTH A0 TEPEeIUYacHOro BHUXOAY YCTaHOBKM 3 nany [1-6, 9-11]. Tomy

© Joseiixin B.C., Touka K.I., Pomacesuu F0.0., Touxa O.5.
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aKTyaJIbHOIO € 3a/iada JIOCHi/DKEHHS JUHAMIYHUX HABaHTa)XEHb B €JIEeMEHTax
ycraHoBkH. B pobGorax [12, 14] Bu3Hauanuch HaBaHTaXXEHHS B EJIEMEHTaX
PONMKOBHX (POPMYBaJIbHUX YCTAHOBOK, OJTHAK IPU I[bOMY He OYJIO BpaxoBaHO
YKOPCTKICTh Ta KOe(illi€HT AUCHTIAL] TPUBOJHOTO MEXaHI3MY.

Meta po6oru. Meroro JaHOi pOOOTM € BH3HAYEHHS HABaHTa)XEHb B
eJIeMEHTaX pPOJUKOBOI (hOPMYBAILHOI YCTAaHOBKH 3 KPHBOIIHUITHO-IIATYHHUM
MIPUBIAHUM MEXaHI3MOM i3 ypaxyBaHHIM >KOPCTKOCTI Ta Koe(ilieHTa aucunarii
repeaBaibHOrO MEXaHi3My.

Buknax ocHoBHOro Mmartepiajy mochaimxkenns. PomukoBa QopmyBanbHa
ycTaHoBKa (puc. 1) ckiamaeThes 3 (popMyBalIbHOTO Bi3Ka 1, IO Yepe3 MIapHipHO
3’€HAaHUA 3 HUM IIaTyH 2
NPUBOAMUTBCS 10  3BOPOTHO-
MOCTYNANBHOTO  PyXy  BiI
KpHUBOILIXIIA 3, SIKMH
3aKpilUieHHid Ha TPUBITHOMY
Baiy 4. DopMyBaJbHHUH Bi30K
3MOHTOBaHMH B  HAIPSMHHUX
pyxy 5 Ha moprami 6. Ilpu
3BOPOTHO-ITOCTYNAIILHOMY pYCi

4 32 9 5 1 8 7 8

I~ 1= .
(hopMyBaJIBHOTO Bi3Ka 1
Puc. 1. PonmkoBa GpopMyBanbHa yCTaHOBKA GeTOHHA CyMiIJ_I 10 TOCTYTIae
3 KPUBOUIMITHO-IIATYHHUM IIPUBOJIOM . ’
13 CCKIIl1 IoJaBaJIbHOI'O

OyHKepa 7, monajae mija ykouyBajibHi ponuku 8. @opMa 9 pu bOMY pyXaeThest
MEPIICHAUKYIAPHO pyXy (opMyBaJbHOrO Bi3ka | 1 3HAXOAWTHCA Iif
YUIUTBHIOIOYMMH POJUKAMH.

[puctpiii BCTaHOBIIOETbCS TaKUM YHHOM, IO MiJ| TIOPOXKHHUHOIO (opMu
3HAXOJUTHCS JIUIIE YacTHHA pobodoro opraHa. Cymiml mpu IbOMY 3allOBHIOE
nopoxxHuHY (hopmu. Koim piBeHb cyMmili gocsarae piBHS pOJIHKA, SIKUH 3/1HCHIOE
3BOPOTHO-ITOCTYMAIBHAN PYX, MOYHHAETHCS HOTO B3aEMOIIS 3 CYMIIIIIO, TOOTO
mporiec ymasHeHH:. [1o Mipi pyXy (GopMu CyMilll cTa€ BCe OLTBII IMIUIBHOIO 1
morpebye MeHIIOro o00’e€My TijJ TOBepxXHEH pobouoro oprana. IIporec
YIIUTBHEHHSI TIPOIOBXKYEThCS O TUX IIip, IMOKM KO)KHA TMOBEpXHS BUPOOYy He
MIpO¥iie TOBHUI MK YIIUTbHEHHSL.

[Tix wac poboTH poJHMKOBOI (HOPMYBaJbHOI YCTAHOBKH 3 KPHBOLIMITHO-
LIATYHHUM TIPUBIIHUM MEXaHI3MOM B €JIeMEHTaX MepeJaBaibHOr0 MeEXaHi3My Bijl
€JIEKTPO/IBUTYHA JIO KPHUBOILIMIA BHUHUKAIOTH 3HAYHI AMHAMIYHI HABaHTAXKEHHS,
SIKI TIPU3BOISATH JIO MEPeIYacHOr0 PYHHYBAHHS €IEMEHTIB KOHCTPYKLIi TPUBOLY.
Jis mocmiJDKEeHHST IUMX HaBaHTaKEHb BUKOPUCTAEMO IBOMACOBY AWHAMIYHY
MOJIETIb POJIMKOBOI (pOpMYBaJILHOI yCTaHOBKM (puc. 2). B miit mozmerni mpuitHsTI
Taki MO3HaueHHA: M, — pymiidHHA MOMEHT Ha Baly IIPUBIJHOTO

€JIEKTPOJIBUTYHA 3BEJCHUN J0
oci  TIOBOPOTY  KPHWBOIIMIIA;
M, — MOMEHT BiJl CHJI OHOpY INepeMilleHHs (OpMyBaJIbHOTIO Bi3Ka 3 YKOUY-
BaJIbHUMH POJIMKaMH, 3BEIICHUH 10 OCi MOBOPOTY KpHuBoMMUIA; J,, — 3BEICHUN
JI0 OCi TOBOPOTY KPHMBOLIMIIA MOMEHT IHEpLil poTopa eJeKTPOABHUIYHA Ta
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eJIEMEHTiB MpHBiTHOrO MexaHisMy;, J,, — 3BeleHHH 1O oci TOBOpPOTY
KPUBOIIUIA MOMEHT iHepwii (opMyBaIbHOTO Bi3Ka Ta KPHBOIIMITHO-IIATYHHOI'O
MeXaHi3My; ¢ — KOe(illi€HT KOPCTKOCTI IPHBITHOTO MEXaHi3My, 3BEJCHHUH 110

0Cl IIOBOPOTY KPUBOILMIIA; (; Ta ¢, — y3arajlbHEHi KOOPAUHATH 3BEICHHUX Mac
Jy1 Ta J,, BINOBiTHO.

3BeeHUT MOMEHT iHepuil MNPHUBIJHOTO MEXaHI3My MOKHAa BH3HAYUTH
HACTYIHOIO 3aJIEXHICTIO:

_ 2

Ju=p+Jy)6-u”, (1

Ae J, Ta J, — MOMEHTH iHepuii ABMryHa i My(TH, WO 3’€Hye Bal ABMIyHA Ta

BXiZIHMI BaJl pPeIyKTOpa BINNOBINHO; & — KOE(DII€HT, IO BPaxOBYyE MOMEHTH

IHepIIii eJIEMEHTIB PeAyKTOpa, 3BEACHNUX JI0 Bajla IBUTYHA; U — IIePEeJaTOYHE YHCIIO

pemyKTopa.

3BeneHU MOMEHT iHepuii J_ , BU3HAYUMO 3 APYroi YaCTUHU MeEXaHi3My
(puc. 3), sKka MICTUTh KPHUBOIIUITHO-IIATYHHUH MeEXaHi3M 3 (QopMyBaJIbHUM
BiskoM. [Ipu npoMy Macy matyHa m, IOpPIBHO MOJIIMMO B Toukax 4 Ta B.
Toni MoMeHT iHep1iT KpUBOIIKITA Oy/1e BU3HAYATHCS 3AJIEKHICTIO!

m
Jo=JL +— 2 )
2
a Maca Bi3ka OyJie JOpiBHIOBATH:

m
mg =mp+—L. 3)
2
Tyr m, — Maca miatyHa, mj — maca (HOPMYBaIbHOTO Bi3ka; J, — MOMEHT
iHepIlil KPUBOIIKIIA BiJHOCHO BJIACHOI OCi O0OEpTaHHS; » — paliyc KPUBOIIUIIA;

J, — MOMEHT iHepLii KpUBOIIMIIA 3 IOJIOBUHOIO MacH IIaTyHa BiTHOCHO BJIACHOT

oci O6epTaHHH; mp —Maca Bi3Ka 3 MMOJIOBUHOIO MaCH maTyHa.

Puc. 3. Po3paxyHKkoBa cxema poJnKoBoi pOpMyBaIbHOI YCTAHOBKH

3BesieHMt MOMEHT iHepuii J,, BU3HAYMMO 3 YMOBM PiBHOCTI KiHETHYHMX
€HEepriii KPHBOIIMITHO-IIATYHHOI'O MEXaHi3My 3 Bi3koM 7, (muB. puc. 3) Ta
P
APYroro AucKa AMHaMivHOi Mozeni (auB. puc. 2) T, to6t0 T, =T, .

3HaliieMo KiHETHYHY €HEprio KpUBOIIMITHO-IIATYHHOr0 MEXaHi3MY 3 Bi3KOM:
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szé"]x'(i)g-‘_%'mB'xé’ (4)
Je Xg — HIBUJKICTb IIEHTPa Mac (hOpMyBaJIbHOTO Bi3Ka.

OCKIJIBKM BI30K PYyXa€Tbcsi MOCTYMalbHO, TO yCi HOro TOYKHM MaroTh
OfHAKOBY MIBHIKiCTb. ToMy MOXHAa MNpPHHHATH, IO X =Xpz. Bupasumo
LIBHIKICT TOYKM B yepe3 KOOpAMHATY KPHUBOILIMIIA Ta il MOXiAHY 32 YacOM.
JIJ1 IbOTO CKOPHCTAEMOCH 3aJIEXKHICTIO:

. .oox
ip=¢y 2. (5)
00,
Toni 3anexHicTb (4) Oyne MaTH BUTIIS;
2
1 . 2 6xB
T,=—-¢5|J+mg-| —| |. 6
LR ) B 50, (6)
Kinernuna eHeprist Apyroro Aucka (IUB. pHC. 2) BUPAXKAETHCS 3AIEKHICTIO:
1 .
TM=5.JH2.(I)§' (7)
[pupiBHioouM 3anexxHocTi (6) Ta (7), OyaemMo Matu:
1 . 2 ox 1 .2
i T Ama | =B == T 02, 8
5 Py ST g 50, 5 Un2 P (®)
3 piBHsAHHSA (8) oTpUMYyEMO:
2
0
Juy=Jy+mpe| L] ©
00,

Jlns BU3HAYEHHS 3BEICHOIO0 MOMEHTY CHMI omnopy M, , CKOPHCTAEMOCH
CXeMOoIo (IuB. puc. 3), HA sKid NPUHUHATI Taki MO3HAYeHHS: F — 3yCHWUIA B
IIaTyHi, SIKE HEOOXITHE JJIA MOMOJIAaHHS CHJI OIOpY, IO JIFOTh Ha BI3OK; B —
KyTOBa KOOpJMHATA, SIKa BH3HAYa€ TOJIOKEHHS MIaTyHa BiJIHOCHO MOPU30HTAIL;
Fy,, Fy, — ropu3oHTabHi CUIH B3a€EMOJil YKOUYBaJIbHHUX POJIHKIB 3 GETOHHOIO
cymimmmo; Ry, Ry — BepTUKaNbHI CHJIi B3a€MOJil YKOUYBaJbHUX POJHKIB 3
OeroHHOIO cyMmimmmo; N;, N, — HOpPMajJbHI peakuii HAOPAMHUX PyXy
(popmyBanbHOro Bi3ka Ha HampsMHi ponukd; Fry=Np-foo, Fp =Ny foy
CHJIM TEpTsl HaNpsSMHHUX POJIMKIB MO HANpPSIMHHUX PyXYy (OPMYBaJbHOTO Bi3Ka;
Jup — 3BeIeHMH KOe(IUi€HT TEepTs HANPSAMHUX POIMKIB IO HANPSAMHUX PyXy

(opMyBanbHOrO Bi3Kka; G — cuiia TsHKiHHS (DOpMYBaJIBHOTO Bi3Ka; a, b, p, e —
reOMEeTpUYHiI po3Mipu (opMyBaJbHOrO Bi3ka; D — jgiaMeTp YKO4yBaJbHOTO
poivka; d — miaMeTp HampsSMHOIO POJIUKa; /| — JIOBXKWHA IIATyHA.

Jlns BU3HAuYeHHA peakuiii HampsMHUX PONMMKIB N, Ta N, 1 3yCHWId B

maryHi F  pO3MNITHEMO CTaTWYHy piBHOBary (OpPMYBaJBHOTO  Bi3Ka.
CripoekTyeMO BCi CHIIM, IO IiIOTh Ha BIi30K, Ha KOOpJHMHATHI oci x 1 y Ta
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CKJIaZIEeMO CYMY MOMEHTIB IMX CHJ BIIHOCHO TOouku B (muB. puc. 3), B
pe3yabTaTi 4oro OTpUMAEMO:

Y X=—F-cosB+N, Jup t N2 frp o1+ Fp2=0;
ZY=F'SinB_Nl _N2 _G+R0 1 +R02 =O’

(10)
S My =N (p-b)=Ny (p+h)=Gp=(Ny+N3) fuy S+
+(Fo +£9p e+ Ry (p-a)+ Ry (p+a)=0.
Po3B’s3aBumm cucremy piBHsHB (10), 3HAXOIMMO:
1
= (Ry + Ry = G)- foy + Fy + Fipp | 11
COSB—fHP-SiHB [( 01 02 ) fnp 01 02] ( )
Ny = Ry (b=a— fup d/2)+ Roy - (b+ a= fry-d/2) -

279 1 p 2 mp

—G-(b—fnp-d/2)+F-sinﬁ-(b-p—fnp.d/z)], (12)

Ha ocHoBi 3anexHocTi (11) 3HalizeMO MOMEHT CHJI OIOpY, 3BEACHHH 10 OCi
MOBOPOTY KPUBOIIIHIIA:

M, =F-r-cos(n/2—¢, —B)=F-r-sin(¢p, +p). (14)
Benuunna kyra 3 Moxe OyTH BU3HA4€Ha 3i CITiBBiTHOIICHHS:
r-sing, =/-sinf. (15)
3BiIKH:
B =arcsin(r/l sing, ). (16)
BukopucroBytoun piBHsHHA Jlarpamwka apyroro  pomy,  CKIaneMo

mudepeHIianbai  pIBHSHHS —pPyXy pOJHMKOBOI  (pOpMYBaNbHOI  YCTAaHOBKH,
HPeCTaBIICHOI IBOMACOBOIO TUHAMIYHOIO MOJEIIIIO:

dor or _., ol
dr 0¢; O, o oo, ’
d oT oT oI1
—— ) (17)

. = 0, - s
dt 69, 0@, 0,
ne t —yac; T — KkiHeTwuHa enepris cuctemu; Q, , Q, — y3araibHeHi CHIH, 1110

BIJINOB1AAIOTH KOOPAUHATAM (; Ta (), BiANOBiAHO; [/ — MOTEHIiajbHA EHEPTis
CHCTEMH, sIKa Ma€ BUTJIS:

1 2
H=§'C'((P1—(Pz) . (18)
KineTuuHa eHeprisi CHCTEMH BUPAKAETHCS 3aJICKHICTIO:
2
1 W) 1 axB -2
T=—-J, - o1+—|J+mg-| —=1| |-03. 19
5 1" 5 B (5([)2 J 03 (19)

V3arajnpHeHl CWIM MarOTh BUIIIS:
Q(pl = Mr{] 5 Q(pz = Ml'[2 ’ (20)
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ne M, — pywiiiHu# MOMEHT Ha BajJy IPHBOJHOTO €JIEKTPOJBHUIYHA, 3BEACHUM
JI0 OCi ITOBOPOTY KPHMBOILINIIA, KW BUSHAYAETHCS 32 popmynoro Kitocca:

2'Mkp'u'nn
nl = . (21)
1-¢, -u/w, 4w
Skp 1_¢1 'M/O)O
Tyr M,, — KpuTwdmuii (MakCMMajbHUi) MOMEHT HA Baly TPHBiTHOTO
ENEKTPOIBUIYHA;, u — MEpPENaToYHe YHCIO TMPHUBIIHOTO MEXaHi3Mmy, 1),

KoedillieHT KOpPHCHOI Aii NMPUBIJHOrO MEXaHi3My; ), — CHHXPOHHa KyToBa

IJ_IBI/II[KiCTL poTropa HpI/IBiZ[HOl"O CJIICKTpOABUI'YHA, § — KPUTHUYHE KOB3aHHIA

Kp
CJICKTPOJABUI'YHA, AKC BU3SHAYAECTHCA 3aJIeXKHICTIO:

Sxp = Sy -(k+\/k2 —l) ,

ne A —  KpaTHICTh ~ MaKCHMAJbHOIO  MOMEHTY  CJICKTPOIBUIYHA
(mepeBaHTa)KyBaJbHa 3[aTHICTb [BUTYHA); S, — HOMIHaJIbHE KOB3aHHA
€JICKTPOJIBUTYHA, 1110 BU3HAYAETHCS HACTYITHUM BHPa30M:
o
Tyr ®, — HOMiHaJIbHA KyTOBa IIBUAKICTH POTOpa MPUBITHOTO €IEKTPOIBUIYHA.
B3siBim noxijHi BijJi BUpa3y KIHETUYHOI €Heprii CUCTEMH, OTPHMAEMO:
T . AT, o2 9% O T _ o
Io; 7 ey P T2 99, dp2 " 9P, o

2
dor _; . 9T _ (28| ¢
d18¢1 =Jn1 P15 a(~p2_ JK+mB (a(sz Py,

2 2

dt 0¢, (0]

[Micns migcranoBku BUpasziB (18), (20), (21), (22), (11) Ta (14) B cucremy
piBHsHB (17) oTpumaemo:

2:M-um

11
1—¢1'“/®0+ Skp
Skp 1—([)1'14/0)0

axg V1 . iy xp .
Jﬁf’"g'(ﬁj '(P2+m3'—B'Tf'(P§=C‘((P1—(P2)—

1@ = —C'((Pl—(Pz)a

(23)

~ B LR+ Roa=G) g 4 iy + P J-r-sin +B)



ISSN 2410-2547 97
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

Jnst ponukoBoi (opMyBanbHOI ycraHOBKHM 3 mapamerpamu [4]: r=0,2m;
[ =0,8m ; TOPU3OHTATIbHI CHJIM B3aEMOJii YKOYYBaJIbHHX POJHKIB 3 OETOHHOO
cymimmno  Fy =Fy, =7962H npu 3nilicHeHHI Tpouecy  YIIiJTbHEHHS
(hOpMYyBATBHUM BI3KOM 3 JIBOMa YKOUYBAIBHUMH pojHKamu pagiycom R =0,11u
OyIiBEeNbHOI CyMilli 3 HACTYy[THUMHM XapaKTepHCTHKaMHU: BHCOTa BHUPOOYy —
hy =0,22m , mmpuHa BUpoOy — B =1,164x ; THI CyMilll, IO YIIUTBHIOETBCS, —
JpiOHO3EpHKCTa CyMIlI; BOJOTiCTh OeToHHOI cymimn — W =10%; morpiOHa
WIBHICTE BUPOOY — Ky = 0,98 ; BenMunHa MaKCUMAIbHOIO KOHTAKTHOTO THCKY,
o 3abesneuye ky, =098 npu W =10%, 3a eKcrepuMEHTAIbHUMH JAaHUMH
p=625klla; Ry =Ry, =9740H; my =64ke; mpg=1000ke; fnp =0,008;
D=0,22m; d=0,046m; a=027m; b=037m; p=052m; e=0,21u; maca
Bi3Ka 3 INOJIOBMHOIO Macu ImaTyHa my =1032kxe; G =10124,9H 3a Bupazamu
(11)-(14) pospaxoBaHO Ta mMoOyHOBaHO Tpadikk 3MiHM peaklii HampIMHUX
ponukiB N, Ta N, (puc. 4), 3ycwiid B IaTyHi F (puc. 5) Ta MOMEHTY CUJI OTIOPY
M ., (puc. 6) B 3aJIeXXHOCTI BiJl KyTa OBOPOTY KPUBOLIUIIA.

4500

4000

/\ /\
. 3500 | ~ AN
'§ 3000
£ 2500
2
= 2000
§ 2 1
S 1500 e

1000

500

0
0 T 2n

KyT noBopoty Kpnsowmna, pad

Puc. 4. I'padiku 3minu peakuii Hanpsamuux ponukis N, (1)ta N, (2)

B 3aJI©KHOCTI BiJl KyTa IIOBOPOTY KPHBOLIUIIA

5000
4000

3000

2000

1000

0
-1000

-2000

3ycunna s watyHi F, H

-3000

-4000

-5000

Kyt noopoty kpnsowuna, pad

Puc. 5. I'padix 3mMiHu 3ycniuis B atyHi F B 3aJeKHOCTI Bifl KyTa HOBOPOTY KPHUBOIIHIIA
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3a cepenHiM 3HAYCHHSM 3BEACHOTO MOMEHTY CHII OIOpY 32 IMKI TIOBOPOTY
KPUBOILIMIIA BU3HAUYEHO HOMIHAJBHY PO3paXyHKOBY MOTYXHICTh nuryHa [15]. 3a
MMM JIaHUMH BHOPaHO ACHHXPOHHUH EJIEKTPOIBHIYH 3 KOPOTKO3aMKHEHUM
poropom cepii 4A ocHoBHOro BukoHaHHS 4A132S6Y3 [16] 3 HacTymHUMU
napamerpamu: @, =104,72pao/c, o, =10105pad/c, oy =8716pad/c -
CHHXpPOHHA, HOMiHaJlbHA Ta KPUTHYHA HIBUIKOCTI OOEpTaHHsS pOTOpa IBHUTYHA;
Jp = 0,04x2- M — MOMEHT inepuii poropa aBuryna; M =97,97H - m — myckoBui
MOMEHT; M, =54,43H -m — HOMIHAIBHUA MOMEHT; M, =136,075H -m -
KPUTUYHHI MOMEHT; A = M xp / M, =2,5 — BIIHOIIEHHI KPUTUYHOTO MOMEHTY

no HoMiHambHOro; s, =0,035 — HOMiHalbHE KOB3aHHS EJIEKTPOJBUTYHA;

Sy =0,1677  — KpuTH4HE KOB3aHHs enekrpopsuryHa. Takox —miniGpano
3’enHyBasibHY MypTy MVYBII [17] 3 HOMIHAJIBHAM MOMEHTOM, IIIO IEPEIAETHCI
M o, =500 H - m i MoMeHTOM iHepuii J,, = 0,32k2- m* Ta pemykrop 112-400 3
TEPEIATOYHIM YMCIOM U = 9,8 1 MOMEHTOM iHepUii J ., = 0,036x2- 1> .

800
700 N N\
w /N /N
500 / \ / \
] \ / \
300
o L] \ / \

oo lf \ / \
: V \

0 m 2n

Kyt noBopoTy Kpneowwna, pad

MomeHT Mn2, H:m

Puc. 6. I'padik 3MiHM MOMEHTY cui1 onopy M _, B 3aJI€KHOCTI Bil KyTa II0BOPOTY KPHUBOIIUIIA

3HaveHHs NepIuoi Ta Ipyroi nepenaroyHux QyHKmid GopMyBaJbHOrO Bi3Ka
BH3HAYAIOTHCS 3 BUPa3y QYHKIIT 3MiHM KOOpIUHATH Bi3Ka (muB. puc. 3) [12, 15]:

Xg =7r-Cos@,+1I-cosP. (24)
3 piBHOCTi (15) MOXXHa OTpUMAaTH:
1/2
sinf = (r/l)-sing, — cosP= [1 = ((r/1)-sin (pz)z} . (25)
Bupas cos3 MoxHa po3kiactu B psin 3a popmysoro 6iHoma HerotoHna:
. 272 1 . 2 1 ) 4 %6
[1—((r/l)-sm(p2) } =1—5((r/l)~sm 9,) —§((r/l)~sm 9,) —... (26

Bignomwensst 7/l 1715 ponukoBUX (OPMYBAIbHUX YCTAHOBOK 3 KDHBOLIMITHO-
LIATYHHUMH IPUBOHUMH MEXaHi3MaMH He epeBuIyots 1/3 i psix (26) nocuts

MIBHIAKO CXOAUTHCA. TOMY 3 JOCTATHBOIO /ISl MPAKTHKH TOYHICTIO MOYKHA
BIIKMHYTH TPETid Ta momanblim wieHn paay (26). Tomi 3amexHicTs (24) Oyae
MaTH BUTJIS:
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Xp =7-C0SQ, +l~[1—%'((i‘/l)'5in(P2)2:|' 27)

3HaveHHs NepIoi Ta Ipyroi nepenaroyHux QyHKmid GopMyBaJIbHOrO Bi3Ka
MaTHMYTh BUTJISII;

Oxp . roo.

—2 =—p-| sin@, +——-sin2 R 28
50, ( P2 2] (sz (28)
62x23 = —r-(cos @, +—-cos 2(p2j . (29)
op; /

B pesynmpTari 4HMCIIOBOrO €KCHEpHUMEHTY BCTAaHOBJIEHO, IO ONTHMajbHE
3HAYEHHsI JKOPCTKOCTI TPHUBIJHOrO MeXaHi3My, 3BENEHOi N0 oci oOepTaHHs
KPHBOIIKIIA, YCTAHOBKM 3 KPHUBOLIMITHO-IIATYHHUM ITPUBOJIOM 13 HaBEICHHUMHU
BUILE Napamerpamu craHoButh ¢ = 70000 H/m . Bu3HaYeHHS ONTHMAJIBHOTO
3HAYEHHsI JKOPCTKOCTI MPHUBIJHOIO MEXaHi3My 3IiHCHIOBAJIOCH 32 METOJHUKOIO,
omucaHoro B poborax [18,19]. Ilpm 1poMy 3HaYeHHI IYKOPCTKOCTI
CIOCTEPIraroThCs MiHIMAIbHI HaBaHTaKEHHS Y My(Tax MPHUBIIHOTO MEXaHi3MYy.
e 3Ha4eHHS )KOPCTKOCTI BUKOPUCTAHO B HACTYITHUX PO3paxyHKax.

Jlnst mocimikeHHsT TUHAMIKW pYXy pPOJHMKOBOI (pOpMyBasibHOI YCTAHOBKH 3
ypaxyBaHHSIM JUCHIAIii MPU MYCKO-TaJbMIBHUX PeXHMax pyXy (hOpMyBalbHHX
Bi3KiB cHCTeMY piBHSHB (23) OyJ10 IOOBHEHO BEIMYMHOIO IUCHUIIALIT IPUBOLY £ :

2~Mkp-u-‘qH

1—¢1'“/®0+ Skp
Skp 1—([)1'14/0)0

1 6y = —C((P1—(P2)—k((b1—¢2),

axB 'asz .2 (30)

Oxp 2 L
J+mp 30, '(P2+MBE 202 ¢35 = (01— 02) +k(P —92) -
2

——cosﬁ—}npsinﬁ'[(Rm 4Ry = G) fo + Foy + Fip ] 7-sin (0, +B).

I3 cucremu piBHsHb (30)
BH3HAYEHO Ta MOOYIOBAaHO M., Hi
rpadiuHy 3aJeKHICTh 3MIHU 1200

MaKCUMANbHOIO M,y max .
1150 o°

(puc.7) Ta cepeaHBOKBAI- .

paTUYHOTO A7[Myq) (puc. 8) et K

MOMEHTIB y My(Ti B 3aJIeK- 1050 .
HOCTI Bil KoedillieHTa IH- .
cumnarii. AHaii3 rpadikiB no- s

Kazye, 110 TIpY 3HA4YEHHI Koe- gs0[®
¢imienTa qucunanii OMM3BKO "
no k=1170H- C/M Bif- 1000 2000 3000 700
6yBa€TI)CH POPHB  UTABHOI Puc. 7. I'padix 3MiHH MaKCHMAJILHOI'O MOMEHTY MMyd) max

KpHUBOI Ha 000X rpadikax. y MyQTi B 3a/1©KHOCTI Bijl KoedilieHTa aucunarii
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'\;’uym Hm
®eceee,

g
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K He

1000 2000 3000 2000 " W

Puc. 8. I'padik 3MiHH cepeHbOKBAIPATHIHOIO MOMEHTY MMycb

y My®Ti B 3aJI©KHOCTI Bil KoedilienTa aucumnarii
Muyep.vas HM

sssecescscenssssccsas

1100

1050

1000

Jlist GimbIn  TOYHOTO
JIOCITIJPKEHHST pO3paxoBa-
HO Ta  MOOyIOBaHO
rpadikv 3MiHA MaKCHUMa-

JILHOT'O M 4 max

(puc.9) Ta cepemHBO-

KBagpaTUIHOI'O Alﬁy¢

(puc. 10) MOMEHTIB Yy
My(Ti B 3aJIKHOCTI Bin
KoedirieHTa aucunaii B
MPUBOAI B MeXaX BiX
k=1150H -c/m bi(o)

k=1200H -c/n.

950 6000000000 0000000000000000000

1160 1170 1180 1190

He
Kuyep, -
1200 P

Puc. 9. I'padix 3MiHH MaKCHMAIBHOI'O MOMEHTY MMyd) max Y MyOT

B 3aJIOKHOCTI Bix KoedirieHTa aucunanii
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Puc. 10. I'padik 3MiHH cepeIHbOKBAIPATHIHOIO MOMEHTY M

Bij KoediuieHTa qucumnanii

My

Kuyeps
1200

M

y My®dTi B 3aJI€KHOCTI
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Awnaniz mux rpa¢ikiB Mokaszye, o0 po3puB (GYHKIII BiIOyBaeTbcs mpH
3HaueHHi Koediuienta quennauii k =1171H -¢/m.

Buxonsguu i3 cucremu piBasiHb (30), moOymoBaHo rpadikd 3MiHH KyTOBOI
IIBUJKOCTI OOepTaHHs Bama JBUIYHA @, 3BEACHOI JO OCi 00epTaHHSI
KpuBomma, (puc. 11) Ta KyToBOI IBHUAKOCTI NPUBIAHOTO Bajia KPUBOIIUIA (O,
(puc. 12) B 3amexHOCTI BiJi 4Yacy NpHM 3HAYECHHSX KoedilieHTa TuCHManii
k=1170H - ¢/ m (cipuii konip) Ta k =1200H - ¢/m (40pHuU# KoOIip).

@1, padic
12

2 2 6 8 0 e

Puc. 11. I'padix 3MiHK KyTOBOI LIBHAKOCTI 0GepTaHHs Balla IBUIyHa @) B 3aJICKHOCTI Bil yacy

2 2 6 8 0 e

Puc. 12. I'padhik 3MiHH KyTOBOI LIBHAKOCTI 06EpTaHHs KPHBOLIMIA (), B 3aI€KHOCTI Bij yacy

Awnaniz rpagikiB Ha puc. 11 mnokaszye, mo mnpu 3Ha4YeHHI KoedimieHTa
mucunanii npusoxy k=1170H-c¢/m KyroBa IBHAKICTH OOepTaHHs Bana

JBHUTYHa ¢, 3BeIeHA 10 OCi 0OepTaHHS KPHBOIIKIA, HA YCTAJICHOMY PEXUMI
pyXy 3MIHIOETBCS B MeXax Bin ¢p... =9,7803pad/c no ¢, =11,677pad/c.
IMpu 1pomy ii cepenHe 3HAYCHHS JAOPIBHIOE ¢, cep =10,676pad/c, a koedilieHT

HEPIBHOMIPHOCTI pyXy BU3HAUA€ThCS 3aIeKHICTIO [20]:
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§= (bl max _(pl min_ __ 11,6772-9,78027
- (P 1 cep - 10, 6758

[lpu 3HaueHHi koediuienta mucunauii npusony k =1200H -c¢/m kyroBa

=0,177683. G1)

IIBUJIKICTh OOCpTaHHs Baja JBUTYHA ¢, 3BEJEHA JI0 OCi 00epTaHHs KPHUBOIIHMIIA,
Ha yCTAllEHOMY PEXMMi PyXy 3MiHIOETbCA B MeXax Bif ¢, . =10,289pad/c no
Ppax =11229pao/c.  Tlpu 1mpomy ii  cepenHe  3HAYEHHS  JIOPiBHIOE
o} cep = 10,8014 pad/c, a KoedillieHT HEpIBHOMIPHOCTI pyXy CTaHOBUTH
0=10,0870176.

Awnaniz rpadikiB Ha puc. 12 mokaszye, 10 NpH 3HA4YEHHI KoedimieHTa
mucunanii npuBoxy k=1170H-c/m KyroBa IIBHAKICTH KPHBOIIMIA HA

YCTaJIeHOMY PEKHMi PYXy 3MiHIOEThCSA B MexkKax Bifl ¢, . =9,80743pao/c no
Py =11,6358pad/c. Tlpu 1pomy i cepefHe 3HadYeHHs JOpiBHIOE
('p2cep =10,676pad/c, a xoedilieHT HEPIBHOMIPHOCTI pYXy CTaHOBHTH
6=0,171253.

[lpu 3HaueHHi koediuienta mucumnauii npusoxy k =1200H -c¢/m kyroBa
LIBHKICTh KPUBOILIUIA HA YCTAIICHOMY PEKUMI PYXy 3MIHIOETBCS B MeKax Bij
Prpin =10,285pad/c no ¢, =11362pad/c. Tlpu upomy ii cepene 3HauCHHs
JTIOPIBHIOE (i)Zcep =10,8008pao/c, a KoedillieHT HEPIBHOMIPHOCTI pPyXY
ctaHoBUTE O = 0,0996688 .

Buxonsuu i3 cucremu piBHsHb (30), moOynoBaHo rpadiku 3MiHU MOMEHTY Yy
mypri M, (puc. 13) B 3aNeXHOCTI Bif 4acy IpH 3HaYCHHsX KoediuieHTa
mucunauii k =1170H -¢/m (cipuii konip) Ta k =1200H - ¢/m (dopHuii Kouip).
AHani3z 1mux rpadikiB IOKa3ye, IO TMPH 3HAYCHHI KoedillieHTa TUCHMAIll
npuBopy k=1170H-c/m MomeHT y My(dTi Ha yCTAIeHOMY PEKUMI DyXy

3MIHIOETBCSA B MeXax Bix M =—1240H-m o M =1100 H - m..

My} max
[pu 3HauenHi koediuienrta aucunauii npusoxy k =1200H-c/m MOMeHT y

My} min

My(pTI Ha  yCTaJleHOMY peXKHMi pyXy 3MIHIOETBCSI B MeXax Bif

M =—850H -m 10 Mg max =610H - 1.

sy min
Ha puc. 14 HaBeneno rpadiuHi 3a1exHiCTh (((p1 -95), (¢; — )) YCTaHOBKU
npu 3HaYeHHsX Koedimienra mucunauii &k =1170H-c¢/m (cipuit komip) Ta
k=1200H - ¢/ m (dopHuii Komip).

AHaJi3 mux rpadikiB Mokasye, IO MPH 3HAYCHHI KoedillieHTa JUCHIAIT
npuBopy k =1170H -¢/m ammmityza no oci abeuue Mae Giibliue 3HAYCHHS HiXK

npu k =1200H - ¢/ m , x04a XapaKrep 3MiHH OLIbLI [UTABHUIA.
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M,yyp, HM

1000

500

-500;

-1000

Puc. 13. I'papik 3MiHM MOMEHTY y My i M, B 3aJIOKHOCTI BiJ{ 4acy

Ag, padic

Puc. 14. I'padpiuna 3anexHicts (((p] -9,), (§, -9, ))

BucnoBkn. B pe3ynbrari NpoBeNeHUX MOCHIIKEHb 3 METON IiIBUIECHHS
HAJIWHOCTI Ta JIOBTOBIYHOCTI POJHMKOBOI  (POPMYBaIbHOI  YCTAHOBKH 3
KPHBOLIHUITHO-IIATYHHUM TIPUBIIHIM MEXaHi3MOM PO3PaxOBaHO HABAHTKEHHS B
eyleMeHTax 1l KOHCTPYKIIi Ta MpHUBOAY, BU3HAUCHO (DYHKIIIO 3MiHM HEOOXiIHOro
KPYTHOrO MOMEHTY Ha MPHBIJHOMY Baly KpPHUBOIIHIIA ISl 3a0€3MeYeHHs MpoLecy
VIIIJIbHEHHS BUPOOIB 3 OyNiBENbHUX CyMilled i3 BpaxyBaHHSIM JUCHTIALIi
npuBiTHOrO MexaHisMy. Jljnsl Bka3aHOi YCTAHOBKM BH3HAU€HO 3HAYECHHS
YKOPCTKOCTI MPUBITHOTO MEXaHi3MY, 3BEIEHOI JI0 OCi 00epTaHHS KPHBOLIUIIB, 3a
SIKOTO  CIIOCTEPIraloThcsl MIHIMAJbHI HaBaHTAXKEHHS Yy My(QTax MPHUBIIHOTO
MexaHizmy. [IpoaHai3oBaHO 3aJIEKHICTH KPYTHOrO MOMEHTY y My(Ti TPUBOIY
BiJl BETMYMHU KOe(illieHTa TUCHIIALIii, pO3paxoBaHO (YHKINT 3MIHH KiIHEMaTHIHUX
XapaKTePUCTHK YCTAHOBKH MpPU PI3HUX 3HAYCHHSIX KoedirieHTa mucumarii. s
pPONMKOBOI (hOPMYBAJIbHOI YCTAHOBKH 3 KPHBOLIMITHO-IIATYHHUM IPUBITHUM
MEXaHI3MOM 13 BKa3aHMMH BHIIE IapaMeTpaMd pPEKOMEH/IOBaHa BeEJIMYMHA
koediuieHTa ucunanii Mae 3HaYeHHs B Mexax Bix k=1170H-c¢/m no

k=1200H - ¢/ m . Pe3ynbrati poGOTH MOXYTh B IOJAJIBIIOMY OyTH KOPHCHUMH
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JUIs. YTOYHEHHS Ta YJOCKOHAJIEHHS ICHYIOUMX IH)KEHEPHHUX METOIIB PO3PAXYHKY
NPUBITHAX MeEXaHi3MIB MalllUH POJUKOBOrO (OPMYBaHHS SIK Ha CTaisxX
MIPOEKTYBaHH/KOHCTPYIOBaHHS, TaK 1 B P&KUMaX peabHOI eKCILTyaTalli.
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Loveikin V.S., Pochka K.I., Romasevich Yu.O., Pochka O.B.
DYNAMIC ANALYSIS OF A ROLLER MOLDING UNIT WITH A CRANKSHAFT
ACTUATOR

For the purpose of increase in reliability and durability of roller molding unit with the driving
mechanism with a crank and the connecting rod loadings in elements of her design and the drive are
calculated, dependences for definition of effort in the connecting rod, necessary for reduction in back and
forth motion of the forming cart, and normal reactions of guides of the movement of the forming cart to the
directing rollers depending on a crank angle of rotation are received. For a research of loadings the two-
mass dynamic model of roller forming installation in which power and power characteristics of the driving
engine and forming cart, rigidity of the driving mechanism and its dissipation are considered is used.
Function of change of necessary torque for ensuring process of consolidation of products of construction
mixes taking into account dissipation of the driving mechanism is defined. Rated settlement power on
which the electric motor is chosen is determined by average value of the moment of forces of resistance for
a cycle of turn of a crank, connecting couplings and a reducer are picked up. Using Lagrange's equation of
the second sort, for the roller forming installation with the driving mechanism with a crank and the
connecting rod presented by two-mass dynamic model the differential equations of the movement are
worked out. As a result of a numerical experiment for roller forming installation with the driving
mechanism with a crank and the connecting rod the value of the rigidity of the driving mechanism given to
an axis of rotation of a crank at which the minimum loadings in couplings of the driving mechanism are
observed is defined. The dependence of the moment is installed in the drive coupling from dissipation
coefficient size, functions of change of kinematic characteristics of installation at different values of
coefficient of dissipation are calculated. The recommended dissipation coefficient size for roller forming
installation with the driving mechanism with a crank and the connecting rod is determined.

Keywords: roller molding unit, driving mechanism, effort, moment, rigidity of the drive,
dissipation.
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Joseiikun B.C., Ilouka K.U., Pomacesuu FO.A., Ilouxka O.b.
JAHAMUYECKHNA AHAJIU3 POJIMKOBO ®OPMOBOYHOI YCTAHOBKHU C
KPUBOIIUITHO-IWTATYHHBIM NIPUBOJIHBIM MEXAHU3MOM

Jlnist  ponnkoBOi  ()OPMOBOYHON YCTAHOBKH C BO3BPATHO-TIOCTYNATEIBHBIM IIPHBOAHBIM
MEXaHHU3MOM pAacCYMTAaHbl HArpy3KH B OJICMCHTAX €€ KOHCTPYKIHMH M IPHBOJIA, ONPEHCIICHBI
(YHKIMN W3MEHEHUsI HEOOXOJMMOro KPYTSIIEro MOMEHTA [UIsi 00eCedeH s PoLecca YINIOTHEHHS
M3JETUH U3 CTPOUTENIBHBIX CMECEil C y4eTOM IHMCCUIIAIMU IPUBOJHOIO MEXaHH3Ma. YCTaHOBJICHA
3aBHCHMOCTb MOMEHTa B My(Te IpHBOAA OT BEeIMYMHBI KOd((HIMEHTa TUCCUIIALNY, PACCUHTAHBI
(YHKIMH W3MEHEHHS KHHEMATHYECKHX XapaKTePUCTHK YCTAaHOBKM HPH Da3iMYHBIX 3HAYCHHSIX
KodUIMEHTa IUCCHUIALMK, ONPEACICHBl PEKOMEHIOBAHHBIC BEIMYHHBI IKECTKOCTH U
K03 pHUIMEHTa THCCHIIALIHH.

KiroueBble ciioBa: ponukoBas ()OPMOBOYHASI YCTAHOBKA, MPHBOMHON MEXaHHM3M, YCHIIHE,
MOMEHT, )XECTKOCTh MIPUBOJA, JUCCHIIALIUSL.

YK 693.546
Jloseiikin B.C., Ilouxka K.I., Pomacesuu [0.0., Ilouxa O.b. JMHaMi4YHUH aHATi3 POJIMKOBOI
(opMyBaNbHOI YCTAHOBKHM 3 KPHBOINMITHO-IIATYHHHM HNpPHBiTHUM MexaHizMoM // Omip
MaTepialiB i Teopis cnopya: Hayk.-TexH. 30ipH. — K.: KHYBA, 2019. — Bumn. 102. — C. 91-108.

st ponukosoi hpopmysanvHoi ycmanosKu 3 KpUSOUUNHO-ULAMYHHUM NPUGIOHUM MEXAHIZMOM
PO3DAX0BAHO HABAHMANCEHHS. 8 eJleMeHmAax il KOHCMPYKYii ma npueooy, 6U3HAYEHO (PYHKYIIO 3MIHU
HEeOOXIOH020 KPYMHO20 MOMEHMY Ol 3a0e3neuents. npoyecy YuiibHeHHs eupooie 3 0yOieeibHUX
cymiwell i3 6paxyeanusam oucunayii npusiono2o mexamizmy. Bcmanoeneno zaneacnicms Momenmy y
Mypmi npusody 6i0 eeuuuHu Koepiyichma oucunayii, po3paxoeano GYHKYIi 3MIHU KIHEMAMUYHUX
Xapakmepucmuk —YCMAHOGKU NPU  DISHUX 3HAYEHHSX —Koeiyienma Oucunayii, SU3HAYEHO
PEKOMEHOOBAHT BeUUUHU HCOPCMKOCME Ma KoeghiyicHma oucunayii.
L. 14. Bi6miorp. 20 Ha3s.

UDC 693.546

Loveikin V.S., Pochka K.I., Romasevich Yu.O., Pochka O.B. Dynamic analysis of a roller molding
unit with a crankshaft actuator // Strength of Materials and Theory of Structures: Scientific and
technical collected articles. - Kyiv: KNUBA, 2019. — Issue 102. — P. 91-108.

For roller forming installation with the driving mechanism with a crank and the connecting rod
loadings in elements of its design and the drive are calculated, function of change of necessary
torque for ensuring process of consolidation of products of construction mixes taking into account
dissipation of the driving mechanism is defined. The dependence of the moment is installed in the
drive coupling from dissipation coefficient size, functions of change of kinematic characteristics of
installation at different values of coefficient of dissipation are calculated, the recommended sizes of
rigidity and coefficient of dissipation are determined.

Fig. 14. Ref. 20.

VK 693.546

Jlosetikun B.C., Ilouka K.U., Pomacesuu FO.A., Ilouxka O.b.

JluHaMUYecKHil aHAJIM3 POJUKOBOH (POPMOBOYHON YCTAHOBKM € KPHUBOIIMIHO-IIATYHHBIM
NPUBOAHBIM MexXaHH3MoM // CONpOTHUBIICHHE MAaTEpPUAJIOB M TEOPUSl COOPYKCHHH: Hayd.-TEXH.
coopH. - K.: KHYCA, 2019. - Bei. 102. — C. 91-108.

Jns ponuxosoti popmMo8ouHOU YCMAHOBKU € KPUBOUUNHO-UANYHHBIM NPUBOOHBIM MEXAHUSMOM
paccuumanbl Hazpy3sKu 8 1eMeHmax eé KOHCMPYKYuy u npueood, onpeoenena QyHKyus usmeHeHus
HeoOX00UMO20 Kpymsujezo MoMeHma OJs obecneuenus npoyecca YNIOMHeHUs U30eautl us
CMPOUMEIIbHBIX cMecell ¢ YYEmoM OUCCUNAyUU NPUBOOHO20 MEeXAHUIMA. YCmano6iena 3a6Ucumocns
MoMeHma & Mygme npueooa om enuduHbl KOdIPPuyuenma Oouccunayuu, paccyumansl @GyHKyuu
U3MeHeHUs KUHeMAMUYECKUX Xapakmepucmuk yCImaHo6KU Npu PA3HbIX 3HAYEHUAX Kodgduyuenma
ouccunayuu, onpeoeiensl peKOMeHO0BAHHbIE BENUHUHBL HCECMKOCMU U KO hpuyuenma ouccunayuu.
Wi 14. bubnmorp. 20 Ha3s.

ABTOp (BY€Ha CTyNeHb, BUeHe 3BaHHI, I0CANA). OOKMOP MEXHIYHUX HAYK, npogecop, 3a6i0ysay
Kagheopu rowcmpyrosanns mawun i obnaonanns Hayionanenoeo yuisepcumemy 6iopecypcie i
npupodoxopucmysanns Yxpainu JIOBEUKIH Bsuecnag Cepeiiioguy
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YK 539.3

HAIIPYKEHO-ITE®OPMOBAHWI CTAH I PIBHSIHHSI
BEPTUKAJIBHOI'O PYXY ITOPOKHUCTOI'O TIJIA OGEPTAHHS —
JUCKA I JI€X0 EJIEKTPOMATHITHHUX ITOJIIB

O.K. I'peBues’,
CTapIIKil HAYKOBHII CIIIBPOOITHUK

. 2
H.IO. CexniBanoBa“,
CTapluuii BUKJIaaa4y

1 o .o . .. . . .
M1 «/epoicasnuii 0opoaicuiil Hayko8o-0ocaionui incmumym imeni M.I1. [Lyaveina»

?Hayionansnuii mpancnopmuuii ynisepcumem
DOI: 10.32347/2410-2547.2019.102.109-120

PosrisiHyTa pocTopoBa 3aada Teopii TEPMOIPYKHOCTI Ta €IeKTPOMArHITONPYKHOCTI TS Tija
obepTaHHs, 30KpeMa Uil IIOPOXKHUCTOrO JMCKAa 3MIHHOT TOBILIMHH, HABAHTA)XEHOTO OCECHMETPHYHO
TEMIIEPATYPHUM T[0JIeM 1 00’€MHHMH CHJIaMH: CHJIaMH TSDKiHHS, [TOHICPOMOTOPHUMH CHJIAMH
(MexaHiuHi CHJH, sIKI IiI0Th 3 OOKy €JIEKTPOMArHiTHOrO MOJs Ha OJUHHULIO 00'eMy IPOBIIHOIO
cepefoBHIIA) i cuiiaMu iHepuii. B pesynpraTi mocmimkens Oynu oTpiuMaHi qudepeHLiaabHi piBHIHHS
UL 3HAXOKEHHS TEPEeMIllieHb 1 PIBHSHHS BEPTHUKAJILHOTO PYXY PO3TJSHYTOrO Tila OOEpTaHHS.
BusHaueHi yMOBH pyXy HOPOXXHHCTOTO J¥CKa IiJ AI€I0 BIACHOTO €IEKTPOMArHiTHOrO iMITYJIbCHOTO
nois. llpoBemeHi MOCTIIKEHHS MPYKHBOrO CTAaHY pO3MISIHYTOro Tina obepraHus. [Ipu umpomy
II0Ka3aHo, LI[0 JOTHYHI, OCBOBI 1 pajiaibHi HAPY)XEHH B TiJi IIOPOXKHUCTOTO AMUCKA BiZCYTHI, TOOTO
JIOpPIBHIOIOTh HyMIO. €IMHE HANPYXCHHs, SKE HE MOPIBHIOE HYJIO, € OKPY)KHE HAIpPyXKCHHS.
IlokazaHo, 110 TEMIEpaTypHE TM0Jie 3’SIBISIETbCS IPM BUHHUKHEHHI IIOHICPOMOTOPHHX CHII,
CIPUYMHEHHX eJNCKTPOMArHiTHUM 1oieM 1 € pesyabratoM Jedopmamii Tina oOepraHHS
HOPO)KHUCTOT'O JIMCKA.

KutiouoBi cjioBa: TepMONPY)KHICTh, €IEKTPOMATHITONPYKHICTb, €ICKTPOMArHITHE IMITYJIbCHE
0Jie, OCECHMETPHYHE HABAHTAXECHHS, OCECHMeTpH4HAa Aedopmanis, cuiaa iHepuil, CHJI TSDKIHHSI
(rpaBiraii), MOHAEPOMOTOPHI CHJIM, TEMIIEPATYpPHE M0JIe, PEJITHBICTCHKA Maca.

Beryn. Bimomo [4,8], mo B miTepaTypi HE HaBEACHO TOYHHUX METOJIB
PO3B’s3aHHS 3a/Maui Teopil MPYKHOCTI IS Tl OOSPTaHHS 3MIHHOI TOBIIMHHL
Hanpuknan, 171s TOHKOro JcKa 3MiHHOI TOBIIUHHY, 1[0 00EpPTAETHCS], PUITYCKAIOTh,
IO Hampyra € IUIOCKOI0, TPaHMYHMMH YMOBaMHM Ha KPHBOJIHIMHIA TTOBEpXHi
HEXTYIOTb B CIITY MaJioi TOBIMHH [4]. JIi1st MOpOXKHUCTOrO MCKa 3MiHHOI TOBIIMHH
3 OCECUMETPUYHHUM HABAHT)KCHHSIM TEMIIEPATypHHM IIOJIEM 1 00’ €MHHMH CUIIAMH:
CHJIAM{ TSDKIHHS, TIOHAEPOMOTODHMMH CWJIaMH 1 CHWJIaMH IHepIii — HeMae
aHAIITHYHOTO METOJTy PO3B’sI3aHHS 3a/1a4i 3 TOUYKU 30py TEOpii TEPMOIPYKHOCTI Ta
€JIEKTPOMATHITONPY)KHOCTI. A JIOCIIDKEHHS PyXY TiJla 00epTaHHS — IIOPOKHUCTOTO
JICKa — i JI€F0 BUILICHA3BAHMX 00 €MHHX CHJT B3araji He MPOBOIMIHCS.

OcHoBHa 4acTHHA. Y 3alpoloHOBaHId pOOOTI PO3IJISIHYyTa MPOCTOPOBA
3ajada Teopii MPYKHOCTI B IWIIHAPHYHUX KOOpAWHATAX s Tia oOepTaHHS,
30KpeMa Uil TOPOXKHHCTOrO JIMCKa 3MIHHOI TOBIIMHH, HAaBaHTa)KEHOTO
OCECHMETPHYHO TEMITEpaTypHUM TOJIEM i 00'€eMHMMHU cuiiaMu 0O€3 CHpOIIEHHX
rimore3, KpiM 3arajbHUX TiNOTE3 JIHIWHOI Teopil MPYKHOCTI  JUIs
OoCecHUMeTpHYHOI edopmartii.

© I'pesues O.K., Cenianosa H.1O.
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Hexaii Tito obepTaHHs nepeOyBae M Ti€r0 00 €MHHUX CHJI: CHIIM TpaBiTamii
(cunm TspkiHHA) P(f); MOHIEPOMOTOPHHUX CHII f’(ﬁr,l_’z) i TemIepaTrypHOro
nonst O(r,z,¢), a Takok cun iHepuii (Pus,),, MiFOYMX Yy HANpsAMKy Oci
obeprannsa OZ, [1], TyT u; — TepeMillleHHS B OChOBOMY HAmNpsMKy, P —

IIUTBHICTh PENATIBICTCHKOI MacH Tija. SIKIIO TINO BiNBHE BiJi MEXaHIYHHX
3B'I3KiB, TO I JI€I0 BHUIICHA3BAaHUX CHJI, BOHO Oy/e 3HAXOMUTHCS B PIBHOBa3i
(HEeBaroMocTi), KOJIH IIi CHUJTU 3pIBHOBRXKYIOTHCS, 200 pyXaTHCS.

3amauya BH3HAYEHHS pIBHOBaru abo0 pyXy CYLUIBHOIO OOMEXKEHOro
cepeoBHUINA € KOMIUIEKCHOI 3aaueto. J[is ii pimeHHs HeoOXiHO po3B’si3aTh
PIBHSIHHS ~MEXaHIKM CYI[UIBHOTO CEepeOBUINA CYMICHO 3  PIBHSHHSAMHU
eNeKTpoAnHaMIKK [2] 1 BpaxOBYIOUM TEPMOMEXaHIUHY B3aEMOJII0 BCEpeAuHi
cepenoBuina BHacHinok medopmarii [3]. IIpu gocmimpkeHHI TPYKHBOIO CTaHY
€JIEKTPOIPOBITHOTO TiJIa y €JIEKTPOMArHITHOMY TIOJi MPHUITYCKAETHCS, MO TiIO
nepe0yBa€e y MarHiTHOMY ITOJIi, SIK€ YTBOPIOETHCS €JIEKTPUYHUM TOKOM Y CAMOMY
TiJ, Jie Teue eIeKTPUIHUN CTPYM 1 YTBOPIOIOThCS eleKTpU4Hi 3apsau. [lin aiero
BJIACHOTO EJIEKTPOMATrHITHOTO IMIYJIBCHOTO MOJS TUIO TOBHHHO PYyXaTHCS
caMmocTiiiHO. Y JaHIory, B SIKOMY Tede 3MIHHHHA CTPyM 3a BEJIUYHHOIO 1
MOCTIHHMIA 3a HampaBleHHsAM, 3akoH HbIOTOHAa He BUKOHYETbCs (HE
BUKOHYIOTHCS YMOBH pIBHOBard IOHAEPOMOTOpPHUX cwi). LI cwm i
CIPUYMHATHUMYTh PYX Tija 00epTaHHS — JAUCKA.

Po3risiHeMo npysKHIH CTaH 1 PIBHSHHS BEPTUKAIBHOTO PYXy HOPOXKHHCTOTO
mucka. JudepeHiianbHi piBHAHHS PIBHOBAardM B IMJIIHIPUYHUX KOOpIHMHATAX
(7,z ) MaroTh Takuil BUrIAA [6]:

B ITEPEMITIICHHIX

11 1 (1+V) 1
: 2(1 ) (1)
1 +v 1
Au3 + 1_ 2v e,3 (1 2 ) 6,} [PT P + (1/[ p3 t)’t ]
1 HaNpy>KEeHHX
011 =02 )
O11,1 T 013, +—r +h =0 2

1 _
O333+O133+ O13—Fr + . ~(pus, ), =0

VY piBusHHAX (1) 1 (2) iHOEKC Iicas KOMHU O3HAYa€ YaCTHHHY MOXiTHY 3a
BiIMOBIZIHOIO KOOpAWHATOW 7 ab0 z; u; 1 u3 — BIANOBIAHO KOMIIOHEHTH

pamianbHOro i 0OChOBOI0 IepeMilienb; Au - omepartop Jlamiaca Bijg nepeMimieHb
: . _ 1 ) |

u (i=13); Au;=u;, U R Ay =g+t 011,02,033,013 -

Bi/IMIOBiTHO KOMIIOHEHTH PaJiajibHOI, OKPY)KHOI, OCHOBOI 1 JOTHYHOI HAIIPYXKECHb;

P. 1 P, — KOMIIOHEHTH IOHJEPOMOTOpHOI cuu P (P,., P, ) y HanpsMKy ocel
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_E
2(1+v)

npyxHocTi); 0 =6(r,z,t) =0,(r,t)+0,(z,¢) — TemuepaTypHe I0e.

OR 1 0Z; 137 - cwia TsokiHHA, G = — MOIynb 3cyBY (E — Momynb

KoMmmoneHnTu HampykeHb BU3HAYAIOThCs 3a 3akoHOM ['yka [4]:

1+ .
Gij =2G e +ﬁe§ij—ﬁa98ij , 7=1,2,3; (3)

TIPY BIJIOMHUX 3QJIEKHOCTSX MiXk AeOopMaIlisiMH 1 TIepeMillleHHIMH:
- _1 . — -
e = e = Cy, €33 =3 2e3 =u 3ty (4)
Tyr ©; — cumson KpoHekepa; o i v - KOGQILI€HTH TEILIOBOrO JIHIHHOIO

posmmpenHs i [IyaccoHa e = e + ey, + €33 - 00’ €MHE PO3LIUPEHHS.

Jli1s 3aMHMKaHHS CHCTEMU piBHSIHB piBHOBary (1) HEoOXiAHO AoNATH PiBHSHHS
TEIUTONPOBiaHOCTI [6]:

1y
A9+XW—0, 5)

ne W - KiNbKICTh Temia, sIKe YTBOPIOEThCS a00 MOTJIMHAETHCSA OIMHHIICIO
o0’ema Tima mpu #oro nmedopmarii; A - KOE]IIiCHT TEIUIONPOBITHOCTI;

Ae = 9,11 +%9,1 +9,33 .

[lonnepoMoTOpHI CcHiIM - 1€ MEXaHiYHI CWIHM, SKI JdiloTh 3 OOKYy
€JIEKTPOMATHITHOTO IOJIs Ha YACTKH (OMUHHMII 00’€MY) MPOBIAHOCTI CEpEIOBHIIIA.
Konn Ha TijIo He HaKNIa/leHi MeXaHi4HI 3B'A3KH, SIKI IIEPEIIKO/IKAIOTh HOTO PYXY,
TO TiJI €0 MTOH/IEPOMOTOPHHX CHJI BOHO Oy/ie 3HaXOMUTHUCS Y PYCi IIPH YMOBax
P. # P, 1B piBHOBa3i (HeBaroMicth Tina) npu P. = P, .

B cuny 3akona TspkiHHS HproTona [S] Tino, sike 3HAXOMUTHCS HA PiBHI MOps,
MIPUTATYETHCS 10 3eMITi 3 CHIIOI0 (00epTaHHAM 3eMITi 3HEBaKAEMO):

Mm
P (0)=mogo =Y —5* . YM = &R, (6)

ge M i R - maca i pagiyc 3emii; m, - Maca Tila y CTaHi CHOKOKW; g, -
MIPUCKOPEHHS BIJIBHOTO TaJ[iHHS Tija Ha PiBHI MOpsI.
[pu BignaneHHi BiJ moBepxHi 3eMili MaeEMO
2
R
P()=m
T 080 ’
Z%(0)
R2
b
Z%(r)

ne Z(t) - BiAcTaHb BiJ IIEHTpa 3eMJyii JO MOYaTKy KOOPAMHAT CUCTEMH ( 7,z ),

g8(H)=go (7

sKa 3B’s3aHa 3 TIIOM O0OEPTaHHS - MOJKM TUCKOM. 3 3eMiIcto 3B's3aHa CHCTEMa
koopauHat (#’,z") (puc. 1).

3 ¢opmynu (7) 6auMmo, IO CHIAa TSDKIHHA FPp 1 NPUCKOPEHHS BLIBHOIO
HafiHHA g, 3MIiHIOETbCA 3 BucOTO. CHly TSKIHHA MOXHA 3allHCaTH I
OIUHMII 00’€Ma OHOPITHOTO TiJia OOCPTAHHS y HACTYITHOMY BHIJISII:
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® £
Br)=pogo—5 >
\ Z°(1)
R2

E() =Vopog ; (®)
| SO0 22
[5 ne Pr()=VoFi (1), my=poy (Vo -
Py 00’€eM Tiza B CTaHi CIOKOIO).
Z(1) V mouatkoBuii MoMeHT yacy ¢ =0,
IIMCK 3HAXOAWTHCS y MOBepxHi 3emi,
to6T0 Z(0)=R. Tom PFr(0)=pyg,

3 F;(0)=Vypogog =mpgy 1 cuna TsOKiHHA

z(z")
P, A

Puc. 1 JOpiBHIOE HOro Basi.
Hexait nuck pyxaeTbcsi BEpTHKAIbHO
Bropy y HampsMKy oci obepranHs OZ 1 He YMHUTH PyX B T'OPHU3OHTAJIbHIM
wronmuai  OR, T1o6T0 gotyHo g0 3emui. BeprukaabHa —CKiIamoBa
HOHJEPOMOTOPHOI cuiu P, Oyze 3HaiineHa 3 piBHsIHb Maxcsena [7].
[Mpunycrumo, 10 y NPUPOJHOMY CTaHi, KOJIW Ie HeMae aedopMarii i
HaIpyXeHb, Ma€ MiCIIe PiBHSHHS PIBHOBAry CHIL:
P T~ Pz = 07
TobT0 nonaepoMopHa cuiia P, ypiBHOBa)Kye CHIIY TSDKIHHA JIMCKa Ha OJUHHIIIO
o0’eMa Pr A4 KOXKHOI TOUKH Tijla. AJie 3a IUX YMOB, Yy 3B’A3Ky 3 IOSIBOIO
HOHJEpOMOTOpHOI cumu P (P.;P,), Moxe 3'ABUTHCA TeMIlepaTypHe Ioie

O(r,z,t) 1 TOpU3OHTAIBHA CKJIaIOBa IMOHICPOMOpPHOI cwid P., sKi

¥
BUKIMKATUMYTh HANPY)KEHHH CTaH Tina OOepTaHHA - JWCKa i B yMOBax
piBHOBaru.

PosrisinemMo akcianmpHe TINNO 00EpTaHHS, 30KpeMa MOPOXKHHCTHH JUCK
3MIHHOI TOBIIMHU CUMETPHUYHKI BigHOCHO tronwH Z =0 i R=0 mia cuctemu
KOOpAWHAT TOB'sI3aHOI 3 JUCKOoM. UBepTh JucKa (Yepe3 OChbOBY CHMETPIIO)
MOKa3aHa Ha puc. 2.

Tyr P, - BepTHKaJbHa CKJIaJ0Ba MOHISPOMOTOPHOI cuiy; Fr - cuia TsDKiHHS;

1(z) i l,(2) - piBHSHHS BHYTPILIHBOI Ta 30BHIIIHBOI IOBEPXOHb JUCKY; hy(r)/2

i Mhy(r)/2 - BHyrpimHs i 30BHiWHS
z JIOBXKMHA ITOPOKHUHHU JINCKA.

: [IportoHoBaHMiA  MeTOx  pilIEHHS
o] o cucrteM piBHAHb piBHOBaru (1) 1 (2)
kS IS A Ez 3aCHOBAaHO Ha MOCTYNaJIbHUX
S HaONWKEHHAX PO3B’S3aHHS MpPU  TPU
nld TAERA 3aJI0BIILHEH] TPAaHMYHEX  YMOB ).

i | Joknmagno weronm pimeHHS audepeH-
0 y P r LWiaIbHUX ~ PIBHSAHb  OCECUMETPUYHOL

3a/1adi Teopii MPY)KHOCTI OyB HaBEICHHIMA
y crartax [9, 10, 11,12]. 3uaiineni

Puc. 2
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pamiambHi mepemimeHHs  u(r,z,t) 1 OCbOBI TepeMilleHHs  u3(7,z,t)
nepeMilleHHs, SKi IIepEeTBOPIOIOTh CUCTEMY PiBHSHB (1) HAa TOTOXKHOCTI 1 MalOTh
TaKUi BUTIIA

ul(r z t)—u(r t)—i[EPV(r,t)+(l+v)OL9U],

3
wlrz) =) )y 2

z ©)
|:2GA1P +(1+v)ocA]9H}+—oc'[6 r,z,t)dz,

ne u(r,t) - pamianbHe MepeMillleHHs: TOYOK B cepequuHii mronmHi z=0, z(¢) -

(GyHKIST IHTErpyBaHHs, SKa XapaKTepu3ye BIJCTaHb BiA IEeHTpa 3emili 10
TUTOIUHH ucka z =0, K aOCOIFOTHO HKOPCTKOTO Tia (TOUKH).

Po3B’s13anHs audepeHIialbHUX PIBHSAHB TOKAa3ajo, II0 OChOBI Ta JOTHYHI
HaNpY)XEHHS Yy TiIi JUCKa BCIOAM JIOPiBHIOWOTH Hymto. [Ipu npomy Oynm
OTpHMaHI  TU(EpeHIialbHi  PIBHAHHA JUISI  BU3HAYCHHSA  pajliajbHOTO
nepemimenssa u(r,t), TemuneparypHoro mons ©,(r,t), panxiaiabHOI CKIaX0BOI

HOHJEPOMOTOPHOI cunu P.(r,t) , a TAKOX PIBHAHHA PYXY:
Pr(t)— P, (t)+ (pu3 ),y = 0.
PanianbHy cki1aioBy MOHAEPOMOTOPHOI CHIIM TIPENICTABUMO Y BUTIISIL:
B.(r,t)=R,(r,t) = Ryd)r, (10)
sKa TOYHO 3aJ10BiTIbHAE PiBHIHHA (A[R), =0
Po3p’s3yroun piBHsAHHA (A;0)),, =0, orpuMaeMo TemmepaTypHe IoOjle Y
paniabHOMY HaNpSIMKY:

0,(r,t)=B, - ) +lenr+B3, (11)

ne By,B, 1 B; - IOBiNbHI cTali iHTErpYBaHHSL.

3HaX0AUMO pajiiajibHe TiepeMinieHns u(7,¢) TOUOK IIoMUHN z = () 3 piBHIHHS:

L |a=ava0,0:00-L2 8,00,

3Bigcu u(r,t) DOPiBHIOE:

3
u(r,t)=(1+v)|: 16+B2 1nr—1)—1‘—vpo(t)r—+Alg+A2ﬂ, (12)

4] 2G 8

ne 4 i A, - NOBiNbHI cTali IHTErpYBaHHS.
PiBHAHHA pyXy MOXke OyTHU 3allUCaHO y TAKOMY BUIVIAI:
(Pus, )y = B (- E(0),
a00, 3 ypaxyBaHHSIM BHpPa3y CHJIH TSDKIHHS Ha OIUHUINKO 00’ eMa (8):

R
(Pu3 1) = P00 Z(t) - P (0. (13)
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Jns  po3B’s3aHHS LBOro pIiBHSAHHSA Tpeda 3HATH BEIWYMHY OCHOBOTO
nepemMinieHHs u(r,f) 1 3Ha4YEHHs BEPTHKAJIbHOI CKJIAJOBOI MOHIEPOMOTOPHOI
cumu P.(¢) .

Hexaii B HauanpHUIT MOMEHT 4acy ¢=0 muck nepeOyBae y CTaHi piBHOBaru
Ha moBepxHi 3emii. Y mpoMy pasi Biactanb Z(f) Bix meHTpa 3emili TOPIBHIOE
Z(0)=R. Omxe, cmma Tokines omuauii o6’ema Tima Pr(0)=pyg,
YPIBHOB@XKYETBCS ~ IIJEMHOI0  CHWJIOD -  BEPTHKAIBHOIO  CKIIAJIOBOIO
noraepomMoropHoi cunu P, (0) . TakuMm 4MHOM MaeMO yMOBY HEBaroMOCTi JUCKa:

Pr(0)-F£(0)=0.
Jlns panianbHUX HalpyKeHb G;; i3 3akoHy I'yka (3) 3 ypaxysanuam (10),
(11) i Bupasy 0(r,z,t) =0,(r,t)+06,(z,t) orpumaemo:

o =—12_Gv{(1+v)oc[31 31+6"+Bz(1;"lnr+ 1;")}— 12_G"P0 3;" 244 1;"—

2

I'pannyHi yMOBH IJ1s1 MOPOXKHUCTHUX TiJ1 00epTaHHs OyayTh Takumu [8]:
P, =0y cos; +0y3sinQ;,

42— v)(x—z ~(1+v)a {B
1 14

I"

. i=12, (15)
P_=0y3c080; +0338InQ;,
ge P, 1 P, — mpoekuii iHTEHCUBHOCTi MOBEPXHEBUX HABaHTAXKEHb Ha

BIJIMIOBITHI HATTPSIMKH
f;’ 1 l 3 —
cOs @, ZW’ sin @; _H [nl(fll,fﬁﬂ

Tyt n;— HOpMaip 10 MOBEPXOHb Tina O0OEpTaHHA, (; — KyT MiX HOPMAJIIO 1
HanpsIMKaMH KOODAMHATHHX oOcel, f; - HesBHe DIBHSAHHA JiHIK mpodimro
T'PaHUYHUX TIOBEPXOHB IMIOPOKHUCTOTO JAUCKA.

Yepes piBHICT HyII0 HalpyXKeHb G;3 1 O33 TIpaHudHi ymoBu (15)
CIIPOIIYIOTBCSA i, B Pa3i BiICYTHOCTI MTOBEPXHEBUX HaBaHTaxeHb P,.= P, =0 Ha
KPHUBOJIIHIHUX BHYTPIIIHIN Ta 30BHIIIHIX
TIOBEPXHSIX MTOPOYKHUCTOTO JIACKa,
HaOyBalOTh Takoro BUrIny (puc. 3)
6;;,=0 mpu r=5L(z) i o,;=0 mnpu
r=10(z), ne L(z), l,(z) — piBHAHHA

npoigr0 BHYTPINIHBOI Ta 30BHILIHBOI

TIOBEPXOHBITOPOYKHUCTOTO JINCKA.

r Bukonylooun TrpaHHYHYy YMOBY JUIs
30BHIIIHBOI IOBEPXHI TUCKa, OTPUMAEMO:

(1+v)a| B, 31+6"122+B2 1;"lnlz+1z" 2GPO3+"12+A Iy
3
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2 2 2
2N Z 1 1 v(l+vy) 2 z
—(1—v )(X?[B]E—le—zj— e TP()_V(1+V)G‘B17_

—(1+v)a] B (3 [4)+ ByInby + By +0,(z, t):|:| (16)

Oynkuiss 0(z,f) moxe Oyru orpumana 3 piBHsHHA (16). Bukmrouarouum 3
dbopmynu 11 HanpyxeHs (14) 1o GpyHKII0 3a gomomororo (16), oTpumMaemMo:

LR 36 -~

611=2—Gv{(1+v) [313”( +12)+ By t

- 2 ZJ 26

2 2
_Az(l—v)[r%—l%jﬂl—vz)OLBzérz—lzz()—(Hv)(x[Bl 41 +len—J} (17)
2

Sk 6aunmo 3 (17), ipu 7 =1, HapPYXEHHS G;; JOPiBHIOIOTH HYIIO.
BuKOHYeMO rpaHUYHY YMOBY Ha TIOBEPXHi IOPOXKHUHY AUCKA 1 OTPUMAEMO:

3+v(p, 2 1+v,. Ak _1-vp 3+" - e
(1+v)o{B1 T (l1 +12)+B2 lnlj Te (11 12) Ay(1 V)[112 122]+

2 2
2 21 1 -1 I
+(l—v )ocB2—2 [—112 ——122]—(1+ v)a [Bl 7 tBn N =0. (18)

Ie piBHAHHS MOXXJIMBE, SKIIO TIOKITACTH

Jnsa B, orpumaemo 3 (18):
3+v K
= 20
' " 1+v Ga (20)

[MincraBnsroun B piBHsaHHA (17) 3HauenHs (19) i (20), orpumaemo Te, 1O
G, =0 BCIOJM Y TUJIi TOPOXKHUCTOTO JIUCKA.

3naxomumo 0,(z,t) 3 (16) 3 ypaxyBanHsM 3HadeHb (19) Tta (20) i
NoKIagaroud By =0
3HO) 2 A0
0 +——.
2(50=3Gq 2a
Jnst remneparypHoro nons 0(r,z,t) oTpuUMaeMo:

Po(f)( 34v.2 g ) A0 22)

21)

2
0(r.2.0)=0, (r.1)+0,(2.0)= By - +0, ()= = -1

[MixcraBnsroun 3HaueHHs (22) y piBHSIHHS TEIUIONPOBITHOCTI (5), 3HAXOAUMO
MOTY)KHICTh CTOKY TeIUIa OAWHHIIEI0 00'eMY Tija JAnCKa:
_3-v ABy (1)
1+v 2Ga”’
AKUN 3HUKAE IpU By = 0, TOOTO Micis NPUNMHEHHS il MOHIEPOMOTOPHOI CUITH.

(23),

3HaxX0AMMO pajianbHe nepeMinieHHs u(r,t) Touok mionmun Z =0 3 piBHAHHA
(12), BpaxoBytoun popmynu (19) i (20),
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P 2
u(r,t)z—z—g)r3+Al%. (24)

Jani 3HaXomMMO 3HAuYeHHA mepeMimeHs u(r,z,t) 1 wz3(r,z,t) 3 (9),
ypaxoBytoun Bupasu (10), (11), (20), (22), (24), a TakoX 3aI€KHOCTI

: 3+v By
AP =2PyiA8, :_1+5@'
KO

u (r, z,t) = a0 3rz? —r3)+ 4 %, (25)

K(©)
Uz (r,z,t) =z(t)+ X_G(Z3 —3r2z)+ A4 %

3BijicK BU3HAYa€EMO KOMIIOHEHTH NIEpeMillleHb Y KOOPJUHATHIN TUTOMIMHI Tina
obepraHHs — MOpoKHUCTOro aucka Z =0

4G
Uz (r,o, t) =z(1),

ne Z(t) - Bigcranb Bij mouatky koopauHat cucremu (0°,7,z), 1mOB’sA3aHON0 3

u (r,0,t) = +A1%,

(26)

HEHTPOM 3eMJIi JI0 MOYaTKy KOOpAuHAT cucteMu (0,7,z), TOB’SI3aHOI0 3 TiIOM
obepTaHHs. Y bOMY BHIAIKy 0a4MMO, 10 PyX JUCKa MOKHA PO3IJISIIATH SIK PyX
TOYKH - TIOYATKy KOOPIUHAT, TIOB’ s 3aHOM 3 TLIOM (aJie He 3 IIEHTPOM HOro Baru).
MiticHo npu:
r=0, z=0:
11(0,0,¢) =0, 27
u3(0,0,7) = z(¢).
3a mowarkoBuii wac (=0 TUpUHHATO Takuid CTaH Tijda, KOJIM BOHO
3HAXOJUTHCS Y HEBArOMOCTI Ha ITOBEPXHi 3eMili 1 HOro pyx BiJICYTHIl:
20y =R P (0)=P,(0)=0.
3a nmepeminieHHIMH (25) 3HaX0mUMO 13 3aKOHa [ 'yKka OKpy)KHE HanpyXeHHs
Gy, , SIKE €JJUHE HE JIOPiBHIOE HYIIO:

0 = By, (28)
OckilbKM  CKIIaJi0Ba pafialbHOI MOHAepoMoTopHOi cunu  P.(r,t) = Ryr
BUHUKA€ HE Yy IIOYaTKOBUM MOMEHT dyacy ¢=0, Konu IUCK HepedyBae y
HEBaroMOCTi Ha IMOBEpXHi 3eMili, ajie Ie HEe PYyXaeThCs, a paHille MpU IMOsABi
EJIEKTPUYHOTO TIOJSI Y CHJIOBOMY KiJIbIli Tijla 0OepTaHHA. Y LBOMY BHIIQJIKY
3’SIBIIAEThCS MOHAEPOMOTOPHA CHIIa, a Ie paHime, komu P =P, =0 1 Fy =0,
NpYXHIA craH Tina OyB BiACcyTHiM i Oynmo BiacyrHe mone (22) i Timo maio
HaYaNbHy Temieparypy: 0(r,z) = 4, /20., ypaxoByrouy, 1o A1=const(z200C).
Takum umHOM, OaumMmo, MO TemrepaTypHe mone O(r,z,f) 3'IBUIOCA SIK

HACJIiI0K BUHUKHEHHS [TOHAEPOMOTOPHOI CHJIM, BUKJIMKAHOI EIEKTPOMAarHiTHUM
mmoJieM, 1 € pe3yibTaTtoM AedopMariii Tiia o0epTaHHS —TIOPOKHUCTOTO TUCKA.
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3i cnewjansHOI Teopii BigHOCHOCTI [13] BiZOMO, IO HIUIBHICTH PEISTUBICHKOL
MacH p TOB’sI3aHa 3 ILIIBHICTIO MACH , SIKa TTepeOyBa€ y CIOKOI P, 3aIEXKHICTIO!

Po
1-v? / ¢
1 (hOPMYJIOIO aHAJIOTIYHOIO TS MACH:
m
m=%, my =p0V0. (30)
1-v / c

Tyt m - Maca Tina y cucTeMi BiUTIKy , BiTHOCHO SIKOi BOHO IepebyBae y cTaHi
criokoro (7,z) . Llst BemMurHa HA3UBAETHCS BJIACHOIO Macoi0 a00 MAacoi0 CIIOKOIO.
Bennuuna m - € Maca TOro caMmoro Tijia y cuctemi Bimtiky (#7,z”), BiTHOCHO SIKOi
BOHO PYXa€TbCs 31 MBUAKICTIO v, . Llg BelIMUMHA HAa3UBAETHCS PENATUBICTHCKOIO
MAacolo, ¢ - MIBUAKICTB CBITIA ; V' - 00’eM Tijia y cTaHi CIIOKORO.

B cuiny ManoicToTHOCTI mepeMillleHb TOYOK CaMoro Tila oOepTaHHs
BIJIHOCHO KOODPJIMHATHOI CHCTEeMH (7,z), KA >KOPCTKO TMOB’si3aHa 3 TUIOM , JUIs
HOPMaJIbHOTO TIEPEMIIIEHHS 13 MA€EMO:

1 JUTS MIBUIKOCTI TiJIa OTPUMAEMO:
T/l3 = th (t) = I/Z

[MepeMHOXYIOUH PIBHSHHS PYXY JHCKa

Br(6) =L () +(P3,), =0
JUIsl ONUHUILI 00’ €Ma Ha 00’€M MOKOs V), , OTPUMAEMO :
2

V()(P"z);z:VoPZ (£)—mygo

20
31
Ve = PoVo  _ My _ G

Pro= 2/ 2 22
\/l—vz/c \/l—vz/c
1 pIBHSIHHSI BEPTUKAIBHOTO PYXY TiJla , IK TOUKH, HAOyBa€ BUTILLY:
R?

mv, ), =VoP.(t)—mygy ——. (32)

(mv. ), =VoP. OOZZ(t)

Konu Tino pyxaeTbes 31 MBUAKICTIO 3HAYHO MEHIIIO0, HIXk IIBUAKICTH CBITIIA
VO ¢ ,T0 m=m; i06ynemMo MaTH AN MPUCKOPEHHS:

"o R
a, =V, :_Pz(t)_mOgO . (33)

mg Z% ()
BucnoBku. PosrisHyro HanpyxeHo-IehOpMOBaHUN CTaH Ta piBHSHHS
BEPTUKAJIBHOTO PYXy Tijla OOepTaHHsS — MOPOKHUCTOIO JHCKa T €0

TEMIepaTyPHOTO MOJIs Ta 00 eMHMX cril. Koy Ha Auck He HaKIaaeHI MeXaHiuHi
B's31, SIKi TEPEIIKO/DKAIOTh HOTO PyXY, TO MiJ Ai€0 TOHJEPOMOTOPHUX CHJ BiH
pyXaTHMEThCs, SKIIO CHJIa TSDKIHHS He JIOpiBHIOBATUME MOHIEPOMOTOPHIN CHIi 1
B piBHOBa3i (HEBaroMicTh TiJia), KOJHM BOHH OyAyTh piBHUMH. OTpUMaHi pillIeHHs
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CBiIYaTh TpPO Te, MO Jis TOHJEPOMOTOPHUX CHJI TPUBOAUTH N0 TMOSBU
TEMIIEPAaTYpHOTO TIOJIs, SIKE € Pe3yJbTaTOM [OCHIPKEHHS PO3TVITHYTOrO Tijia
obepTanHs. [l BU3HAYEHHS NPUCKOPEHHS 1 MIBUAKOCTI TOPOXKHUCTOTO JTUCKA,
KM pYyXaeTbcsi, HEOOXIJHO 3HATH KOHKPETHHWH BHWpa3 Uil BEPTHKAIbHOI
CKJIaJIOBOi TOHIEPOMOTOPHOI CHIIM, sika Oyze 3HalifieHa 3 pO3B'S3Ky piBHIHB
Maxkcgena i Oy/ie 3aIpoITOHOBaHa B HACTYITHOMY JIOCITiPKEHHI.

S AW
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Grevtsev O., Selivanova N.
STRESS-STRAIN STATE AND EQUATION OF THE VERTICAL MOVEMENT OF THE
CORED BODY OF ROTATION — DISC UNDER ELECTROMAGNETIC FIELDS

Investigeted the problem of the theory of thermoelasticity and electromagnetoelasticity for solid
of revolution, in particular a cored disk of variable thickness, loaded by an axisymmetric temperature
field and volume forces: gravity forces, ponderomotive forces (mechanical forces acting per unit
volume of the conducting medium) and inertia forces is considered.

The problem of determining the equilibrium or motion of a continuous bounded medium is a
complex problem. For solving it is necessary to first solve the equations mechanics of continue
together with the equations of electrodynamics into account the thermomechanical interaction of the
environment as a result the deformation. While investigating the stress state of an electrically
conductive body in an electromagnetic field, it is assumed that the body is in a magnetic field created
by an electric current in the body itself, where an electric current flows and electric charges are
generated. Under the influence of its own electromagnetic impulse field, the body must move
independently. In circuits in which an alternating current flows in magnitude and constant in
direction, Newton's law is not valid (the equilibrium condition of the ponderomotive forces the
mechanical forces acting on the body from the side of the electromagnetic field). These forces will
also cause the motion of the body of revolution.

As a result of the research, differential equations were obtained for the determination of
displacements and the equation for the vertical motion of a body of revolution of variable thickness.

The conditions for the movement of the cored disk under the action of its own electromagnetic
pulse field are determined. The stress state of the rotating body is investigated. It was shown that the
tangential, axial and radial stresses in the body of the cored disk are absent, that is they are equal to
zero. The only voltage other than zero is the circumferential tension. It is shown that the temperature
field appears when the ponderomotive forces caused by the electromagnetic field arise and is the
result of deformation of the body of rotation - a cored disc.

Key words: thermoelasticity, electromagnetoelasticity, electromagnetic impulse field,
axisymmetric stress, axisymmetric deformation, inertia force, gravity force, ponderomotive forces,
temperature field, relativistic mass.

I'pesyes A.K., Cenusanosa H.IO.

YIIPYT'O-AE®@OPMUPOBAHHOE COCTOSIHUE U YPABHEHUE BEPTUKAJIBHOI'O
JBUIKEHUS IOJIOIO TEJIA BPAILEHUS - JUCKA 1O JEHCTBUEM
SJEKTPOMATHUATHBIX MOJIEM

PaccmoTpena npocTpaHCTBEHHAs 3a/ja4a TEOPUU TEPMOYIIPYTOCTH M DIICKTPOMArHUTOYIIPYTOCTH
JUIS  TeJl BpalleHWs, B YaCTHOCTH IIOJIOFO JHMCKAa MEPEMEHHOW TOJIHMHBI, HArpyXEHHOI0
OCECUMMETPUYHO  TEMIIEPATypHBIM I[OJEM M  OOBEMHBIMM  CHJIAMH: CHJIAMH  TSDKECTH,
MOHJOPOMOTOPHBIMHU CHJIAMHU (MEXaHUYECKUE CHJIBI, ICHCTBYIOIINE CO CTOPOHBI AJIEKTPOMArHUTHOTO
NoJIs Ha eIUHHIy o0beMa HPOBOASIICH Cpelbl) U CHUJIAMU WHEepUuH. B pesynbrare MccienoBaHU
ObUTH MOJyYeHbl JUu(QepeHIrnalbHble YPABHEHUS IS ONpPEACICHUs MEPEMEICHU U ypaBHEHHUS
BEPTUKAJIBLHOrO JABIKeHUs. OrnpeaesieHbl yCIOBUS JIBHIKEGHHUS II0JIOTO JUCKAa IOJ JAeHCTBHEM
COOCTBEHHOr'0 3JIEKTPOMArHUTHOTO MMITYJIbCHOTO 1oJist. [IpoBeaeHO HCCleOBaHHE HANPSHKEHHOTIO
COCTOSIHUSI pacCMaTpUBAEMOro Tejia BpauieHus. [Ipy 3TOM INoka3aHoO, YTO KacaTelbHbIE, OCEBbIE U
paaualibHble HaNpsDKEHUSI B TeJIE MOJIOr0 JUCKA OTCYTCTBYIOT, T.C. paBHBI HYINIO. ENMHCTBEHHBIM
HaNpPsDKEHUEM, OTJIMYHBIM OT HYJIs, OyJeT okpykHoe HanpspkeHue. [1oka3aHo, 4To TemiepaTypHoe
MOJIC TOSBJISIETCSl IPU BO3HUKHOBEHUH ITOHIOPOMOTOPHBIX CHJI, BBI3BAHHBIX 3JIEKTPOMArHHUTHBIM
T0JIeM, H SIBIISIETCSI PE3yJIbTaTOM JAeh)OpMAaIHH Tejla BPALEHHs — [IOJIOr0 ANCKA.

KiroueBble  cJIOBa:  TEPMOYIPYroCTb,  JIEKTPOMArHUTOYHPYroCTb,  3JIEKTPOMArHUTHOE
UMITYJIbCHOE M0JIe, OCECUMMETPUYHAsI HArpy3ka, OCECHMMETpPUYHAs JAe(opMalius, Chjla HHEPLHH,
ciiii TsDKecTH (TpaBUTAlMHK), MOHICPOMOTOPHBIC CHJIbI, TEMIIEPATYPHOE TI0JIe, PENISITHBUCTCKAS
macca.
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YK 539.3
I'pesyes O.K., Cenisanosa H.FO. Hanpy:xeHo-1e)opMOBaHU CTaH i piBHSAHHS BePTHKAJIBHOIO
PYXYNIOPOKHHCTOTO Tijla 00epTaHHS — JUCKA Mix Ji€l0 eleKTpoMarHiTHuX moiiB // Omip
MaTepiaiB i Teopis cropya: Hayk.-TexH. 30ipH. — K.: KHYBA, 2019. — Bumn. 102. — C. 109-120.
Posznsinyma npocmopoea 3a0aua mepmonpyiIcHOCmi ma eiekmpoMazHimonpy#cHocmi 01 mina
obepmanns, 30Kkpema ONsi NON020 OUCKA 3MIHHOI MOBWUHU, HABAHMAICEHO2O OCECUMEMPUUHO
memnepamypHum noiem i 00 EMHUMU CUTAMU: CULAMU MSICIHHA, NOHOEPOMOMOPHUMU CUNAMU §
cunamu inepyii. Bynu ompumani OudepenyianoHi pieHAHHSL OJI5l 3HAXOONCEHHS NePEMIlYeHb | PIGHSIHHS
6EPMUKATILHO20 PYXY PO3IAHYMO20 MiNa 0b6epmanHa. Busnaveni ymosu pyxy noiozo oucka nio oieio
67IACHO20 eIeKMPOMASHIMHO20 IMRYIbCHO20 NoaA. IIposedeni O00CTIONCEHHA NPYHCHO20 CMAHY
PO32NAHYMO20 MINA 06epmanis.
Tabua. 0. L. 3. Bi6miorp. 13 Ha3s.

UDC 539.3
Hrevtsev O., Selivanova N. Stress-strain state and equation of the vertical movement of the cored
body of rotation — disc under electromagnetic fields // Strength of Materials and Theory of
Structures: Scientific and technical collected articles. - Kyiv: KNUBA, 2019. - Issue 102. - P. 109-
120. — Ukr.

The spatial problem of thermoelasticity and electromagnetic elasticity for a body of rotation is
considered, in particular for a hollow disk of variable thickness, loaded axially by a temperature
field and volumetric forces: gravity, ponderomotive forces and forces of inertia. Differential
equations were obtained for finding displacements and the equation of the vertical motion of the
considered body of rotation. The conditions of the motion of a hollow disk are determined under the
action of their own electromagnetic pulsed field. The study of the elastic state of the considered body
of rotation has been carried out.

Tabl. 0. Fig. 3. Ref. 13.

VK 539.3

I'pesyes A.K., Cenusanosa H.IO. HanpsikeHHO-1epopMHPOBAHHOE COCTOSIHHE W YpaBHEHHe
BEPTHKAIBHOIO {BH/KEHHSI M0JIOr0 TeJla BPALEHHsl - TUCKA 1O/ eiCTBHEM 3JIeKTPOMArHUTHBIX
noJeii // ConpoTHBIeHHE MaTEPHAIOB M TEOPHs COOPYXKEHHil: Hayd.-TexH. cOopH. - K.: KHYCA,
2019. - Bpm. 012. - C. 109-120.

Paccmompena npocmpancmeennas 3a0aya mepMOYynpy2ocmu u dAeKmpoMacHUMOYnpy20Cmu
0ns mena eépawjenus, 8 YAcmHOCMU Osl NONO20 OUCKA NEPEMEHHOU MONWUHbL, HASPYICEHHO20
0CeCUMMEMPUYHO — MEMNEPAMYPHbIM — NOAeM U OObeMHbIMU — CUNAMU:  CULAMU  MSIICECTU,
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B crarri, Ha OCHOBI piBHsHHS bepHymni a1 cTicioro rasy, OLIHKH 3MiHH XapaKTePHCTHK
Ha/I3BYKOBOro 1moToKy B Tewii IlpaHnmia-Maiiepa Ta rinore3sd  “AMHAMIYHOIO — CKPHUBJICHHS
AepOMHAMIYHOr0 NPOdII0, BCTAHOBICH! 3aKOHOMIPHOCTI B3aeMOZii CTPHOKIB yIUiIbHEHHS 3 KyTOBOIO
IIBHIKICTIO KOJMBaHb ACPOJMHAMIYHMX IIOBEPXOHb YNpaBIiHHSA. BCTaHOBNEHI 3aKOHOMIPHOCTI
THOSICHIOIOTh IIPHYMHY BUHHKHEHHS 30YDKYIOUMX CUI 1 IIAPHIPHUX MOMEHTIB aepOIMHAMIYHIX IOBEPXOHb
YIPaBIIiHHS HAZ3BYKOBHX JIITAKIB 1 a6POJUHAMIYHUX CHCTEM Ha TPAHC3BYKOBHX LIBHIKOCTSIX MOJIBOTY.

Ha 6a3i BcTaHOBICHNX 3aKOHOMIPHOCTEH B3a€MOAil CTPHOKIB YIIIIBHEHHS 3 KyTOBOKO IIBHAKICTIO
KOJIMBAHHS AePOJUHAMIYHUX IOBEPXOHb YIIPABIIHHSI OTPUMAHI MAaTeMaTHYHI MOJEN OLIHKH BEJIMYMH
30YDKYIOUHX CHUJI 1 30YIKyFOUMX IIAPHIPHUX MOMEHTIB aepOAMHAMIYHHX IIOBEPXOHb YIIPABIHHSL.

KumrouoBi ciioBa: mMaremaTndHa MOJeib, TPAH3BYKOBHH duarep, aepoaMHaMidHuil mpodisb,
aepoJMHAaMiYyHA IOBEPXHS KEPYBaHHS, CTPUOKHM YIIUIBHEHHs, TPAHC3BYKOBHMH MOTIK, ducio M
HOJIBOTY, TUCK MiCLIEBOTO HAI3BYKOBOI'O [IOTOKY, 30yIKEHUH [IapHIPHUIT MOMEHT.

IMocranoBka mnpodaemu. 3a0e3neueHHss O€3NEKH IOJIBOTIB HA/JI3BYKOBHX
JITaKkiB Ta aepOKOCMIYHUX CHCTEM Yy TPAHC3BYKOBOMY [iama3oHi umcen M
MOJBOTY JI0CI 3AJTUIIAETHCS AKTYaIbHOI HaYKOBOIO 1 MPHUKIIAIHOIO MPOOIEMOIO.
Ile oOymOBIEHO O0COONMBOCTSIMU OOTIKaHHS aepOJMHAMIYHUX MOBEPXOHb
HEOJHOPITHUM (TPaHC3BYKOBUM) IIOTOKOM ITOBITPS 1 TIOB’SA3aHO 3 BUHUKHCHHIM
Ha WX pEXKHMax MOJILOTY DPI3HOMAaHITHUX SBHI aeporpyxHocTi. Jlo Takux
SIBUIIL MOYKHA B1THECTH:

- 30UIBIIEHHS 3TMHAJILHUX MOMEHTIB HECYUUX aepOAMHAMIYHUX TIOBEPXOHB;

- 301JIBbIIEHHS] CTATUYHUX HIAPHIPHUX MOMEHTIB aepOJAMHAMIYHHUX ITOBEPXOHB
KepyBaHHS;

- BUHUKHEHHs IHTCHCHBHUX KOJWBaHb aepoJWHAMIYHUX IOBEPXOHBb
KEpyBaHH:L.

AHaJTi3 0CHOBHHUX J0CJTi:KeHb i myOaikamiii. ¥ mpami [1], sika npucesiueHa
JIOCITI/DKEHHSIM KOJIMBAaHb aepOJMHAMIUHMX TMOBEPXOHb KEpyBaHHS JIITaKiB Ha
TPaHC3BYKOBUX HMIBUAKOCTAX MOJBOTY, PO3TIISIHYTO TPH TUITA KOJIUBaHb:

-THIT «A» - KOIIMBaHHA aepoJUHAMIYHMX TIOBEPXOHb KEpyBaHHS, SIKi
00yMOBJIEHI BiZIpMBOM TPHKOPJOHHOTO MIApy 3a CTPHOKAMH YHIUTBHEHHS 1 SIKi

© Cagponos O.B., Cemon B.JA., Hezinbxo O.M., Topina A.O.
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CIOCTEPITaloThCS B €KCIIEPUMEHTAIBHHX JOCII/DKEHHSX Ha BETUKHUX KyTaX aTakH i
TIPY BiZICYTHOCTI CTPHOKIB YIIILHEHHS Ha TIOBEPXHI aepOANHAMIYHOTO MPOdiII0;

-tun «B» - KOMMBaHHSA aepOAMHAMIYHMX IIOBEPXOHb KEPYBaHHS, SKi
00yMOBJIEHI OCOOJNIMBOCTSIMU iX B3a€MOmil 31 CTpUOKaMH YIIUIBHEHHS 1
CIOCTEPIraloThCs B EKCHEPUMEHTAJIbHUX  JIOCHIDKEHHAX HAa  TOHKHX
CUMETPUYHHX aepOIMHaMIYHUX NPOQUIAX, SKI PO3TAIIOBaHI Y TPAHC3BYKOBOMY
TIOTOLIl MOBITPSI IMiJI HYJIbOBUM KYTOM aTaKH;

-tun «C» - KONHMBaHHS aepoJUHAMIYHUX TMOBEPXOHb KEPYBaHHS NpH
HEBEJIMKHUX Ha/I3BYKOBUX IIBUKOCTSIX TOJIBOTY.

3ayBaxuMo, IO /IO HaWOUThII HEOE3NMEeYHWX SBUII AepOIPYKHOCTI
HEOoOX1THO BiTHECTH KOJIMBAHHS aepOJMHAMIYHHX MOBEPXOHb KEPYBaHHS THUITY
«B», BUHUKHEHHS SKHX HEOIHOPA30BO 3aKiHUYBAJIOCS PYWHAIIEIO EIEMEHTIB
KOHCTPYKIIi JITaKiB i, y IEpIIy Yepry, elleMEeHTIB KOHCTPYKIIT aepoANHAMIYHHX
MOBEPXOHb KEPyBaHHS.

VY nesxkux mpausx [2, 3] meil THII KONHMBaHb aepoOAMHAMIYHUX ITOBEPXOHB
KEpYBaHHS Ma€ Ha3By «TPAHC3BYKOBHUi» (OJHOCTYNEHEBHUil) ¢uaTep, OCKLIBKH
BUHHMKHEHHS I[bOTO THUITy KOJHMBaHb MOJIMBO TPU HAsBHOCTI JIMIIE OHIEIO
CTyNeHi CBOOOJAM, HANpHKJIal, NPU HAasSBHOCTI JIMIIE KPYTWIBHUX KOJIMBaHb
aepoJMHAMIYHOI OBEPXHI KEPYBaHH:L.

TeopeTnyHUM Ta EKCIIEPUMEHTAIBHUM JIOCHI/DKEHHSIM IHOTO SIBUINA
MIPUCBSYCHO OaraTo myOJTiKalii, B SIKMX 3alpOIOHOBAaHI PI3HOMAHITHI IiIXOIH
JUis  OOTPYHTYBaHHS  NPUYMH  BUHUKHEHHS  IHTEHCHBHHX  KOJIMBAaHb
aepoJMHAMIYHHUX TIOBEPXOHb KEPYBaHHS Cy4aCHHX HaJ[3BYKOBHX JITaKiB, yMOBH
X BUHMKHEHHSI, BIUTMB PI3HOMaHITHUX (haKTOPiB HA piBEeHb KONUBaHb [3—7].

3a pe3ynbTaTaMu JHOTHUX Ta JIAOOPATOPHHUX JOCITIKEHb [3-7], BHHUKHEHHS
TPaHC3BYKOBOTO (hi1aTepy CIOCTEPIracThCsi y BY3bKOMY Jiama3zoHi uucen M
MONBOTY, YAacTOTH KOJNHMBaHb JOPIBHIOIOTH YacTOTaM BIIACHUX IIPYKHHUX
KOJIMBaHb aepOJMHAMIYHUX MOBEPXOHb KEPyBaHHA y Ha3eMHHX yMOBaX, PiBEHb
KOJIMBaHb 30UIBLIYEThCS 31 30UIBIICHHSM IIBUAKICHOrO Hamopy abo 3i
3MEHILIEHHSIM BHUCOTH TOJIBOTY.

BimMmideHo, 110 piBeHb WX KOJUBAHb 3JICKUTH BiJ BEIUKOI KUIBKOCTI
rapameTpiB, 10 OCHOBHUX 3 SIKMX BiJHECEHi: 4HCIO M TIOTOKY MOBITPS;
TEOMETPUYHI XapaKTePUCTHKH aepOAMHAMIYHHIX TIOBEPXOHb, YACTOTA IX BIIACHHX
MIPY)KHUAX KOJIUBAaHb Ta MacOBO-iHEPIHI XapaKkTepucTuky [1].

VY neskux mparnsx BiIMiYeHWH BIUTUB CTPHOKIB YIIUILHEHHS HA BUHHUKHEHHS
KOJIMBaHb a€pOIMHAMIYHUX TIOBEPXOHB Y TPAHC3BYKOBOMY ITOTOIII OBITPSI.

Tak, y npai [8] BizmideHo, 1m10: «CTpHOOK YIIUIBHEHHS € OCHOBHOIO IPHYHHOFO
PpI3KOro 3HIDKEHHS Mexi (uiatepy Ha PeKHMi TPAHC3BYKOBUX ILIBHAKOCTEH», aie
TEOPETHYHOr0 OOTPYHTYBaHHSI IIbOTr0 TIPHITYIICHHS Y TIpalli He HABEJICHO.

VY nparii [9] BkazaHo, 1m0 «Y TapHi XBWII HE BUHUKAIOTh B NESKii BU3HAYCHIN
Touli TNpo(dia0, BOHU KOJWBAIOTHCS 3 BEJIMKOI YacTOTOIO MiX JBOMa
MOXITUBHMU TIOJIOKEHHSIMH PiBHOBArm».

AJie moci He po3po0JieH] 3arajdbHO MPUHHATA MAaTEMaTHYHI MOJEII, SKHUMU
MOXKHa OIMCaTH TMpOLECH, IO BiNOYBAaIOTHCS INPH BUHHKHEHHI KOJUBAaHb
aepoJMHaMIYHHX ITOBEPXOHb KEPYBaHHs Ha IUX PEXKUMax MmoiboTy [1].
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Meta crarri. BuzHauntn Oe3newHuil Jiana3oH TPaHC3BYKOBHX uucen M
MONBOTY, B SKOMY BHHHKAIOTh IHTCHCHBHI KOJMBaHHS aepOAWHAMIYHUX
MOBEpXOHb KepyBaHHA (THI «B»), 3 METOI0 MIArOTOBKM pEeKOMEHJAIlii
JILOTHOMY CKJIaJly IIOA0 OCOOJIMBOCTEH KepyBaHHIMH HaJ3BYKOBHMHU JIITAKAMU Y
TPaHC3BYKOBOMY Jlialia3oHi yucen M IonboTy.

Buknax ocHoBHOro Marepiajgy. AHami3 pEeXHMIB IOJBOTY, Ha SKHX
CIOCTEpIrajiocsi BUHUKHEHHsI TPaHC3BYKOBOro (iarepy, CBiIYMTH, 10 Olibliia
YacTHMHA BHUNAQJAKIB pyHHAIi €JEeMEeHTIB KOHCTPYKLIH aepoAnHaMidHUX
MOBEPXOHb KEpPYBaHHS HA/J3BYKOBUX JIITAKiB IpUIANa€ Ha €Talm 3MEHIICHHS
LIBHIKOCTI MOJNBOTY JITakKiB 3 HAJ3BYKOBOI JI0 JNO3BYKOBOW. ToMmy BHHHKae
HEOOX1THICTh TEOPETUYHOr0 OOIPYHTYBAHHS IIbOT'O SIBHIIA.

Bume Oymo BigMmiueHO, IO OJHI€I0 3 NMPUYMH BUHUKHEHHS 1HTEHCHBHHX
KOJIMBaHb aepOAMHAMIYHUX MOBEPXOHb KepyBaHHs TUITy «B» € ocobmmBocTi iX
B3aemoii 3i crpuOkamu yurineHeHHs. L{i ocobnuBocTi 1 OyayTh BUKOpUCTaHI ISt
BU3HAUeHHS OE3MEKOBOrO [iala3oHy TpPaHC3BYKOBUX 4Yucel M TONBOTY
Ha/I3BYKOBUX JIITAKIB Ta aPOKOCMIYHUX CHCTEM.

Amnani3 ocobimuBocTel 00TiKaHHS aepoANHAMIYHUX MPOdiTiB TPaHC3BYKOBUM
MIOTOKOM MOBITPS IIOYHEMO 3 aHaJi3y piBHSHH (TeopeMu) ['Toronso [9]

2_\dV _dS
M2 1) 4L 45 1
) 0
ne M - uucno M Hamg3BYKOBOro abo JO3BYKOBOTO IOTOKY IOBITps; V —
LIBHIKICTh HaA3BYKOBOro a0 JO3BYKOBOIO MOTOKY MOBITps; S - IUIomIa

NepeTuHy TpyOKH TOKY TOBITps 200 IUIOIIA epeTHHY COoIIa.

3 ananizy piBHsHHS (1) BHIUIMBa€, IO IIBUIKICTH JI03BYKOBOTO IIOTOKY
301IBINYETHCS, AKIIO 3MEHINYETHCS IUIOMIA TIEPETHHY TPYOKH TOKY IMOBITps abo
IUIOLIa TIEPEeTHHY COoIla. A IIBWJAKICTH HaJ3BYKOBOTO CTPYMY 30LIBIIYETHCS,
SKIIO IUIONIA TEpeTHHY TPYOKM TOKY MOBITps abo IUIolla HEepeTHHY coIuia
30inbyeTbesi. ToOTO, y KOH(Y30pHIM 4YacTHHH aepoAWHAMIYHOrO MPOQiito
yucino M 30inbnryerbes o unucna M =1,0 1 gani 3anumaeTbest He3MiHHUM TIPH

30ibIIeHHI YKcina M He30YIHKEHOro J03BYKOBOI'O MOTOKY TOBITpsS (M., ) Bid
KPUTHYIHOTO uucia M aepoauHaMiqHoro mpodimto ( M p ) mo uucna M., =1,0.

Leii edext Mae Ha3By «3aKOH cTadiizamii micueBux uucen M» [10].

VY nmudy30pHOi YacTHHHM aepoOAMHAMIYHOrO MpOQito, TOOTO, KOIH %>0,
IIBUJIKICTh MICIIEBOTO HaJI3BYKOBOT'O MTOTOKY 301BIIYETHCS, TOMY 30LTBIITYEThCS
1 9KciI0 M MICIIEBOr0 HaI3BYKOBOI'O TIOTOKY. [IpH4oMy, MakCHMalIbHa BETHUUHA
yucna M MICIEBOrO0 Haq3BYKOBOT'O IIOTOKY Ha TOBEPXHI aepoIUHaMiYHOIO
podiito Mae OOMEKEHHS, SIKi 00YMOBJICHI TEOMETPHYHHUMH XaPaKTCPUCTHKAMHU
aepoIuHaMIYHOrO MPOQIII0 Ta MaKCHMAaIbHUM aiabaTHYHHM PO3IIUPECHHIM
MICIIEBOTI'O HaJ[3BYKOBOT'O TIOTOKY.

I'eomerpruHe OOMEXEHHS MaKCHMajbHOI BEIWYMHU 4YHciaa M MiCIEBOTIO
HA/I3BYKOBOI'O ITOTOKY Ha IOBEPXHI aepoJMHaMivYHOro Npodiiao 00yMOBIEHO
MaKCUMaJIBHUM KYTOM BiIXHJICHHS HAJ3BYKOBOTO ITOTOKY HABKOJO BHITYKJIOL
noBepxHi (teuis [Ipanarns-Maitepa) 1 Moxke OyTH BH3Ha4YeHa BiIOMOIO
HAOJIMOKEHOIO 3aJISKHICTIO [3]



124 ISSN 2410-2547
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

M, = 1+11,5¢0(x) , )

ge M, - uucio M MicueBOro HaJ3BYKOBOIO IOTOKY Ha NOBEpXHI NIpodiiro;

¢(x) - KyT BIAXWICHHS HAJ3BYKOBOTO TOTOKY Yy nudy30pHid yacTuHi

aepoIMHAMIYHOTO TIPOdiIIO.
IMoxubka BH3HAa4YeHHs uucia M MICHEBOrO HAA3BYKOBOIO IOTOKY Ha
MOBEPXHI aepOAMHAMIYHOTO MPOPII0 3a JOIOMOIOKH 3aJeKHOCTI (2) mpH

©(x) <10° ne mepepumntye 1,0%. Taka moxubka € 3HaUHO MEHIIOI 32 MOXUOKY

00pOOKH eKCIIepUMEHTANBHUX JITAaHUX, TOUHICTB SIKUX He repeBurye 5,0% [7].
Kyr BimxuieHHS HaI3BYKOBOTO MOTOKY Yy 3aJIeKHOCTI (2) BU3HAYAETHCS
T€OMETPUYHUMH XapaKTePUCTHKaMU (] y30pHOi YacTHHH MPOdiITo.
Jus  HaOmmKeHOi  IHKEHepHOI  OMIHKKM  XapaKTEPUCTUK  THUIIOBHX
aepouHaMiuyHUX TpoQiTIB HAI3BYKOBHX JITaKiB KyT BiJXWIICHHS MOXHa
BU3HAYaTH NapaboIIo0 BUIY

9(x) = @9 )1;_: , 3)

Je ¢ - MaKCUMalbHHH KyT Haxwily JIOTHYHOI 10 MOBEpXHI Audy3opHOi
yacTiHU Tpo¢dinro  abo MakCMMaNbHMHA  KYT  BIIXWJIEHHS  MICIIEBOTO
HAaJ3ByKOBOTO MOTOKY Y I1(Y30pHOI YaCTHHHU aepoAHHaMiuHOro npodinto; x, -

BiJICTaHb [EPEeTHHY pO3TalllyBaHHS CTPUOKIB YIIUIBHEHHS BiJl TEpPETUHY
MaKCUMAJbHOI TOBIIMHHM Npodigio; & - BiACTaHb NEPETHHY MaKCUMAaJbHOI
TOBIUIMHY MTPO]IIIO 10 HOro 3aHBOI KPOMKH.

AniabatuuHe oOMexeHH yucia M| 0OyMOBJIEHO MAaKCUMAaJIbHO MOMKIUBUM

PO3IIMPEHHSIM MiCIIEBOTO HAA3BYKOBOTO MOTOKY Ha ITOBEPXHI aepOANHAMIYHOTO
POQLITIO 1 BU3HAYAETHCS HAOIIKEHOIO 3aJICXKHICTIO, SIKa OTpUMaHa y nparii [3]

My -1=2(M.,-M,,). )

Kpuruune uncno M TOHKHX aepoIuHaMidHUX NpoQiliB, sKi pO3TAIIOBaHI y
TIOTOI TTOBITPS MiJ| HYJbOBUM KYTOM aTakKH, MOKHA TMPHOJIM3HO BU3HAYUTH Ha
MiZICTaBl Pe3yNbTaTiB JIA00OpPaTOpHHUX JOCHipkeHb [7, 10] abo 3 piBHAHHA, sSKeE
3aIporOHOBAHO y mpaii [4]

M,, =1-0,77, (%)

JIe T - BiIHOCHAa TOBIIMHA aepOAMHAMIYHOrO Mpodinto, TOOTO, BiIXHOIICHHS
MaKCHMAaJIBHOT TOBITUHU TPO(]LII0 10 HOTo XOp.Iu.

3 Meror aHamily OCOONMBOCTEH B3aeMOAii CTPUOKIB YIIUIBHEHHS 3
KOJIMBAHHSIMU aepOAMHAMIYHMX TIOBEPXOHb KEpyBaHHS Ta BH3HAYEHHS
Oe3rekoBOro  jiamazoHy uumcen M TONBOTY, PpO3IVISHEMO  TOHKHH
aepoJuHaMiuyHUK TIpoQinb 3 aepoJUHAMIYHOI ITOBEPXHEI0 KEepyBaHHS, KU
pO3TalllOBaHUH y TPAHC3BYKOBOMY IIOTOLI TiJ HYJIOBHM KyTOM aTaku.
OOTikaHHs aepoAWHAMIYHOrO TPOQIII0 TPAaHC3BYKOBUM ITOTOKOM MOBITpS
ysaBisieMo Oe3BigpuBHMM. IIIBHAKICTE TPaHC3BYKOBOTO IIOTOKY BiZIOBiIA€E
TaKUM 4YuciaM M, TpH SKUX CTPUOKM YIIJIbHEHHS 3HAXOAAThCA Ha
aepoJMHaMivHOI MOBEpXHi KepyBaHHS (puc. 1).
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3anexHocti (2) - (4) b, b,
JIO3BOJISIFOTH YCTaHOBHUTH
3aKOHOMIPHOCTI  B3a€MOJil
CTpUOKIB  VIIUTBHEHHS 3
KOJIMBaHHSIMHU
aepoJMHAMIYHHUX ITOBEPXOHb I
kepyBauHs.  /JlilficHo, mipH
MAaJIUX aMILTITy1ax Puc. 1. AepouuH.aI\./lqum‘?l npoq)inb.y TPaHC3BYKOBOMY

. HOTOLI 31 CTPHOKAMHU YIIITIbHEHHS
KOJIMBAaHHS aepOIMHAMIYHIX
TOBEPXOHb KepyBaHHs y piBHsHHI (4) uncno M., = Const, uucno M,, = Const,

toMy 1 umcino M;=Const. Tobro, 3rimHo piBHAHb (2) 1 (3), cTpuOkH

VUIUTBHEHHST TIpH  KOJHMBaHHAX aepOJMHAMIUYHHX MOBEPXOHb KepyBaHHS
MEePEMILIYIOTBCS Y Ti MEPEeTHHH XOpAH MPOQUI0 aepoIUHAMIYHUX TOBEPXOHb
KEepPYBaHHs, B SIKUX KYyT BIJXWIEHHS MiCIEBOrO HaI3BYKOBOIO TIOTOKY Ha
MOBEPXHi NMPO(DITI0 3aUIIAETECS PIBHUM KYTY BIAXHJICHHS TOTOKY Y IEPETHHI
MOYaTKOBOT'O PO3TALIYBaHHS CTPUOKIB YIIIIbHEHHSI.

Ili 3akoHOMIpHOCTI B3a€MOJil CTPUOKIB YIIUIBHEHHS 3 KOJMBAaHHIMHU
aepoJMHaMIYHHUX MOBEPXOHb KepyBaHHs HaBe/eHi y mpaui [3], ToMy HaragaeMmo
JUme T OCOONMBOCTI B3aeMoOAil CTPUOKIB YIIJIbHEHHS 3 KOJWBaHHSAMHU
aepoJMHAMIYHUX TIOBEPXOHb KEPYBaHHS, SKI BUKIMKAIOTh BHHHUKHEHHS
30y[DKEHUX CHJI 1 IIApHIPHMX MOMEHTIB, a CaMe, OCOOJHUBOCTI B3a€MOZIl
CTpUOKIB VIIUIBHECHHS 3 KYyTOBOI IIBHIKICTIO KOJUBaHb acpOJMHAMIYHHX
MOBEPXOHb KEPYBaHHS.

Jlis OLiHKM HX OCOOJHMBOCTEH CKOPUCTAEMOCS TIilIOTE30H0 «IAWHAMIYHOTO
CKpUBJIEHHS» aepoauHamiyHoro mnpodimo [11]. 3rigHo 3 mieoo rinoresoro,
XapaKTePUCTUKU CTAJIOT0 aepoIMHAMIYHOrO TPO(MIII0 HE BiAPI3HIIOTHC Bij
XapaKTepUCTUK MPOQiI0, SKUH KOMMBAETHCS, SKIIO CTalUid  mpodinb
CKPUBJIEHHH TaKUM YHHOM, IIO MICLEBl KyTH HOTO OOTiKaHHS MOTOKOM MOBITpS
3MIHIOIOTBCS 32 3aKOHOM

83(3) ="5(1). (6)
€ X, - BIICTaHb NEPETHHY PO3TAalllyBaHHS CTPUOKIB YIIIJIBHEHHS Bl OCi

00epTaHHs ACPOIMHAMIUHOI TOBEPXHi KepyBaHHS; O(f) - KyTOBa IIBHAKICTH
KOJIBaHb a€pOIUHAMIYHOI TIOBEPXHI KEPYBaHHSI.

BpaxoByroun BuiieHaBeaeHe Ta 3anekHocTi (3) i (6), nepeMilieHHs! CTpUOKIB
VIIUTBHEHHSI yrepe] 1 Ha3aj BiJl MOYAaTKOBOI'O PO3TAallyBaHHSA, SKi 0OYMOBJIEHI
3aKOHOMIPHOCTSIMH iX B3aeMofii 3 KYTOBOIO IIBHUJKICTIO KOJWBaHb aepo-
JMHAMIYHOI TIOBEPXHI KEPYBaHHS, MOXKHA BU3HAYHUTH 3 HACTYITHHUX PIBHSHB!

Xe —Ax, (x;8)  xy —Axy(x;ﬁ)s _ .
e 10k ™

X X, +Ax x;S o A, ;8 .
000 = 9 = g T EO)_ta LELEO) 5 ®
| |

X
<p(x)=<pob—”z<po
1
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nie Axy(x;S) — BEJIMYMHA TepeMIillleHHs] CTPUOKIB YIIUIbHEHHS YHepen Bij

[0YaTKOBOTO po3TalryBaHHs; Ax, (x;0) — BeInMYMHA NEpeMillleHHs CTPUOKIB

YIIUTFHEHHS Ha3a/1 BiJl TOYaTKOBOT'O PO3TalllyBaHHSI.
3 piBasanb (3) i (7) oTpuMaeMo nepeMinieHHs CTPUOKIB YIiJTbHEHHS yIIepe.
BiJl IOYaTKOBOT'O PO3TALTYBAHHS

: X by :
Ax, (x;8) = —*1___§(). )
»9) @0V +b3 (1)

3 piBHsHb (3) 1 (8) oTpuMaeMo mepeMilieHHs] CTPUOKIB YIIUIbHEHHS Hazal
BiJl IOYaTKOBOT'O PO3TALITYBaHHS

Ax, (v,8) ~—kD 5. (10)
9oV b3 (1)
3 piBusHb (9) 1 (10) oTpuMaemMo cymapHe MepeMillieHHs CTPUOKIB YIIILHCHHS
ynepe i HazaJ BiJl MOYaTKOBOT'O PO3TAIIyBaHHS, sSIKe OOYMOBJICHO TX B3a€EMOIIEIO 3
KYTOBOIO INBHJIKICTIO KOJMBaHb acPOMHAMIYHOI TOBEPXHI KEPYBaHHSI

Azl(x;S)zzzxcz"b‘—“’zo.VZS(r). (11)
9V " —bid° (1)

[Tpu Manux aMIuTiTYy/1aX KOJWBaHb, BPAXOBYIOUH, 110 3MiHAa TUCKY MICLIEBOTO
HA/I3BYKOBOI'O ITOTOKY MICNIsi CTPUOKIB YIIUIBHEHHS A0 THUCKY HEe30YIKEHOTro
MIOTOKY TOBITPS 3IIMCHIOETHCS 3a 3aKOHOM, ONM3BKUM 10 JiHiiHOro [12, 13],
XapakTep 3MiHU PO3MOAITICHOT BETHUUHH 30YHKCHOI CHIIH 32 XOPJ0I0 TPOdito
aepoJMHaMIYHOI TOBEpXHI KEpyBaHHS MOXKHA TIOAaTH Y BUINIAL, SIKHA
3aIpornoHoBanuii y npari [3]

Fi (x:8) = 3 AP (1Al (x39), (12)

ne AP(x) - xapakTep 3MiHH THCKY MICIIEBOI'O HaJ[3BYKOBOT'O IIOTOKY 3a XOPJIOI0
npodiro aepoJMHAMIYHOI TOBEPXHI KEPYBaHHSL.

Xapaktep 3MIHM THCKY MICIIEBOIO HaJI3BYKOBOI'O IIOTOKY 3a XOpOI0
npodisro aepoArHAMIYHOI MOBEPXHI KepyBaHHA y piBHsHHI (12) MOXKHA ySBUTH
Ha TiJCTaBi aHaii3y piBHsAHHSA bepHymm mns crucioro razy [14]. A cawme,
BpaxoBYIOYH, IO PO3MIMPEHHS MICIEBOTO0 HaJ3BYKOBOI'O IOTOKY Ha MOBEpPXHIi
aepoJMHAMIYHOTO TPO(DITI0 IMOYMHAETHCS 3 KPUTHUYHOI BEITUYHHU THUCKY,
piBHsIHHS BepHysuti 1711 CTUCIIOrO ra3y MOXKHA MOJIATH Y BUTIISII

k
g [1+(k=D/2)Mmg, | _
P =-L= -(1-P
VR 1 ((k-1y/2) M2 =5, (2

ge P, - BigHOCHa BeNMMYMHA THUCKY MICLIEBOTO HaJg3BYKOBOIO IIOTOKY Ha
MOBEPXHI aepoAMHAMiYHOro mpodimo; P, - BEIMYUHA TUCKY MICIIEBOTO
HA/I3BYKOBOI'O MTOTOKY Ha MOBEPXHI aepoIruHaMiqHOro npodinto; P, - BelIUYnHa

TUCKY HE30y/KEHOTO J03BYKOBOTO TOTOKY IOBITPS; k - NMOKa3HUK ajaiabaTH
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(w1t nositpst k=1.405); F,, — BiAHOCHA BeNMYMHA KPUTHYHOTO THCKY
MICIICBOT'O TIOTOKY Ha TIOBEPXHI aepOAMHAMIYHOTO MPOQiTIO0.

PiBustanas (13) mpu M, =1,0 MOXHa IEpETBOPUTH y PiBHSIHHS
[_)lmin :Zf_)icp_la (14)

ne P, - MiHIMaJbHa BiJHOCHA BEJIMYMHA TUCKY MICLEBOTO HaJ3ByKOBOI'O
MIOTOKY Ha MOBEPXHi aepoAMHAMIYHOr0 MPO(MiII0 IPU TOBHOMY a/1ia0aTHYHOMY
posmupenHi, Tooto, mpu M. =1,0.

[eperBopumo 3anexHicts (14) 1o Bugy
AP pax =1= A min =2(1-F,;,)) =2AF, ,, (15)
ge AP .. - MakcuMalbHa BiJIHOCHA BeIMYMHA 3MiHM THCKY MiCIIEBOTO
HA/I3BYKOBOT'O ITOTOKY Ha IMOBEPXHI aepoAMHAMIYHOrO MpO(QiI0 NpU MOBHOMY
afiabaTHYHOMY PO3LIMPEHHI; AP, — BIJHOCHA BEIMYMHA 3MIHM KPUTHYHOTO
TUCKY MICIIEBOT'O IIOTOKY Ha MTOBEPXHi aepOAMHAMIYHOTO PODiIIO0.

PiBhicte (15) Bka3dye, mO0 0OpU TOBHOMY a/iadaTUYHOMY PpO3LIMPEHHI
MICIICBOI'O HAJ3BYKOBOI'O ITIOTOKY Ha IIOBEPXHI aepOIUHAMIYHOIO MpoQiiro,
MakCHMaJbHa BIJIHOCHA BEJIWYMHA 3MIiHH THCKY MICIIEBOrO HaJ3BYKOBOT'O
MIOTOKY YIBiYi OiyIbIlle, HK BiTHOCHA BEJTMYMHA 3MiHU KPUTUYHOT'O THUCKY.

Ha mincraBi piBHocti (15) Ta pesymprariB mpanp [12, 13], 3amexHicTh
BEIMYMHM 3MIHM THCKY MICIIEBOrO HaJI3BYKOBOI'O IIOTOKY 3a XOpJOI0
aepoJMHaMiqHOro npodimo Bifg x, =0 10 MepeTHHY pO3TallyBaHHA CTPUOKiB

VIIUTBHEHHS. MOXKHA TIOJATH Y BUIIISI, SIK 1€ OYJI0 3aIpOITOHOBAHO y mpaiii [3]
AP(x)=LaAR[1+2¢ ], (16)
2 b

ne ARy —MakcHUManbHa BETMYMHA 3MiHH TUCKY MICLIEBOTO HAJ[3BYKOBOT'O ITOTOKY Ha
TIOBEPXHI CTAJIOr0 aepoJMHAMIYHOro NPOQLII0 NPH TaKUX 4YHciaax M J103BYKOBOTO
TIOTOKY, KOJIM CTPUOKH YIIUTBHEHHS JIOCATAIOTh 33/THBOT KPOMKH TIPOdiIo.

Bennuuna AR, y piBHsaHHI (16) Moxe OyTH MojaHa BiIOMOIO HaOIMKEHOHO
3aNIeKHICTIO [3]

APy =P, (Mg —M.), (17)
ae M, — uucno M MiceBoro HaJ3BYKOBOTO MOTOKY Ha IOBEPXHi CTaloro
aepoNUHAMIYHOTO TPOQIUI0, TPU SKOMY CTPHUOKM VIMIJIBHEHHS OCATarOTh
3a1HBOI KPOMKH; M, — 4ncio M He30yIKEHOro NO03BYKOBOTO MOTOKY, NPU
SKOMY CTPUOKM  YIIUIBHEHHS  JIOCSATAlOTh  33JHBOI  KPOMKH  CTalloro
aepoIMHAMIYHOTO TPOdLITIO.

Yucno My,  MicueBoro  HaJ3BYKOBOrO IIOTOKY Ha  TOBEPXHIi

aepoauHaMivyHoro npo¢into y piBHsHHI (17) MOXKHa BU3HAYUTH 3 PIBHSHHSA, SKE
aHAJIOTIYHO PiBHAHHIO (2), TOOTO
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A uncno M., He30ymKEHOro NO3BYKOBOI'O MOTOKY MOBITps y piBHsAHHI (17)
MOXe OYTH BU3HAYEHO 3 PiBHSAHHSA (4), K€ Y TAaHOMY BUIIAKy Ma€ BULIISL

Mg =1=2(M_g=M,,). (19)
BpaxoBytouu, 1o
Xe :bl _bk + Xk » (20)
3anexHicTh (16) MOJKHA MEPETBOPHUTH 10 BUILY
— _ lb_k _ Xek
AP(x)—APO{l 25, (1 b, ﬂ, 21

ne b, — xopna npodinto aepoaUHaMiuHOI TOBEPXHi KepyBaHHS.

[MincraBnsroun 3anexHocti (11) i (21) y piBasuas (12), orpumaemo
MaTeMaTU4yHy MOJENb OLIHKK PO3IOAICHOI BEMWYMHH 30YIKEHOI Cuin
aepoJMHAMIYHOI IMOBEPXHI KepyBaHHS Ha L€l IUISHIN PO3TalllyBaHHS CTPHOKIB
VIUTBHEHHS

d) - am|1-L (-3 20
20\ b ) Jogr? —bid* ()

[Ipr Manux amIUTiTYyIaX KOJMBAaHb aepPOAWHAMIYHOI TOBEPXHI KEpyBaHHS
pO3TONIJICHa BEIHMYUHA 30YIHKCHOTO MIAPHIPHOTO MOMEHTY aepoIHMHaMIYHOT
MOBEPXHI KEpyBaHHA MOKe OyTH BH3HAUCHAa HACTYIHOK HAOJIMKEHOIO
3aJICKHICTIO, SK II¢ 3aIPOIIOHOBAHO Y mpaili [3]

M, (x38) = R (x:8) (:5), (23)

e [ (x;S) — BiJCTaHb ICHTPY THCKY 30Y/KCHOI CHJIM Bif oOCi OOepTaHHs
aepoJMHAMIYHOT MOBEPXHI KEPYBaHHSL.

Bincranp neHTpy THCKY 30yIKEHOI CHIIU BiJl OCi 00€pTaHHs aepoJUHAMIYHOT

MOBEPXHI KepyBaHHA MOKe OyTH BH3HA4YCHA 3 HACTYNHOI HaOIMKEeHOT
3aJIEKHOCTI

L068) = x + % [ A, (58)~ v, (1:8) |. (24)

[MigcraBnsroun piBHsHHA (22) 1 (24) y 3anexHicTh (23) Ta BpaxoBYKOUYH
sanesxnocti (9) 1 (10), oTprMaeMO MaTEMAaTHYHY MOJCHIB OIIHKH PO3MOILICHOT
BEIMYMHHA 30YHKEHOr0 LIAPHIPHOTO MOMEHTY aepoIWHaMIYyHOI MOBEpXHi
KepyBaHHsI Ha Li€l TUISHIN PO3TALTyBaHHs CTPHOKIB yIIiITbHEHHS

2 317371 S
— b X X0V b0 (¢
Ml(x;s)zApo{ _%b_k 1_bic kPoV " ho (1) . (25)
1 % 2002 1242
[031? - 678 (1]

3 aHamizy piBHAHHA (25) BUIUTHBAE, 110 PO3MOIiIICHA BeIHMYUHA 30yHKEHOr0
LIAPHIPHOTO MOMEHTY aepOAWHAMIYHOI TOBEPXHI KEepyBaHHS 31 301JIbIICHHIM
nepeMilieHb CTPUOKIB YIIIJIBHEHHS 10 33/IHBOT KPOMKH MPOQLI0 3011bIIYETHCS
3a KBaJpaTUYHUM 3aKOHOM.

Aune nipu 301TbIIIEHH] YKcna M He30yHKEHOro I03BYKOBOrO TIOTOKY TOBITpst 200
NP 30UIBIICHHI aMIUTITYIM KOJIMBaHb aePOAMHAMIYHOI TTOBEPXHI KEPYBaHHS Iepe-
MIILIEHHSI CTPUOKIB YIIJIGHEHHS Ha3aJ Biji MOYATKOBOrO PO3TAIIyBaHHS OOMe-
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XKYIOTBCSI 33/THBOIO KPOMKOIO Npodimo. ToMy 3MEHIITYeThCs PO3IIOALICHA BETHINHA
30y/DKEHOI CHIM 1 pO3MOJiIeHa BEIMYMHA 30Y/DKEHOTrO INapHIPHOTO MOMEHTY
aepoJMHAMIYHOI TIOBepXHi KepyBaHHs. 1[fo yMOBY MOYKHA TIOZIATH Y BHIVISI

Tobro, y JaHOMy BWIIQJIKy, CyMapHE IEepeMillleHHs] CTPUOKIB YIIiIbHEHHS
3MEHIIYETHCS 32 3aKOHOM

ALy (x;8) = by, — Xy, + Ax,, (x:0). 27)

VY oMy BHIIAAKY PO3IOiJICHA BEIWYMHA 30YIKEHOI CHIIH aepOIUHAMIUHOI
TIOBEPXHI KEpyBaHHs, SIK 1 BHIIIE, MOXe OyTH 1o/1aHa HaONMKEHOIO 3aJIeKHICTIO

B(xd) = %AP(x)Alz (x;8). (28)

[MigcraBnsroun y 3anexHicts (28) piBasanHg (21) 1 (27) Ta BpaxoByruH
3aNlekKHICTh (9), OTpUMaeMO MaTEeMAaTUYHy MOJENb OI[IHKA PO3IMOILICHOT
BEIMYMHHA 30YIDKEHOI CWIIM aepOoJMHAMIYHOI ITOBEPXHI KepyBaHHS Ha IIi€i
IUISHIN XOpAX TPOogiTto

E(x;S)z%APO{ —%b—"(l—xﬁﬂ by — k| (29)
by by Qo +bd(t)
Po3noninena BenmuuuHa 30yHKEHOr0 MAPHIPHOrO MOMEHTY aepOoJHHaMiuHOT
MIOBEPXHI KepyBaHHs Ha iH AUISHII XOpau Mpodisito Moke OyTH BU3HAUEHA, SIK 1
BHIIIE, HAOIMKEHOO 3aJICKHICTIO

M, (x;8) = F, (x;8) 5 (x;9), (30)

e [ (x; 8) — BIJICTaHb LEHTPY THUCKY 30Yy/DKEHOI CHJIM BiJ OCi OOepTaHHS
aepoJMHAMIYHOT OBEPXHI KEPYBaHHSL.

Bincranp neHTpy THCKY 30yIKEHOI CHIIU BiJl OCi 00epTaHHs aepoJuHaMIvHOT

MOBEPXHI KepyBaHHA y 3ayexHicTh (30 Moke OyTH BU3HAYCHA 3 HACTYMHOL
HaOIMKEHOT 3aJIeKHOCTI

L (x;8) = by —%Alz(x;S). 31)

[MincraBnsroun piBustHEA (29) 1 (31) y 3anexsicte (30) Ta BpaxoByr4H
sanesxxHocti (9) 1 (27), oTpMaeMo MaTEMAaTUYHY MOJCIH OIIHKH PO3MOILICHOT
BEIUYMHHA 30YHKEHOr0 LIAPHIPHOTO MOMEHTY aepoIWHaMIYyHOI MOBEpXHi
KepyBaHH Ha Wil AUISHII PO3TalllyBaHHS CTPUOKIB YIIITbHEHHS

2 27,2
Mz(x;s)zim{—gb—"(l—%ﬂ [T S €
Al b [0V +88(0)]

3ayBakUMO, IO TPH MOJAIBIIOMY 30UIbIICHHI dnciaa M HE30YIKEHOIro

MOTOKY TOBITPSI ITOYAaTKOBE PO3TAIyBaHHS CTPUOKIB YIIIIBHEHHS MOXe OyTH
YMOBHO BU3HAYEHO 3aJISKHICTIO

X 2 by (33)

To6T1o. 3rimHo ymMoBH (33), CTpHOKM YIIUIbHEHHS 3HAXOAATHCA HA 3aTHBOI

KpOMKH TIpo(ifIro, aje mpy 30UTBIICHHI aMIUTITYJd KOJHUBaHb aepOAMHAMIYHHUX

MOBEPXOHb  KEpyBaHHS  CTPUOKHM  YIIUIBHEHHS  MaloTh  MOKJIUBICTB
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nepeMillyBaTuCs yrepea 1 cymMapHa BeJIMYMHA X TepeMillleHHs MOoXke OyTu
BH3HAYEHA 3AJICKHICTIO, SIKa aHaJIOTiYHa 3aJIeXHOCTI (27)

Al (x; 8) = by — xy + Ax, (b3 8). (34)
3ayBaxuMo, 10 y JaHOMY BHUIAJKy, OCKIJIbKH CTPUOKH YIIIIbHEHHS
(aKTHYHO 3HAXOMAATHCS HA 3aJHIH KpoMIli Mpodiiio, BEIMYHHH IX MepeMileHHs

yIiepea BiJ TOYaTKOBOI'O PO3TAlIyBaHHS Yy 3aleXHOCTI (34) MOXHA TaKox
BH3HA4aTH 3 piBHAHHA (9), ane, 3 ypaxyBaHHsIM yMoBH (33), TOOTO:

. b )
Ax,, (by;0) = k—bl.S(t) . (35)
V+b0(2)
Po

MaremaTtuuHa MOJAENb OIIHKHA PO3MOIIICHO! BENUYUHHM 30YHKEHOI CHIIH
aepoJMHAMIYHOI [TOBEPXHI KEPYBaHHs, y JaHOMY BHIAAKY, MOXKe OyTH TOfaHa,
SIK 1 BUIIE, 3ayIexkHicTIO (28), ane, 3 ypaxyBaHHAM yMoBH (33) Ta 3ayie)KHOCTEH

(34) 1 (35), BoHa mpHiMa€E BUTIIA

bebid (1)
@0V +b3 (1)
Po3noninena BenmuuuHa 30yHKEHOr0 MAPHIPHOrO MOMEHTY aepOoJHHaMIuHOT

TIOBEpXHI KEpyBaHHS MO)Ke OyTHM BH3HAuU€Ha HAOIIKEHOI0 3aJISKHICTIO, sKa
aHaJyioriyna 3anexHocTi (30), a, came,

M;3(x;0) = F3(x;0) 1y (x;9), G7)

ae L (x;S) — BIJICTaHb LEHTPY THUCKY 30Yy/DKEHOI CHJIM BiJ OCi OOepTaHHS

Fy(8) = TR | by =g + (36)

aepoJMHAMIYHOT MOBEPXHI KEPYBaHHSL.
Bincranp neHTpy THCKY 30yIKEHOI CHIIU BiJl OCi 00€pTaHHs aepoJUHAMIYHOT
TIOBEPXHI KepyBaHHS MOXKe OYTH BHU3HAUEHa, SIK 1 BHIIIE, 3a1exHicTio (31), ToOTO

I(x;8) = b, — %Ag (x;8). (38)

3a ymoBu (33) Ta 3 ypaxyBaHHsAM piBHSHB (34)—(38), MaTeMaTHYHA MOJENb
OLIHKM  pO3MOJUIEHOI  BEMUYMHM  30YHKEHOr0  IIAPHIPHOTO  MOMEHTY
aepoJIMHaMIYHOI MOBEPXHi KEPYBaHH MOXe OyTH TO/IaHa Y BUTJISIII

M;(x:8)=Lap, bk—xck+Mku+xck—M . (39)
2 @0V +bi8 (1) @V +53(7)
Hacamkineup, mpu mopmamemioMy 30iiblIeHHI 4ucna M MONBOTY
nepeMillieHHs CTPUOKIB YIIUIBHEHHS yIlepe, HaBiTh NMPU BEIUKUX aMILIITyIax
KOJIMBaHb a€pPOJMHAMIYHUX TIOBEPXOHB KEPYBaHHs, HEMOXKIIMBO, TOOTO,

AL (x;0) = by = xop + Ax, (By30) = 0. (40)
Y upoMy BHUNQJKy, SK BUIUIMBAE 3 piBHsAHHS (40), cTpUOKM YIIiIBHEHHS

YMOBHO pO3TallOBaHi M03aay 3aIHbol KPOMKH TPOQLII0 aepoIuHaMiqHOI
TIOBEPXHI KEpyBaHHY, a, caMme,

X = by +Ax, (B30). (41)

3a ymoB (40) i (41) BenuuwHM 30y/PKEHUX CHJI 1 MIAPHIPHUX MOMCHTIB
aepoIMHAMIYHUX TIOBEPXOHb KEPYBaHHS JOPIBHIOIOTH HYJIIO.
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OtpuMani pe3ynbTaTd I03BOJSIIOTH IMPOBECTH KUTBKICHUI aHaii3 3aJeKHOCTI
30y/DKeHUX IIApHIPHUX MOMEHTIB aepoJMHAMIUYHMX TOBEPXOHb KEepPyBaHHS Bij
PO3TaIIyBaHHs CTPHOKIB YIUIBHEHHSI 32 XOPJIO0 TPOQLIIO Ta Bix uricen M MOIbOTY.

Ane nmis BU3HAueHHs OE3MEKOBHX YMOB TIOJNBOTY HA/3BYKOBUX JITaKiB
HEOOXiHO BH3HAYMTH MAaKCHMaJbHO MOXJIMBI ~ BEIMYMHHA  30YIKEHUX
LIAPHIPHAX MOMEHTIB aepOIMHAMIYHUX IIOBEPXOHb KEPYBaHHSI.

[MixcraBnsaroun ymMoBYy (26) y piBHsHHS (25) abo y piBHsHHS (32), OTpUMaeMo
MaKCHMaJbHO MOXKJIMBY BEIMYHMHY PO3MOAUICHUX 30Yy/IKEHUX MIapHIPHUX
MOMEHTIB aepoJMHAMIYHUX TOBEPXOHb KEpyBaHHS, TOOTO, MOMEHTIB, SKi
00yMOBJIEHI OCOOJIMBOCTSIMUA B3a€MOJii CTPUOKIB YIIIIBHEHHS 3 KYTOBOIO
LIBHKICTIO KOJIMBaHb aepOANHAMIYHHUX ITOBEPXOHb KEPYBaHHS.

0§ =app?|1-L B s || 20O | (42)
0 0%k 200V . 2
o [007 +53()]
3 METOIO CHPOIIEHHS aHaJi3y piBHSIHHS (42), yIBUMO HOTrO y BUIIISI
M, (8) = AR} {1—%17—’(2@)}%. (43)
b [1+2()]

VY piBHsaHHI (43) yBemeHH TpymoBHH Oe3po3MipHHN Napamerp, SKHH, SK
BUIUTUBAE 3 PiBHIHHA (42), TOPiBHIOE

, . bd@)
Z(t)= o (44)

Kpim Toro, yBememo Oe3po3mipHuMii mapamerp — KoedillieHT 30yIpKeHOro
[IAPHIPHOTO MOMEHTY aepOJMHAMIYHHX IOBEPXOHb KEPYBaHHS,
o _My@® [ _1b Z(1)
my(8) = —2 {1-2[)’1‘2(0 -
[1+2()]

ARybe
3anexHicTh (45) HemiHIAHA, TOMY JOIIJIBHO BH3HAYMTH MAaKCHMAaJbHO
MOXJIMBY  BEJIMYMHY  KOEQIli€HTy 30y/PKEHOrO  IIApHIPHOTO  MOMEHTY
aepoJMHAMIYHHUX TIOBEPXOHb KEPYBAaHHS JUISl TUIIOBUX aepOJMHAMIUYHHUX NPOQiTiB
HA/3BYKOBUX JIITakiB. MaKkCUMaJbHO MOXIMBY BEIHYMHY Koe(illieHTy
30y/I>KEHOr 0 MAPHIPHOTO MOMEHTY Y PIBHSHHI (45) MOKHA BUSHAUUTH IIPU YMOBI

dmO(S)_O
dz (1)
[Micns  nudepenuiroBanus piBHAHHA (45), 3 ypaxyBaHHsIM yMoOBU (46),
OTPUMAEMO

(45)

(46)

. b,
Z(t)= . 47
[MixcraBnsroun 3anexHicTs (47) y piBHSHHS (45), OTpEUMaEMO MaKCHMaJbHO
MOXIIUBY BEJIMYMHY Koe(illieHTy 30Yy/DKEHOro MIApHIPHOTO MOMEHTY
aepoJIMHAMIYHHX [TOBEPXOHb KEPYBaHHS
1 h
my(0) = = 7——. 48
O3 5 (48)
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3 aHamizy piBHAHHA (48) BUILIMBAE, 110 MAKCHMMAaJIbHO MOJKJIMBA BEITHYMHA
koe(ilieHTy 30y/PKEHOr0 IMIAPHIPHOTO MOMEHTY aepoAMHAMIYHHX IOBEPXOHB
KepyBaHHsI 3aJIeXKHUTh JIHLIE BiJ BiHOWeHHs by /by .

AMIITITYy KOJIWBaHb aepOIMHAMIYHUX MOBEPXOHb KEPYBaHHSI, BPAXOBYIOUH
TrapMOHIYHHH XapakTep iX KOJMBaHb MPH BUHUKHEHHI TPaHC3BYKOBOTO (hiatepy,
OTpUMAEMO 3 TIOPiBHSIHHS 3anexxHocTel (44) i (47)

(pO]
— 4
0 (El Ek)’ ( 9)

Ie 9, - aMILTiTYAa KOJMBAaHb aepOAMHAMIYHOI TOBEPXHI KEPyBaHHS; O - KyTOBa

YacTOTa BJIIACHHUX KOJIMBAaHb a€POJMHAMIYHOI IOBEPXHI KEPYBaHHSI.

AHai3z 3anexHocTi (49) mokasye, MmO IS CydJaCHHX HaI3BYKOBHX JIITaKiB
aMIUTITYI KOJMBaHb AaepOJAMHAMIYHOI IIOBEPXHI KepyBaHHS, IIpU SKUX
30yKeHUH IIapHipHUH MOMEHT J0CATa€ MaKCUMAaJIbHOI BETMYMHHU, 3HAXOAUTHCS
y Mexax §p =1,2"-1,5",

Tobro, 30ymKeHui NIapHIPHUI MOMEHT JOCSIra€ MaKCHMAJIbHOI BEJTMYMHU
IpU BiJJHOCHO MaluX aMIUTITyJaX KOJMBAaHb aepoJUHAMIYHUX MOBEPXOHb
kepyBaHHs. ToMy aHani3 OE3MEKOBUX PEXUMIB TMONBOTY TP BHUHUKHEHHI
TPaHC3BYKOBOTO (piatepy [IOUUIFHO BUKOHYBAaTH IIpu yMOBi (46), Koiu
koe(ilieHT 30y/MKEHOro MIApHIPHOTO MOMEHTY aepoAMHaMiYHHX IOBEPXOHBb
KEpYBaHHsI J]0CSTa€ MaKCUMaJIbHOT BETMYHHH.

Kpim Toro, 3 MerToro KilbKiCHOI OI[IHKHM O€3IIeKOBOro [iamazoHy uucen M
MONBOTY, YSBMUMO 3aJI€XKHICTh Yucen M MICIEBOro HaJ3BYKOBOTO IOTOKY Ha
TIOBEPXHI aepoMHAMIYHOr0 MpodiIo y BUMIAAL JiHIMHOI (QyHKIIT, sK e Oyi1o
npuitHATO y mpami [15] i, sk e MmiATBEpIKEHO pe3ylbTaTaMu J1abopaTOpHUX
JIociimKens [7, 12, 13]

M, (x) =1+ (M, —1)% (50)

3 piBusHb (4) i (50) oTpuMaemo 3anexHicTh uncen M He30yIKEHOro MOTOKY
TOBITPSL BiJl TEPETUHY pO3TAallyBaHHS CTPUOKIB YIIUIBHEHHS Ha TOBEPXHI
aepoauHaMIYHOTr0 IPodiTo

1x
M., (x) zzﬁ(Mm —1)+M,, (51)
3 piBHsHB (25) i1 (41) MOXKHA BU3HAYUTH MEPETHHU PO3TAlIyBaHHsS CTPHOKIB
VIIUIBHEHHST Ha NOpoQuUI0 aepoAWHaMiuyHOI TOBEpXHI KEpyBaHHS, B SKHX

MOJKJIMBO BUHUKHEHHSI TPAHC3BYKOBOTO (hyiatepy, a, came
0 < x (8) < by +Ax, (3). (52)

OTpuMaHi pe3ynbTaTh JO3BOJSIOTH KiIBKICHO OLIHWTH Jiana3oH uucen M
HEe30Y/PKEHOT0 TOTOKY IMOBITPS, B SKOMY MOKJIMBE BHHHUKHEHHS 30YyIKEHOTO
LIAPHIPHOTO MOMEHTY aepOJMHAMIYHUX TIOBEPXOHb KEPYBaHHSI.

KinbkicHy omiHKy 0Oe3rnekoBuX uucen M MoNboTy BU3HAYUMO JJIsl HACTYITHUX
TUIOBUX KOHCTPYKHIHHHUX MapameTpiB HECYy4YHMX aepoAWHAMIYHUX TOBEPXOHb i
aepoJIMHAMIYHHX [TOBEPXOHb KEPYBaHHs HAa/I3BYKOBUX JIITaKiB:

- BigHowenus by /b = 0,5;
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- BigHOCHA ToBIIMHA mpodimo T = 0,05;
- MakCHMalbHUH KyT HaxWwiy [0 MOBepXHi au(y30pHOI YaCTUHU
aepoxuHamivyHoro npodimo [10] @, = 0,85T = 0,0425;

- KyT CTpiionoaiOHoCTI aepoauHamiyaoro npodinio y = 45°.
Ipy npuiHATHX BXiAHMX JaHUX 4ucno M;, y piBHsAHHI (51) BU3HaYaeThCS
3rigHO 3anexHocTi (18) i nopiBHIOE M o= 1,142.
Kputnune wuymcno M aepomuHamiuyHoro mpodimro y piBuaHHI (51)
BU3HAYAETHCS 3aJIEXKHICTIO (5), sIKa y JaHOMY BUMAAKY Ma€ BUTJIISIT
M,, =1-0,7\Tcos) . (53)
Ipy npuAHATHX BXiAHMX JaHKX, 3 piBHAHHSA (53) orpumaemo M, , = 0,8684.

3 piBHgHHA (48) BUIUIMBaE, W0 MaKCHMMaJbHO MOJXIJIMBA BEJIMYHHA
KoeiIlieHTy 30Y/PKEHOr0 MIAPHIPHOIO MOMEHTY aepOIUHAMIYHOI TOBEpXHI
KepyBaHHS, [PU NPUAHATHX BXINHUX [aHHUX, IOpiBHIOE my(8)=0,2. Ila
BennunHa KoedilieHTy 30y/PKEHOTrOo LIapHIpHOTO MOMEHTY aepOJUHAMIYHOI
TIOBEPXHI KepyBaHHs CIOCTEpIraeThcs MpU yMoBi (26), Ky, 3 ypaxyBaHHSIM
3anexHocrei (10), (20) i (47), npu NpUHHATHX BXIJHUX JaHUX, MOXKHA MTOAATH Yy
BUrsai x, = 0,666b, . IlincraBnsroun x, y piBHAHHA (51), Ta BpaxoByrodn

BenmuuuHn M5=1,142 i MKP =0,8684, orpumaeMo uyucio M MONBOTY, NpHU

SIKOMY  CIIOCTEpITaeThCsl MAaKCHMaJbHO MOXIIMBA BEJIWYMHA KOedilieHTy
30yHKEHOr0 MIAPHIPHOTO MOMEHTY aepOAMHAMIYHOI MOBEPXHI KEpPYBaHHS, a
came M, =0,9157.

OninuMo [niama3oH uyucen M TONBOTY, B SKOMY MOXJIMBE BUHUKHEHHS
30yPKEHOT0 IAPHIPHOTO MOMEHTY aepOJMHAMIYHOI IIOBEPXHI KEPYBaHHSI.

Sx BurumBae 3 piBHSAHHS (25), BUHHMKHEHHS 30Y/[DKEHOTrO IIapHIPHOTO
MOMEHTY aepOANHAMIYHOI TOBEPXHi KepYBAaHHS MOXJIMBO MPH YMOBi X =0,
Ky, 3 ypaxyBaHHsAM 3anexHocti (20) i NpUHHATUX BXITHUX IaHUX, MOXKHA
nofgatu y Burisni x, = 0,55,.

[MigcraBnsroun oTpuMaHy BenuuuHy Yy piBHsSHHS (51), BH3HAYMMO
MiHIMaJIbHY BEJIWYMHY 4Hclia M TONBOTY, MPU SKOMY MOXKJIMBE BUHHKHEHHS
30yPKEHOT0 MAPHIPHOT'O MOMEHTY aepOJMHAMIYHOI IIOBEPXHI KEPYBaHHS

M., =0,9039.

MakcumanpHy BeNWYMHY 4ucia M TONbOTYy, TP  SKOMY MOXIJIHBE
BUHHUKHEHHSI 30y/DKEHOTO IIApHIPHOIO MOMEHTY aepOAMHAMIYHOI MOBEpXHi
KEepyBaHHs, MOKHA BH3HAUMTH TpU YMOBI (52), 5Ky, 3 ypaxyBaHHSIM
3anexHocrei (20), (35), (40) i npuiHATHX BXIAHUX JaHHUX, YIBUMO Y BUTJISII

x, =1,2b.

[MigcraBnsroun oTpuMaHy BenuuuHy Yy piBHsSHHS (51), BHU3HaYMMO
MaKCHMaJIbHE YHUCIO M TONBOTY, IIPH SKOMY MOXIIUBE BUHUKHEHHS 30y/IXKEHOT0
LIAPHIPHOTO MOMEHTY aepOIMHaMIYHOI OBEPXHI KepyBaHHS

M., =0,9536.
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3 OTpUMaHUX pe3yJbTaTiB BUIUIMBAE, M0 BUHUKHEHHS 30YIHKEHOTO
LIAPHIPHOTO MOMEHTY aepoIWHaMiYHOi TIOBEpXHI KepyBaHHSI MOXJHMBE Yy
niana3oHi yrceN M HONbOTY, SIKUW JOPIBHIOE:

AM =M, ,—-M_; =0,9536-0,9039 = 0,0497.

Tob6ro, BUHHKHEHHs 30YKEHOrO HIAPHIPHOTO MOMEHTY aepOoJHHaMiuHOl
TIOBEPXHi KEpyBaHHS MOXIIMBE B Y3bKOMY Jiara3oHi uucen M moiaboTy.

Sk BKa3aHO BHWIIE, MaKCHMaJIbHO MOXIIMBA BeJIMYMHA Koe(illieHTy
30y/PKEHOTO MIAPHIPHOTO MOMEHTY aepoIMHAaMiYyHOI ITOBEPXHI KepyBaHHS
croctepiraerscs mpu M = 0,9157

m (3) ,
= i nopisaioe my () =0,2.

0,2
f\\ Ipu M, <0,9157 abo npu
0,15

M, > 0,9157 koeditieHT 30ymKe-
HOT'O IIApHIPHOIO MOMEHTY aepo-

JUHAMIYHOI TOBEPXHI KEpYBaHHS
MOYMHAE 3MEHIIyBaTHCS. Xapak-

0,05 . ..
Tep 3aJeXKHOCTI KoeilieHTy 30ya-
. / . ‘ , \ KEHOrO  HIAPHIPHOTO  MOMEHTY
09 0,91 0,92 0,93 0,94 09s M aepO}:[I/IHaMi‘IHOT HOBerHi Kepy-
BaHHA BiX uymcen M TONBOTY
MoJlaHui Ha puc. 2.

3 OTpUMAaHUX PE3YJbTATIB KiJIbKICHOI OLIHKK Ta 3 pUC. 2 MOXKHA OAa4YHTH, 10
npy 301IBIICHHI MIBUAKOCTI TOJNILOTY 3 JIO3BYKOBOI JI0 HAA3BYKOBOIO JTaKH
3HAXOIATHCS Ha [JUIAHII 30UTbIIEHHS 30YMKEHOr0 MIAPHIPHOTO MOMEHTY
aepoJMHAMIYHOI TOBEPXHI KEepyBaHHs y [iama3oHi 4ucen M TONbOTY, SIKHA
JIOPIBHIOE:

0,1

Puc. 2. besneynuii aiana3on yncen M noaboTy

AM =M_,—-M,, =0,9157-0,9039=0,0118.

[Ipu 3MeHIIeHH] MBUIKOCTI MOJILOTY 3 HAJA3BYKOBOI JI0 T03BYKOBOIO JITAKU
3HAXOIATHCS Ha [JUIAHIN 30UTbIIEHHS 30YMKEHOr0 MIAPHIPHOTO MOMEHTY
aepoJMHaMIYHOI TOBEPXHI KEepyBaHHs y [iama3oHi 4ucen M IONbOTY, SIKHA
JTIOPIBHIOE

AM =M., —-M, =0,9536-0,9157=0,0379.

Tobro, miamazoH uucen M TONBOTY, B SKOMY HaJ3BYKOBI JIITaku
nepeOyBalOTh Ha €Talll 3MEHIIEHHS LIBHJKOCTI TOJNBOTY 3 HaA3BYKOBOI [0
JTIO3BYKOBOIO, OLIBII, HIXK y TPU pa3u MEPEBUIIYE Aiana3oH dyucena M MoiboTy, B
SKOMY JITaku mepeOyBaloTh Ha erari 30UIbIIEHHS MBUAKOCTI MOJBOTY 3
JI03BYKOBOI JI0 HaJ[3BYKOBOIO.

Ie#t pe3yabTaT MOSCHIOE OOHY 3 MOMKJIMBHX IPHYHUH TOTO, IO OiNbINa
YacTHHA JIBOTHHX TIOMiM, SIKI TOB’A3aHI 3 BHHHKHEHHSM TPaHC3BYKOBOI'O
¢aTepy aeponMHaMIYHUX MOBEPXOHb KEpyBaHHS, CIOCTEpirajucs caMe Ha
eTarli 3MEHIIICHHS IIBUIKOCTI MOJBOTY JIITAKIiB 3 HA3BYKOBOT 10 JO3BYKOBOIO.

[IpyunHOIO 1BOrO sIBUIA TaKOX MOXKe OYTH 1 Te, IO BETHMYHHU
aepoJMHAMIYHHX IIApHIPHUX MOMEHTIB JieMIl(pipyBaHHS MOBEPXOHb KEpPYBaHHS
Ha erami 3MEHIIEHHS MIBUAKOCTI IMOJLOTY JIiTAaKiB 3MEHIIYIOTHCS, a Ha eTarll
301IBIIEHHS IIBUIKOCTI TTOJIBOTY JIITaKiB — 30LIBIIYIOTHCS.
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BucnoBku. Y craTTi, Ha MiJCTaBi aHANI3y PiBHAHb BepHy/UI Uit CTHUCIOrO
rasy, 3MiHH XapaKTepUCTUK HaJ3BYKOBOTO MOTOKY y Tedii [Ipanaris-Matiepa ta
rinoTe3d JAMHAMIYHOTO CKPHUBJICHHS aepOJUHAMIYHOrO Mpodigr0 OTpUMaHi
MaTeMaTU4Hi MOJEeNi OLIHKK PpO3MOMUICHHX BEIMYMH 30Yy/KEHHX CHI 1
30yKeHNX MIapHIPHUX MOMEHTIB aepOANHAMIYHUX MOBEPXOHb KEPyBaHHS.

Ha mincraBi KiNBKMCHOTO aHallizy OTPUMaHHX MaTeMAaTUYHHX MOZENeH
JIOBE/ICHO, 1110 BUHUKHEHHsI 30YDKEHOT0 MApHIPHOTO MOMEHTY aepOIUHaAMIYHOT
TIOBEPXHI KEPYBaHHS CIIOCTEPITa€ThCS B Y3bKOMY Jliama3oHi yrces M monboTy, B
SIKOMY, 32 pe3yJbTaTaMU JIOTHUX Ta J1a0OpaTOPHUX JIOCITIHKEHb, BUHUKAE
TPAaHC3BYKOBHI (uatep aepoJWHAMIYHHX IOBEPXOHb KepyBaHHS. ToOTo,
BU3HAUEHUH Oe3reKoBWil iana3oH uyucesl M MONBOTY HaJA3BYKOBHUX JIITAaKiB Ta
ACPOKOCMIYHHUX CHUCTEM.

OTpuMaHi pe3ynbTaTh TaKOX IOSCHSIIOTh NPUYUHY TOrO, 4OMY OuIbIna
YacTHHA JIOTHHX TIOMiH, SIKI TOB’A3aHI 3 BHHHKHEHHSM TPaHC3BYKOBOI'O
¢aTepy aepoaMHAMIYHMX TOBEPXOHb KEpyBaHHS HAJA3BYKOBHX JITaKiB,
CIIOCTEpIraeThcs Ha €Tari 3MEHIICHHsS MIBHIKOCTI MOJBOTY 3 HaJI3BYKOBOI 10
JI03BYKOBOI.

OTpuMaHi pe3yabTaTH MOXYTh OyTH BHMKOpDHCTaHi JJIsi MONEPEeIHbOT
HaOIMKEHOT OIIHKK XapaKTEePUCTHK TPAHC3BYKOBOIO (hiaTtepy aepoAnHaMidyHHUX
MOBEPXOHb KEPYBaHHS HAJ3BYKOBHX JITaKiB 1 a€pOKOCMIUYHHMX CHUCTEM Ta IIPH
MiJITOTOBKH PEKOMEHJAIH JHOTHOMY CKJIaTy IMOAO0 OCOOJIMBOCTEH KepyBaHHS
Ha/I3BYKOBUMH JIiTAKaM{ Y TPAHC3BYKOBOMY Jlialia3oHi yucen M NoNboTy.
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Safronov A.V., Semon B.I., Nedilko A.N., Gorina A.O.
OSCILLATIONS OF AERODYNAMIC CONSTRUCTIONS: SAFE SPEED BAND

The article deals with the shock waves regularities interaction with the flutter angular speed of
the aerodynamic surfaces control are established basing on the analysis of Bernoulli’s equation for
compressible gas, the evaluation of changes of the supersonic flow characteristics in the Prandtl-
Meyer expansion fan and the aerodynamic profile “dynamic curvature” hypothesis. The established
regularities explain the cause of the disturbing forces and hinge moments of the supersonic aircraft
aerodynamic surfaces control and aerospace systems at transonic flight speeds.

The mathematical models of estimation of the disturbing forces and the disturbing hinges
magnitudes of the aerodynamic surfaces control are obtained basing on the established regularities of
shock waves with interaction the flutter angular velocity of the aerodynamic surfaces control.

The dangerous range of Mach number flight is determined basing on a quantitative analysis of
the obtained mathematical models and it is shown that the genesis of transonic flutter of supersonic
aircraft and aerospace systems is possible in a narrow range of the Mach numbers flight.

Moreover, the range of the Mach numbers flight, in which there is an increase in the disturbing
hinge moments of the aerodynamic surfaces control and in which the planes stay in the phase of
flight speed reducing from supersonic to subsonic, is more than three times the range of the Mach
numbers flight, in which the planes stay in the phase of the flight speed increasing from subsonic to
supersonic. This result permits to explain one of the possible reasons why the transonic flutter
occurrence of the supersonic aircraft is more often observed in the phase of flight speed reducing
from supersonic to subsonic.

The obtained results can be used for a preliminary assessment of the transonic flutter
characteristics of the supersonic aircraft acrodynamic surfaces control and aerospace systems, as well
as the recommendations developing for flight personnel on the piloting features of supersonic aircraft
at transonic flight speeds.

Keywords: mathematical model, transonic flutter, aerodynamic profile, aerodynamic surface
control, shock waves, transonic flow, Mach number flight, pressure of local supersonic flow,
disturbing hinge moment.

Caghponos A.B., Cemon B.U., Heounvko A.H., I'opuna A.A.
KOJIEBAHUSA ADPOJIMHAMHAYECKHAX KOHCTPYKIIAM: BE3OIMACHBII
JTAAMA30H CKOPOCTEMR

B craTbe, Ha Ga3e aHanm3a ypaBHeHHs bepHyMIM Ui CKHMaeMOro rasa, OLECHKH H3MEHEHHS
XapaKTePUCTUK CBEPX3BYKOBOr'0 IIOTOKA B TeueHUH [Ipanatis-Maiiepa u rumoressl «IMHAMHUYECKOT0
HCKPHUBJICHHS» a3POJAMHAMHUYECKOr0 MpO(MIIs, YCTAaHOBJICHbI 3aKOHOMEPHOCTH B3aMMOJICHCTBHUS
CKAaYyKOB YIJIOTHEHHSI C YIJIOBOW CKOPOCTBIO KOJIEOAHUI a’pOJMHAMUYECKUX MOBEPXHOCTEH
yIpaBieHUs.  YCTaHOBJEHHbIE  3aKOHOMEPHOCTH  OOBSCHSAIOT  NPUYMHY  BO3HUKHOBEHMS
3036y>|<ua10umx CUJI U IIAPHUPHBIX MOMEHTOB a’>pOAMHAMHUYCCKUX HOBCpXHOCTCﬁ yhnpaBJICHU A
CBEPX3BYKOBBIX CAMOJIETOB U a9POKOCMHUYECKUX CHCTEM Ha TPAHC3BYKOBBIX CKOPOCTSIX M0JIETA

Ha 0a3e ycTaHOBJIEHHBIX 3aKOHOMEpPHOCTEH B3aMMOJEHCTBHUS CKAYKOB YIUIOTHEHHS C YIJIOBOH
CKOPOCTBIO KOJIEOaHUH a3poJMHAMUYECKUX MOBEPXHOCTEH yIpaBJICHUS MOJy4€Hbl MaTEMaTHYECKHE
MOACIM OLUCHKHU BCJIMYUH BO3MYIIAOMIMX CHJI W BO3MYIIAOIIKUX MAPHUPHBIX MOMEHTOB
a3POJIMHAMHYECKUX IOBEPXHOCTEH yIpaBJICHUS.

KiroueBble ci10Ba: MareMaTH4YecKass MOJENIb, TPAHC3BYKOBOH (aTTep, aepoauHaAMHYECKHN
npoduib, aepogMHaMHUYECKas ITOBEPXHOCTb YIPABICHHS, CKAYKH YIUIOTHCHHs, TPAaHC3BYKOBOM
MIOTOK, YHCJI0 M 110JIeTa, JaBJIeHHE MECTHOIO CBEPX3BYKOBOI'O I0TOKA, BO3MYIIAIOIIMH IAPHUPHbIH
MOMCECHT.
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The article deals with the shock waves regularities interaction with the flutter angular speed of
the aerodynamic surfaces control are established basing on the analysis of Bernoulli’s equation for
compressible gas, the evaluation of changes of the supersonic flow characteristics in the Prandtl-

Meyer expansion fan and the aerodynamic profile “dynamic curvature” hypothesis.
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OCOBJMBOCTI CTBOPEHHS PO3PAXYHKOBHUX MOJIEJIEN
IPU JOCIIIKEHHI HAIIPYKEHO-IE®OPMOBAHOI'O CTAHY
HIA3EMHUX CITIOPY J{

LI. Conopeii,
JIOKTOP TEXHIYHUX Hayk, npodecop kadeapu OyaiBebHOI MEXaHIKK

E.IO. IleTpenko,
KaHANJAT TeXHIYHUX HAYK, JOLUEHT KadeapH reoTeXHIKN

I'.A. 3aTniok,
acnipadT Kadeapu OyaiBesIbHOT MEXaHIKH

Kuiscokuil nayionanbnuil ynisepcumem 6yoisnuymea i apximexmypu, Kuie

DOI: 10.32347/2410-2547.2019.102.139-149

B craTTi po3ryisiHyTO HAWOUIBII MOIIMPEHI MHUTAHHS, 0 BHHUKAIOTh Ha CTAIliB CTBOPCHHS
JUCKPETHUX MOJeNeil Uil pO3paxyHKy HAaIpyKeHO-Ie)OpPMOBAHOTO CTaHY CHUCTEMH «IIiA3eMHa
CHOpy/Aa — IPyHTOBHI MacuBy 3a gonomoroto MCE.

Kiaro4oBi cioBa: mig3eMHa Cropyaa, METOJ CKIHYCHHHX C€JIEMEHTIB, HaBaHTaXCHHS Bij
IPYHTOBOI'O MacHBY, IPyHTOBA MOJIEJIb, MEXi PO3PaXyHKOBOI 00J1aCTi.

Beryn. ChoromHi HEMOXKIIMBO YSBUTH C001 PO3PaxyHKOBOTO OOIPYHTYBaHHS
MPOEKTiB OyAiBHUIITBA, EKCIUTyaTallii Ta pPeKOHCTPYKIii 0e3 BHUKOPUCTaHHS
Cy4acHHX MPOTrpaMHUX KOMIUIEKCIB, siki BukopucToBytoTh MCE B sikocTi cBO€i
TeopeTH4YHOI Oa3u.

HeoOximHiCTh  3aCTOCYBaHHS YHMCENBHHX METOJIB TPU  PO3PaXxyHKY
MiI3EMHUX CIIOPY] NPOJUKTOBaHA TPYIOMICTKICTIO 200, HaBiTh, HEMOXIIUBICTIO
BUKOHATH aHAJITHYHUI PO3paxyHOK BHACIHIZOK CKJIQJAHOCTI KOHQirypamii ta
KOHCTPYKTUBHOI CXEMH CIIOpYIH, HEOJHOPIAHOCTI BJIACTHBOCTEH MartepiaiiB
KOHCTPYKIIif, HEOOXiMHOCTI BpaxOBYBaTH HEPIBHOMIpHE 3aJIsiTaHHSI IPYHTIB,
roeTarHe OyIiBHULTBO 1 T.1.

MoximBocTi oOuucaroBaibHOI TexHikM Ta BukopucTanHs MCE 3HauHO
MOJIET VI Ta TPUIIBUIYMIN TpOLieC po3paxyHKy. Lle no3Bonumiio neranizyBaTu
PO3paxyHKOBI CXE€MH, SIKi YCKIaIHWINCA Yy TOPIBHAHHI 3 THMH, IO
BUKOpHCTOBYBajiucs panime. CydacHi poO3paxyHKOBI MOJeENi J03BOJSIOTH
BiI0Opa3uTH MAiHCHI YMOBH pOOOTH OyaiBeNb i CHOPYX Ha PI3HUX CTajisx iX
JKUTTEBOTO IUKITY, MOJCITIOBATH 1X CYTTEBY HEINIHIHHICTb.

3 iHmoro OOKy caM TpoleC CTBOPEHHS KOPEKTHOI pO3paxyHKOBOI MOJENi
JIOCUTH CKJIAIHUMN 1 CYIIPOBOIXKYETHCS MIJIOK0 HU3KOIO MUTaHb. AHai3 HAHOLIbII
MOIIMPEHUX CKJIAHOIIB, SKi BUHUKAIOTh HAa LLOMY €Tali, IpU MOJIEIOBaHHI
CHCTEMH «IiJ3€MHA CIIOpyJAa — IPYHTOBHH MacHB» € OCHOBHOIO METOIO
HAIMCAHHS JaHOI CTAaTTI.

MoskHa BHJIUTUTH HACTYITHI MUTaHHS, SIKI BUHUKAIOTh TIPH CTBOPEHHI TaKUX
PO3pPaxyHKOBUX MOJEINEH:

- BU3HAUCHHS BEIMYMHU 1 XapaKkTepy pO3MOILTY MOCTIHHUX HaBaHTa)KEHb
BiJl IDYHTOBOT'O MacuBY;

- BWOIp IPYHTOBOI MOJIEIII;

© Comnopeii LI, [Terpenxo E.1O., 3atumox I'.A.
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- BHUOIp ME&X pOo3paxyHKOBOI 00JIaCTi;

- IHII TWTaHHSA, HAIPUKIAJM. MUTAHHS IMCKPETH3allii CITKOBOi 00JacTi,
0oOpaHHs TPAaHUYHHUX YMOB, 33[JaHHsI BEINYMHH iHTEp(deiciB TOIIO.

1. IIpodnema BH3HAYECHHA BeJMYUHM i XapakTepy po3Noijay MOCTiHHMX
HABaHTa:KeHb BiJ IpyHTOBOro MacuBy. [Ipo mpoGiemy 300py HaBaHTa)KeHb
BiJl MACHBY I'DYHTIB, SIKi 3aJIITATUMYTh Ha/l MaiOyTHIMU KOHCTPYKIIiSIMHU, BiIOMO
JIOCUTh JTaBHO. BHCOKa BapTiCTh MPOBENCHHS HATYPHHUX BUIPOOYBaHb IIpU3BETa
JI0 HEOOX1MHOCTI CTBOPCHHS BEJIHKOI KUIBKOCTI TEOpii, 3aCHOBAHUX Ha JIOCUTHh
PI3HOMaHITHHX TEpeayMOBaxX 1 SIKi JarOTh 3aJIOBLJIBbHI pPE3yJNbTaTH y BY3bKHX
MeXax, BIIMOBITHO 10 KOPEKTHOCTI IMX TEPESIYMOB.

Iepuii Meroau aHATITUYHOTO OOYHUCICHHS I'PYHTOBOTO THCKY CIIUPAIOTHCS
Ha TINOTe3y, 3TiHO 3 SKOK HaBaHTAXXCHHS BUKIMKAHO BAarol0 BCHOTO 00CSTY
MOpPij, IO 3ajArae HaJ KOHCTPYKINE 1 TOMY 3pOCTa€ MPSIMO IMPOMOPLIHHO
IIMOWHI BITHOCHO TOoBepxHI 3emuli. OnHIEID 3 HAHOUIBII TOIIMPEHUX Oyiia
rinore3a Typuepa [1].

HopMaTrBHe 3HaueHHS BEPTHKaJIbHOI 1 TOPH3OHTAIBHOI CKJIaJOBUX I[HOTO
THUCKY Ha JIOBLIBHIN
rmbuHi H, ciig BU3HaYaTH
BIJIMIOBITHO 10 POPMYIT:

ze_gzpihia (1)
(H)

6, =0/=-Ag 3. pifi, @)
(H)

ze ©,,6, i o -

Fahyt p2haty's s\ BIJIMIOBITHO BEpPTHKAJIbHA Ta
TOpPHU30HTANbHA (TOTepeyHa
1 TOB3JIOBXKHSI) CKIIAJIOBI; g

- -

Puc. 1. I'inoTesa nponopuiiHocTi ranbuHi .
- THPUCKOPEHHA BUIBHOI'O

HajiHHA; P; Ta A; - BIANOBIJHO HIINBHICTH Ta MOTYXHICTh JOBITBHOIO i -TO

IUTaCTy IPYHTY; v - Koe(ilieHT momepedHoi medopmariii miacty IpyHTY, IO
BMilIye BUpoOKy (koedimieHT [lyaccona).
KoegimieHT 60KOBOTr0O THCKY B IIPY>KHOMY MaCHBI:

A=v/(1-v). (3)
JIis HecKeNbHUX 1 HaNiBCKEBHUX TIIMHUCTHUX I'PYHTIB 3 SIBHO BUPAKEHHUMHU
PEOJIOTIYHIMH BJIACTHBOCTSMH KOe(illieHT OOKOBOTO THCKY CIIiJi IpHIMaTH 3a
¢bopmyoro:
2 =0.6+08y @)
1.4-0.8v
OpfHak pe3ylnbTaTH pPO3paxXyHKIB 3a I[UM MIXOJAOM HE BiJIIOBINAIOTH
IificCHOMYy CTaHy pedueil Ha BEIMKUX TIJIMOMHAX, TOMY DiBEHb HaBaHTa)XKEHb
0e3ITiICTaBHO 30UIBIIYETHCST B JecATKH pasiB [2]. Sk moka3ye mocBin
OyIiBHMIITBA, a TaKOX OTPUMaHI EKCIIEPUMEHTallbHI JlaHi, THUCK IOpiJ Ha
IiI3eMHY KOHCTPYKIiO (T1PChbKHI THCK) HE 3aJIeXKHTh, SIK MPABUIIO, Bill TITNOWHH
3aKJIaJIaHHs CIIOPY/IH.
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[lierxo oOcraBuHOIO Oyjla TNPOJUKTOBAHA HEOOXIMHICTH  CTBOPCHHS
CICIabHUX TIMOTe3, Ki MOYKHA YMOBHO MMOALIUTH Ha HACTYIHI rpymH [3]:

1) rimore3n 3Boay THCKYy (oOBaseHHs), 3amporoHoBaHi B. Pirtepom,
M.M. IIporon'sskonosuM i I1.M. [TumbapeBuuem;

2) TinoTe3u Mpo YTBOPEHHS MIPU3MH CIIOB3aHHS B OOKax BUPOOKH, PO3BUHEH]
B mpamsax M.I1. Bpoackkoro i K. Teprari;

3)rinores3u  H.M. [lokpoBcbkoro i B.B. OpnoBa, 3acHoBaHi Ha
CHOCTEPEKEHHAX MPAKTHKH;

4) rimore3u B./l. CnecapeBa, A.Il I'epmana i A.lL Cerans, miakpimieHi
PO3paxyHKOBUMH TIOJIOKEHHSIMH Ha OCHOBI amapary Teopii NpYyXHOCTI i
OymiBeIbHOI MEXaHIKH.

Haiibinpime 3HaueHHs UIs TPAKTUKKA HaOyiau Teopii, mo 0a3yroTbcs Ha
MIPUMYIIEHHI PO BUHUKHEHHS HaJl BUPOOKOIO CKIICTIIHHS IPUPOAHOI PiBHOBArH
(apouHoOro edekTy). 3riIHO KX TEOpii, TIPCHKUIA TUCK 3aJISKUTh BUKITFOUHO BiJ
Barv BUBAJY MOPOJAU B MEXaxX YTBOPEHOI'O CKIISITIHHSL.

B mpakTumi mpoeKkTyBaHHsS CIOpPYZ TJIMOOKOrO 3akKjalaHHS ITOIIUPEHHS
HaOyna Teopis po3podieHa npodecopoM Prwkcbkoro yHiBepcurety B. PiTrepom
Ta fopobieHa npodecopom M.M. IIpoToxa'skoHOBUM, sika OyJia 3alpONOHOBaHA
JUTSL IIUPOKOTO Jiara3oHy IOpia — Bij CIaOKUX 10 MIIHUX CKEJIbHUX Ta JISAIa B
OCHOBY po3zity 300py mocriiHux HaBaHTaxkeHb CHull 11-44-78 «ToHHenu
JKENIE3HOIOPOKHBIE W aBTOJNOPOXKHBIC», skuii nise B CPCP, a HuHi
BUKOpHUCTOBYEThCsl B pociiickkux CII «Metpononurens» Ta CII «Tonnenn
KEJIE3HOJOPOKHBIE M aBTOAOPOXKHBIEY». 3TiHO Mi€l Teopii, TipCbKUH THCK
3aJIeKUTh BUKJIIOYHO BiJl BarM BUBAJy TIOPOJY B MEXaX YTBOPEHOrO CKIICIIHHS
(apku) TIPUPOAHOI PIBHOBArH.

Jlnst oOuMCIIeHHsT HaBaHTAYKEHHS
Bil TOPOAM, IO 3HAXOJUTHCS B -

mna apKOI0 IIPUPOIHBOI V \]
piBHOBaru, HEOOXiTHO OLIHUTH + !
il mpouit B Ta Bucoty h; (puc. 2) 45 -% | Pl
3a opMyIamu: — | —
B=b+2h-tg(45° —¢" [2), (5 i S N <
hlzﬁzo, © & \\b|// yl
ne f - xoediLieHT MilHOCTI, =

Puc. 2. Cxema ui1st po3paxyHKy NposiiboTy B Ta

BHCOTHU /1| apKH MPUPOAHBOI PIBHOBArH
TEepTA. 3a Teopieto npod. ITporoxn’skoHoBa

B panime omyOmikoBaHii
crarti [4] Ha ocHOBI MCE naHa OIliHKa 3MiHH MOCTIHHOIO HAaBaHTa)KEHHS Bif
TOBIII I'PYHTOBOi OCHOBH Ha MiJI3EMHY CIIOPYAY B 3QJIEKHOCTI BiJ TJTMOMHH il
3aJIsIraHHsl.

3a pesynbpTaTaMH JOCTIIKCHb OYJIO 3pO0JICHO BHUCHOBOK, IO TPSIMHA
PO3paxyHOK B MeXaxX METOJy CKIHYEHHHX €JIEMEHTIB MOXIIMBHH JIWIIE JUIs
MiI3eMHUX CIIOPYJ HETJIHOOKOro 3aKJagaHHsA, IS SKHX 30epiraerbcs Iis
TiIoTe3u MPSIMOi NPONOPLUIHHOCTI TIIHOHHI.

(pk - YABHHUH KyT BHYTPIIIHBOTO
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OnyonmikoBaHi  pe3yapTaTd Oysio 1IIe pa3 MepeBipeHO, BHKOHABIIU
PO3paxyHOK aHaJIOTiuyHOI TecTOBOI 3ajadi B NporpaMHoMy Komiuiekci Plaxis,
SIKMH IIUPOKO BUKOPHCTOBYETHCS Y BCbOMY CBITI B IH)KEHEPHIH IeOTeXHilli.

OcoOmuBictio TIK Plaxis, mo sKiCHO BHUpIi3HA€ HOro cepen IHIINX
«YHIBEpCAJIILHUX»  CKIHYEHHOEJIEMEHTHHX  KOMIUIEKCIB, €  MOXIIHUBICTh
BHUKOPHCTOBYBATH UIsl PO3PaXyHKY Pi3HOMaHITHI IPYHTOBI MOJIEIi, PO MUTaHHS
BUOOPY SIKUX HTUMEThCS AaJi.

Tomy, B 1eit pa3, qocinin OyB MPOBEJACHUN B JBa €TAlM: HA IEPIIOMY eTalli
BUKOHYBaJIMCSl PO3paxyHKH 3 BHUKOpUCTaHHsM Moxeni Kynona-Mopa, Ha
JpyroMy eTari BUpINIyBajucs 3a7adi 3 BUKOPHUCTAHHSIM MOJENi 31 3MiIHEHHSIM
rpynry (Hardening Soil Model).

Pe3ynpraTi po3paxyHKIB IMOKa3aliH, IO THCK 3HOBY JIIHIHHO 3pocrae 3i

0 301IBIIEHHAM TJIHOMHHU 3aJIsra-
Mmax, sHon/ HHS KOHCTPYKIIii, He3aIekKHO

3aNexHICTb aNPOKCMMOBAHO GYHKUIEID: ) . R
Mmax=-0,034 H* +4,769 H + 56,076 B14 BHUKOPHUCTOBYBAHO1 MOIECIII:

ToyHicTh anpoKcHmauii:

200

P L i Yd TO TMOIIUPEHA  MOJENb
Kynona-Mopa, um  Oinbin
100 3anponoHoBaNa GYHKUIA A1A anpoKCAmail: CKJIaJIHAa MOZEID 31 3MII[HEHHSIM

Mmax=3,0386 H + 68,924 T o
- Towicm bnposcisant: rpyuty. Takuii e Xapakrep
R*=0,9817 Lo 3MiHH HampyKeHb HABEIICHO 1 Y

0 A .

. - » - - .  CTarTi iHImoro aBropa [S], axum
5 TaKOX BUKOPHCTOBYBAB MOJICIh

; Nmax, kH/m

%006 31 3MIIHEHHSIM TPYHTY, 1 Xod4a

HUM JIOCNIDKYBaHA 3aJICKHICTh
aNpPOKCHMOBaHa 10711 HOMOM

; 3anemHiCTL aNPOKCHMOBAHO GYHKUIEK:
2500 ;Nmax=—0,377-H’ +72,103+H + 379,845

2000 | TouHICTb anpoKcHMal:

* . . .

o0 | = 02908 JPYroro CTYIEHs, MOIIbHIIIe

\ - i . TOBOPHTH TIPO JIIHIHHUIA 3B'S130K
1000 EHPOﬂOHOBaHEwHKWﬂMRBnPOKCMMEl{IIZ .

\ NMax=52,666H + 524,17 MK~ HaBaHTAXCHHAMH  Ta
500 | .

| ;‘,’:";‘;;::"m"m“" oo IIMOMHOIO 3aIATaHHA 3 OLJIANY

o L ! Ui a . .. .
o o » ” © ,» Ha MaiicTe KoeQillieHTiB IpH

crapwiii 3minHii. Kpim Toro,
Puc. 1. 3anexHicTh MAKCUMAJIbHUX 3rMHAIOYMX JTiHIHA Q)YHKHiH 3a6€3neqy€
MOMEHTIB Ta MOB3/I0BXKHIX CHJI B 00p0oO11i Bij Maibke aHaJ'IOFilIHy }:[OCTOBip-

rJIMOUHY ii 3aJIsraHHs, 38 pe3yJibTaTaMK PO3B’I3aHOT .
3anaui B po6ori [5] HICTh anpokcuManii (puc. 3).

2. Ilpodnema BHOOPY IpYHTOBOI Momedi. J{OCTOBiIpHICTH MOCIIKEHB
TIOBE/IIHKM CUCTEMH «ITiJI3eMHHUX CIOPY/Aa — IPYHTOBHH MacuBy 0e3rocepeHbo
3aJIOKHUTH BiJl 0OPaHOI JJIsl pO3paxyHKy I'PYHTOBOI MOJIEII.

VY cydacHiif TpaKkTUIl TEOTEXHIYHHX pPO3PaXYHKIB BHKOPHUCTOBYIOTHCS
MaTeMaTHUYHI MO IPYHTY PI3HOTO CTYICHS CKIamHOCTi. IlepeBara mpoctux
MoJIeJIel oArae B MEHIIH KUTBKOCTI BXIIHMX MapaMeTpiB, a TAKOX B IIPOCTOTI
1 KOpeKTHOCTi piBHSAHb. OfHAK pe3yJbTaTH MOIETIOBAHHS B LLOMY BHIIQJIKY
MOXYTb OyTH JOCHTh HAONMKEHUMH 1 HE Y3TOKYIOTHCS 3 PEaJbHUMH JTAHUMH.
CkiiaziHi, BJOCKOHAJIEHI MOJIENi I03BOJISIIOTh ONKCATH MOBEIIHKY IPYHTY OUIBII
TOYHO, ajie BOHM BHMAaraloTh OUIBII IIUPOKOro HabOpY XapaKTepHCTHK IPYHTY,
SKi MOTPiOHO BH3HAYMTH EKCIEPUMEHTAIFHHUMH METOIaMH 3 3aCTOCYBaHHIM
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criemianbpHoro ob0JagHaHHsA, a TaKOX JOCTaTHLOI 00I3HAHOCTI Ta JOCBIIYEHOCTI
iHmKeHepa rpu BUOOpi Mogerni, ii mapaMeTpiB 1 aHami3i OTPUMaHHUX pPe3yNbTaTiB

PO3paxyHKiB.

Jliss mpoBeseHHsST TeOTeXHid-
HUX PO3PaxyHKIB JIy)e YacTo
BUKOPHCTOBYETBCS HaWIpoCTilIa
MPY)KHO TUIACTUYHA I'PYHTOBA MO-
nens Kynona-Mopa, sika 3acHOBa-
Ha Ha 3akoHi ['yka Ta yMOBI
MminHocti Kymona. Ll monens
BUMAara€  BH3HAYEHHS  BCHOTO
YOTUPHOX PO3PaXyHKOBHX I1apa-
METpIB IPYHTY: MOIYJIS 3arajbHOl
nedopmamii  E,  koedimieHta
[Tyaccona v, 3uerieHHs ¢ Ta KyTa
BHYTPIIIHBOTO TEPTS (.

OCHOBHHUI TNPHHIUI MOJENTI
MoJIsirae B Mo aedopmartiit i ix

A 01 — O3
tg Oloed = Eocd
tg aso = Eso
Joed  tg Gy = Er
050 Olyr

€

Puc. 4. T'inep6oiyna 3aJIeKHICTh MK

nedopMarissMH Ta HaNPyYXKEHHSIMHE B MOZEII 31

3MILHEHHSM TPYHTY

LIBHJKOCTEH Ha MPYXKHI 1 INTACTUYHI CKIIa/I0Bi [6, 7, 8]:

e=¢°

ne €° - npyxui gepopmanii, £° -
IUTacTUYHI aedopmartii.

B pmauii  mopeni
XapaKTepPUCTHKH  IPYHTY  (MOAYINb
nedopmariii  IpyHTy 1 KoedimieHT
IlyaccoHa) MpUIMalOTHCS MOCTIHHUMHU
BEJIMYUHAMU.

[HmIOrO  HemiHIHHOI  MOJEIUTIO
TPYHTOBOTO MAacCHBY € BJIOCKOHaJIeHa
MPY)KHOIJIACTHYHA MOJIEIb 31 3MilIHEeH-
M 1pyHty (Hardening Soil Model).
Ha Bigminy Big moxem Kymnona-Mopa,
JlaHa MOJENb BPAaxOBy€ B TOMY YHUCIHI
3MIIIHEHHS TPYHTY TPH HE3BOPOTHHUX
IUTACTHYHHUX JAedopMallisx, TOOTO Omu-
CYETBCSl 3aJICKHICTD MOIYNS JKOPCT-
KOCTI BiJ] HalIpyXeHb, 1 BUKOPUCTOBYE

nedopMariiiai

rinepOoNIiYHOrO  3aJICKHICTh  Jedop-
Malliii BiJl HaPY>KEHb.
Jlis  BHKOPHCTaHHS MOJAENi 31

3MIIHEHHSM IPYHTY HEOOXiJHO 3a1aTh
JIOJATKOBI TMMapaMeTpu MKOPCTKOCTI, a
came: Monmyai nedopmanii 1o CiuHiH
Eso, pu PO3BaHTAXCHHI Ta
MMOBTOPHOMY  HaBaHTaXeHHI  F,
MOTUYHUN Moaynb aedopMaliii  mpu

+el,

™)

A
G —03

tga =F
a

£]

»

Puc. 5. bininiiia giarpama 3anexHoCTi
nedopMariiii Ta Hapy>KeHb B MOAEII
Kynona-Mopa

o,

g

Puc. 6. Busnauenus monyist gedopmarnii
Eoed B 32JIKHOCTI Bijl piBHS HANIPY>KEHb 32
pe3yJibTaTaMy OJOMETPHYHHUX BUIIPOOYBaHb
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MIEPBUHHOMY HAaBaHTA)XCHHI B OZOMETpi (OJOMETPUYHUI MOIYIB) Eoeq, @ TAKOXK
MOKa3HUK CTYMEHs 3aJIE)KHOCTI KOPCTKOCTI IPYHTY BiJ piBHS HampyXeHb m
[6, 7, 8]. B 11boMy 1 moJisiTae CKJIAHICTh BUKOPUCTAHHS JaHOT MOZEII.

BpaxoByroun pe3ynbTaTé HOPIBHSIHHS PE3YJbTATIB PO3B’SI3KY Pi3HUX 3a/1ad 3
BUKOPUCTAHHAM 3rafjaHux mopeneit [4, 9, 10], MoxHa TOBOpPUTH NpO IMepeBaru
MoOJIei 31 3MIIHEHHSIM IpyHTY Haja Mozemtio Kymona-Mopa Ta npo HeoOxiaHICTh
1l BUKOPHUCTaHHs], SKIIO € Taka MOXJIMBICTh 1 IIOrO TMOTpPeOye IMOCTaBJICHA
3amaya. SIKIIo HeMa€e MOXKIIMBOCTI SIKICHOTO OTPHUMAaHHS BCiX HEOOXITHUX TaHUX
M0 IEepeBaKAIOUYUM THIIAM TPYHTY JJIsi BUKOPUCTAHHS OLTBII BJOCKOHAJEHUX
MOJIeJIeH, TO CIIijl 3YNIMHUTHUCS Ha BUKOpHCcTaHHI Moaeni Kymnona-Mopa.

3. Bubip mex po3paxynkoBoi odaacri. Ille ogna npoGiema, sika norpedye
BUpILIEHHS, 116 BHOIp MeX IPYHTOBOI Mozemi. barato aBTopiB mpu
OOIpyHTYBaHHI TPUNHATHX BUXIJIHUX JAaHUX pPO3B’A3aHUX 3a7ad B3aram He
TOPKAIOTHCS TUTAHHS TPUHHATAX PO3MIpIB PO3paxyHKoOBOi mogxeni. Jleskumu
BHUKOPHCTOBYETHCSI METOJJMKA BCTAHOBJICHHS TAaKUX PO3MIpiB MOJIENi, 00 BIUIUB
IpaHMYHUX YMOB Ha PO3IOALT 3ycwib OyB MiHiManbHuM [11, 12]. TobTo, 1100
npu 3017bIICHHI PO3MIPIB MOZENI CIiocTepiraigack 30DKHICTh pe3ylbTaTiB 10
nonyctuMoi moxuOku. lle 3araybHe MpaBWIIO 1 IBOTO IMiJXOLY JOCTATHBO JUIS
PO3paxyHKy KOHCTPYKIIiH Ha MillHICTb.

BoavaeThcs, 1110 TOMEpeIHid Po3Mip PO3PaxyHKOBOI MOJIENI MOXKHA 3aiaTH i3
PO3paxyHKy pO3MipiB 30HH BILTUBY BUPOOOK, sika BU3HAYa€Thes 3a (hopmyroro [13]:
1+/1-6-(1-1)-A-cos 20 g

A ; ®)

Jge A - jomycTuMa Mmoxubka, 7, - pafiyc BUpoOkH, A - koedimieHT IlyaccoHa,

Ry =17

0 - xyr Haxuy (0° — w1 Mex 1o Beprukani i 90°— o ropu3oHTai).

B Toii ke yac, onucaHui Imiaxiz
€ HCNPUWHATHUM, SKIO0 00’ €KTOM
mocimimkenns mopsn i3 HJC
MiI3EMHOI CIIOPYAM € BENWYMHH i1
ocimanb. BigomMo, 0 BETUYHHH
IpOro BHAY Hedopmariii OyayTh
3pocTaTH pa3oM 13 30UTBIICHHAM
rMOMHU  Mozedi  (po3MipiB o
BepTUKaii). B boMy BUMaaky aeski
BKa3yIOTh Ha MOJKJIMBICTh

7///////%?/’ m _":I BUKOPHCTATH 1HITY MeTOAUKY [14] —

Zi
Zi-4

R T |Gae =dPa

He

OOMEXUTH pPO3PaXyHKOBY CXEMY
Gz TVIMOWHOI0 CTHCIIMBOI  30HH, SKa
Sep PO3paxoBYETHCS METOJIOM
% TIOIIAPOBOTO i JICYMyBaHHS,
l \ IpaHuIld KOl 3HAXOMUTHCS Ha
7 Il 0262 TJIMOWHI, ¢ BUKOHYETHCS YMOBA!
6,020, )

Puc. 7. Cxema [uist po3paxyHKy MIHOMHH

CTHCIMEBOI 30HA Ae O, - HANPYKCHHs BiJ BIACHOI
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Bark IPyHTY, G, - TUCK BiJ CIIOPY/H, 3 YPaXyBaHHsIM Koe(illieHTy 3aTyXaHb 110

TJTUOHHI.

Oco0iuBe Micue 3aliMaroTh METOJMKH BU3HAYEHHS MEX MPU AMHAMIYHOMY
pO3paxyHKy. IX HeOOXiZHO MOJETIOBAaTH TaKUM YHMHOM, 0O 3amobirtu
BiJJOOpa)KeHHIO XBHIIb, TOOTO 3a0€31euyBaTH iX MPOXOKEHH YK raciHus [15].

KpiMm Toro, BOadaerncs, 10 BUKOpUCTaHHA HSM Moke 1M030aBUTH Baj
MepITy METOAUKY 3a PaXyYHOK OIMMCAHOI 3aJIeKHOCTI KOPCTKOCTI IPYHTY Bif
PIiBHSI HANIPY>KEHb.

Ha nam norsiz, mpo0iieMa BUOOPY MEXK PO3PaxyHKOBOT 00JIACTI € aKTyaJIbHOIO
i moTpedye Ol MTHOOKOr0 BUBUSHHS Ta PO3B’SI3aHHSI TECTOBUX 3a1a4.

4, Jlesiki iHmi NMUTAHHS, 10 BUHUKAKTH NMPU MOJAEJIOBAHHI CHUCTEMH
«mig3eMHa criopyaa — IpyHToBHii MacuB». OIHUM 3 TakUX MUTaHb € OOpaHHS
pPO3MIpIiB  €JIEMEHTIB CKIHYEHHOETIEMEHTHOI CiTku. Bukopucranus MCE
CYNPOBO/IKYETHCS MOXHOKAaMH B Pe3yJbTaTax pPO3paxyHKy, IO CKIIAJAIOThCS
TOJIOBHUM YHHOM 3 MOXHOKHM JUCKpETH3allil, 00yMOBJICHOI 3aMiHOIO TiJa, IO
Ma€ HECKiHYEHHE YHUCJIO CTYINEHIB CBOOOAM, MOJEIUIIO 31 CKIHYEHHHM YHCIIOM
CTyNeHiB cBOOOAM, 1 TIOXMOKM OKpPYIJIEHHS 4YWCEl TMpU  BHUKOHAHHI
00YHUCITIOBAIIEHUX OIEpallii.

Tyr HEOOXiJTHO CKOPUCTATHCS 3arallbHUIMH PEKOMEH/AIISIMU Ta JIOCIIPKYBaTH
30LKHICTP MOJIENI, TPOBIBIIM aHAII3 TOCTIAOBHOCTI PE3yNbTATIB Ha CITKax, IO
3TYLIYIOTBCS, VIS OLIHKK TOYHOCTI PO3B’SI3KY Ta 00paTH HEOOXIJHHH PO3MIp CITKH.
Takoxk JOMLTBHIIE BUKOHYBATH 3TYIIEHHS CITKH B OKOJII JJOCIIPKYBAHOrO 00’ €KTa,
3aJMIIAI0YK OUTBII KPYIHI eJIEMEHTH Ha riepudepii.

JIyMKH 1010 OOpaHHS TpaHMYHHX YMOB MOJENI Cepell pi3HHX aBTOpiB
30iraroThes [16, 17]. PekoMeHayeThCsl BEpXHIO MEKY MOETI 3aTHITUTH BUTBHOO
JUIsL TIepeMillieHb, OOMEXUTH TOPU3OHTAJIbHI MepeMillleHHs] OOKOBUX TpaHell Ta
TOPU3OHTAJIBHI 1 BEPTHKAJIBHI ISl HIXKHBOI MEXKI.

1 ,“u)#ﬂ TT=0
. "' VAV 4 =0 L
a Y
SR, | w20 v, NZ0
VY EoEL 3 S
| AT | 2K
u,=0
Ti’ 'y F Y ry A ‘u=0 iﬁto

Puc. 2. PekoMeH10BaHi rpaHUYHI YMOBH JUJIsl PO3PAXYHKOBUX CXEM

Yacto JociipKyBaHa IIi3eMHA CIOPYJa € CUMETPUYHOIO, IO IO3BOJIIE
pO3IIIsIaTH TONIOBUHY 00’ekta. J[nsl 3a70BOJIEHHST YMOB CHUMETpii HEOOXimHO
3a00pOHUTH BEPTHKAJIbHI Ta KyTOBI MEPEMilIEHHSI.

IcroTHe 3HauyeHHs Mae 1 TNpaBWIbHE 3aBJaHHS BEIMYMHH I1HTEpQeiciB.
[HTepdeiic - e MOBEPXHS MiX IPYHTOM 1 CIIOPYAOI0, SIKa MOJIEIIOE 3MiHYy CHII
TepTs 1 3uervieHHs. Benmuuunu iHTepdeiiciB OymyTh BIAPI3HATHCS B 3aJIEKHOCTI
BiJl TEXHOJOTI] BUKOHAaHHS POOIT. Y 3araJbHOMY BHIAQJKY MillHICTh KOHTaKTY
MiX 00pOOKOIO i IPYHTOM ITOBUHHA BH3HA4aTHCs B Jlabopatopii abo HAaTYpHUMH
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nocmigaMu. SIKIo Takux JaHUX HEMae, MO)KHA CKOPUCTAaTUCS 3HAYCHHSMU
iHTepdeiiciB 3 TOBIAKOBOI TiTepaTypH [18].

Takox pi3HI TexHONOrii BHKOHaHHS POOIT (€KcKaBalii IPyHTY 1 3BeIEHHs
ompaB) MOTPeOYIOTh BHKOPHCTaHHA PI3HUX METOIIB 11X MOJCITIOBAaHHS,
HANpHKIAA: B-METOH, KU IIMPOKO MOUIMPEHHUH NMPU pO3paxyHKy TYHEIIB, IO
o0y/I0BaHi 32 HOBUM aBCTPiIHCHKUM MeTooM Npoxoaok (NATM).

BucnoBok. B crarti Oyna po3risiHyTa HU3Ka NMUTaHb, SIKI BUHUKAIOTH MPH
MOJIETIOBAHHI CHCTEMHU «ITiJ3EMHA CIOpPYJa — IPYHTOBUH MacuBy. Ix BpaxyBaH-
Hs1 € 000B’sI3KOBUM 11 afiekBatHoro nporuo3dy HJIC mocmimkyBaHux 00’ €KTiB.

Tak, HeXTyBaHHS POOJIEMOIO BU3HAYCHHSI BEJIMYMHU 1 XapakTepy po3MOAiTy
MOCTIHHMX HAaBaHTAXXEHb BiJl IPYHTOBOIO MAacHBY IpHU3BeZAE N0 OE3ITiACTaBHOTO
301IbIIEHHS] HAaBaHTA)KEHb Ha BEJIMKHX TJIMOMHAX B JAECATKH pa3iB, y BHIAJKY
BHUKOPHCTAHHS ITPSIMOI0 PO3paxyHKy B MEXKaxX METOY CKIHUEHHUX €JIEMEHTIB.

Takoxx mepen HaMu CTOITH IpoOIeMa 3Ba)KEHOTO BUOOPY IPYHTOBOI MOJIEITI.
3 omHoro Ooky € mpocra Momenb Kymona-Mopa, ska Ja€e MEHII TOYHI
pe3yNbTaTH, OJHAK, SIKUX OCTATHBO Ul PAAY 33a1ad, a TAKOXK MPH MOMEpeaHiX
po3paxyHKax. 3 iHIIOro OOKy, iCHy€ OUIBII CKJIagHa MOJENb 31 3MIITHCHHIM
IPYHTY, siKa OIJIbII TOYHO ONHKCYE pealbHY MOBEAIHKY OCHOB, OIHAK HOTpeOye
OUIBIIOT KIJTBKOCTI BUXITHHUX JaHUX, SKi OTPUMYIOTBCS 3a JIOTIOMOI'OO CKJIaJHUX
JIOCTIJTIB, AKICTh SIKUX MA€ BiAMOBIIaTH HOPMATUBHUM JOKYMEHTAM.

Mexi po3paxyHKOBOI 00JacTi MaroTh OOMpATHUCS 3 BpaXyBaHHSIM OIHCAHUX
BHUIIIE OCOOJIMBOCTEH, 3 MiHIMI3ali€lo BIUIMBY TpaHuuHuX yMoB Ha HJIC 00’exTy
JIOCITIJPKEHB.

[lincymoByrOUM MOXKHA CKa3aTH, IO OTPUMAHHS BiAMOBiAEH Ha IIi Ta iHII
MUTaHHS NOTPeOy€e MTMOOKOro po3yMiHHIM MaTeMaTHYHUX METOMIB i (pi3uyHOro
CeHCy SBUI, L0 MOJENIOIOThCS, BPaxyBaHHS pI3HOMAHITTS TPUPOIHUX 1
BUPOOHNYMX (paKTOPiB.
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Solodei 1., Petrenko E.Yu., Zatyliuk Gh.A.
FEATURES OF THE NUMERICAL SIMULATION IN RESEARCH ON THE STRESS
STRAIN BEHAVIOR OF UNDERGROUND STRUCTURES

In our time, widely use numerical calculations methods, the leading place among which is the
finite element method (FEM).

The necessity of using numerical methods in calculating underground structures is caused by
complexity and the inability to perform analytical calculation because of such factors: composite
build configuration, structural diagram of constructions, anisotropy of materials, differential
subsidence, multistage construction, etc.

The article considers the most common questions, which arise at the stage of discrete modelling
for calculation of the stress strain behavior of system "underground development - a soil mass" by
use of FEM, such as:

Measuring and pattern of distribution dead loads from soil mass. At great depth underground
pressure generally does not depend on depth of construction, that give a problem.

Choosing a material model. The credibility of research results depends on selected mathematical
model of the soil. Simple models give blunder and complex models require more conditions that need
to be determined qualitatively using special purpose equipment.

Choosing FE-mesh dimensions. Differing approaches to problem solving impact differently on
the distribution of stress strain behavior in constructions and the soil mass.

Also, the article deals questions of dimensioning mesh coarseness, selecting boundary
conditions, the setting of interfaces, etc.

Problem solution requires a thorough understanding of the mathematical methods and the
physical phenomena that are modelled, taking into account the diversity of natural and production
factors.

Keywords: underground structures, finite element method, loads from soil mass, material model
of soil, fe-mesh dimensions.
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HAINPSIKEHHO-IE®OPMUPOBAHHOI'O COCTOSIHUSA TOA3EMHBIX
COOPY KEHMI

B cratbe paccMOTpeHBI Hauboiee paclpoCTPaHEHHBIC BOIPOCHI, BO3HUKAIOIIME Ha JTare
CO3JaHusl JUCKPETHBIX MOﬂeﬂeﬁ AJIA pacueTa Hal'lpﬂ)KeHHO—Lle(bOle/lpoBaHHOFO COCTOSIHUS CUCTEMbI
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The article considers the most common questions, which arise at the stage of discrete modelling
for calculation of the stress strain behavior of system "underground development - a soil mass" by
use of FEM.
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As is well known in construction, mechanized welding with self-shielded cored wire has found
wide application. In this case, welding methods that are used do not always allow to realize the
potential that is laid in this group of welding materials. In addition, modern welding methods are
characterized by a large heat input in parts and welded joints. In this regard, in the article ways to
improve the technological capabilities of mechanized welding with flux-cored wire by introducing
modulated current into the production of building steel structures are discussed.

Key words: welding, self-shielded flux-cored wire, arc, stress, current strength, wire feed,
welded joint, heat-affected zone, metal structure, strength.

Introduction. Steel structures are widely used in construction. There are
many ways to connect their elements, but at the same time welding is most in
demand. Therefore, the strength properties of steel structures also depend on the
quality of welding.

In this regard, in recent years a lot of research has been devoted to improving
the strength characteristics of steel structures through the introduction of new
technological solutions, primarily in the welding industry.

In the production of building steel structures, mechanized electric-arc
welding has found the greatest use since it has high productivity, processability
and provides high quality joints.

The main material of the article. It is known that the reducing the power of
the arc (1) (and its thermal power ¢, respectively) is achieved by the reducing of

the strength of the welding current, which is performed by mechanized welding
by reducing the feed rate of the welding wire [5, 7]:

q=n-Ul, (1
where g is the arc thermal power, WW; 1 - effective of the arc, for electric arc
welding 1 = 0.8 - 0.95; U - arc stress, V; I - welding current, A.

At the same time, for each welding method there is a minimum allowable
value of the strength of the welding current, below which the stability of the arc

© Datsenko I.P., Kotsiuruba V.I., Mirnenko V.I., Tkach I.M., Tryhubenko S.S., Shyshanov M.O.
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is violated and its break follows. Based on the condition of arc stability, for the
currently used mechanized welding of parts, the possibility of reducing the arc
power by reducing the strength of the welding current (the wire feed speed) has
been exhausted. Consequently, other conditions to control the thermal mode of
welding are required.

The first works on the control of arc welding can be attributed to 30 - 50
years of the last century [1, 2-4]. They were aimed mainly at creating automatic
systems for regulating the external characteristics of welding current sources for
manual arc welding with stick electrodes in order to stabilize the arc process.
With the development of mechanized welding methods, the attention of
researchers was shifted to increasing the stability of the arc based on the study of
processes in the arc space [5-7].

These works were aimed at obtaining a stable arc burning at a rigidly stationary
welding mode or on an approximate one, since, according to the researchers, it was
in this mode that high welding quality could be ensured. However, over time, it
turned out that in this case the possibilities for regulating the welding regime are
narrowed. In this case, a contradiction arose: with a decrease in the arc power
below a certain limit, the arc burning became unstable. Therefore, there were
works aimed at finding welding methods that allow either to reduce the thermal
effect of the arc in the welding zone at the previous arc power values [2—4], or to
weld with a stable arc at significantly lower power values. In the latter case,
positive results were achieved in the study of a new direction of welding —
welding on a non-stationary but controlled mode [2—4, §]. At the same time, some
welding parameters were subjected to a forced purposeful and periodic change
during the welding process, during which the characteristics of the arc process
changed, which ultimately led to a decrease in heat input to the parts to be welded
and a change in the thermal cycle of the metal.

Much of the proposals to increase the consumption of thermal energy of the
arc to melt the filler material and reduce the proportion of heat going to heat the
welded parts have not found practical application due to their low processability.
However, the idea of the redistribution of heat has been realized recently in
connection with the use of self-shielded flux-cored wires. It turned out that the
melting of its metal shell and the mixture containing metal alloying elements
requires more thermal energy of the arc than when melting solid welding wire.

The distribution of heat energy during welding to a large surface of the parts
being welded plays the role of their concomitant heating, which reduces the cooling
rate of the metal, especially the zone of thermal influence. At the same time, the
probability of formation of a non-equilibrium quenching structure in the welded
metal, and hence the appearance of welding stresses, is significantly reduced.

It should be noted other positive results of the application of arc control by
means of an external electromagnetic field and oscillation of the electrode. First of
all, these techniques contribute to the separation from the end of the melting
electrode droplets of liquid metal smaller than without the use of these techniques.

It is known that with the drop-by-drop transfer of a liquid metal, the stability
of arc burning increases and the possibilities for mastering alloying elements are
improved. In addition, the mixing of the metal in the liquid metal bath in the
forming weld is increased, which contributes to increasing the uniformity of the
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metal and the formation of fine-grained structures, which, in turn, improves the
mechanical characteristics of the weld.

As already noted, due to the traditional method of mechanized welding, the
reduction of arc power is achieved by reducing the welding current by reducing
the feed rate of the welding wire by controlling the electric motor of the feed
mechanism. This increases the length of the arc and its electrical resistance,
which leads to a decrease in the welding current. However, an increase in the
length of the arc is possible to a certain limit, after which an arc break occurs.

To prevent this effect, it was proposed to increase the electrode reach at a
constant welding wire feed rate by moving the welding current inlet point to it.
But it was not possible to significantly increase the electrode reach, since a
disorderly wandering of the end of the softened welding wire occurs, which
causes instability of the arc and splashing of the electrode metal.

The methods, mentioned above, for reducing the welding current have another
major drawback - a small range of variation of the welding current, which does not
allow to achieve a tangible effect of reducing the thermal power of the arc.

Thus, all of the above methods for changing the thermal regime of mechanized
welding at a constant value of the welding current (and hence the arc power), i.c.
on stationary mode, although they gave positive results, they did not find wide
distribution due to their inherent flaws. Therefore, another direction of controlling
the heat flow of the arc is attracted by applying a non-stationary welding mode, in
which a forced periodic change of the mode parameters is performed, which leads
to a similar change in the arc power. In accordance with accepted terminology,
such welding can be attributed to pulsed arc welding [2—4].

One of the first proposals in the field of pulsed arc welding in the early 80s of
the last century was a method of welding with modulated current [3, 4], the
analogue of which is the modulation technique in radio engineering.

The implementation of this method was carried out by exposing the power
circuits of the welding current source, in particular, by periodically applying a
pulse to the low value of the welding current from an additional low-power
power source. In this case, a pulsation of the parameters of the welding arc, i. e,
welding current and stress, occurred.

Studies [1-4] showed that the pulsation of the arc leads to a significant
reduction in the influence of the thermal field of the arc on the weld, a favorable
change in the thermal cycle of formation of the properties of the weld metal and
the zone of thermal influence, the refinement of the metal structure, and the
likelihood of welding stresses.

In the development of the considered modulation method, it was proposed to
act not directly on the welding chains, but on the feed rate of the welding wire.
Namely, with a certain periodicity, briefly reduce the feed rate of the welding
wire by controlling the feed mechanism from the nominal value to a value that is
lower than the minimum required for stable arc burning (until the feed stops),
followed by restoring it to the nominal value. But at the same time, the delivery
time with a reduced speed was selected in such a way that the arc did not have
time to break due to the inertia of the change in the welding current as compared
with the change in the feed speed. In this mode, the filing of the welding wire,
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the average value of the welding current, and hence the thermal power of the arc,
is less than with a stationary feed.

The practical implementation of the considered welding wire feed has
confirmed its effectiveness. However, the results turned out to be more modest
than expected due to the large inertia of the control of the feeder, consisting of an
electric motor as a drive and a mechanical gearbox [8].

Vwﬂ

VWmax

VWcanst /\ A

VWave r

Fig. 1. The sequence diagram of the additive method of welding wire

However, in the process of research and practical application, the
disadvantages of these techniques and devices for their implementation were
identified. In particular, there was a deformation of the welding wire, especially
when using flux-cored wire, the electrode wire went out of engagement with the
feed rollers, which disrupted the process of its feeding, and, consequently, the arc
stability deteriorated. In addition, it is difficult to regulate the feed mode (pulse
time, pauses, their frequency).

These drawbacks are absent with the additive method of welding wire. Its
essence lies in the fact that the change in the feed rate of the welding wire is
achieved by periodically applying a constant amplitude of the pulse acceleration of
a certain amplitude and frequency (Fig. 1), that is, we can say that the mechanical
modulation of the welding wire feed is performed. This technique allows you to
significantly reduce the constant component of the feed rate of the welding wire
and, ultimately, the thermal power of the arc. The value of the constant component
of the feed rate of the welding wire may be less than the critical value necessary to
maintain stable arc burning in the traditional method of mechanized welding.

It should also be noted that with a decrease in welding current, the diameter
of the arc column also decreases, as a result of which the thermal effect of the arc
on the base metal of the parts being welded decreases, i.e. zone of thermal
influence width decreases:

dey :1,6(\/1—3/@), @)

where [ — the arc current, Uy — the arc stress.

For the implementation of the proposed method of filing the welding wire
was proposed an appropriate feed mechanism (10).

At the same time, it should be noted that, despite the presence of certain a
priori information in the field of modulated-current welding and the use of self-
shielded flux-cored wire, it is not possible to decide on its basis the feasibility of
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using this technology to produce welded joints of parts. First of all, a priori
information about the study of welding with modulated current mainly concerns
welding in carbon dioxide and in most cases with respect to pipeline welding,
therefore, not all conclusions from these studies can be directly applied to
welding with self-shielded cored wire.

Many aspects of current-modulated welding with self-shielded cored wire are
not disclosed. In particular, the mechanism of formation of service properties of
a welded joint has not been studied, there are no data on the impact of this
technology on the strength properties of a welded joint, the nature of the
influence of regime parameters on the technological parameters of the welding
process and the formation of weld metal and zone of thermal influence. As a
result, there are no reasonable recommendations on the welding process. There is
no technical and economic assessment of the feasibility of the practical
application of this technology.

Therefore, despite the indication of a priori information about the prospects
of using mechanized welding with modulated current of self-shielded cored wire,
experimental studies are needed to confirm the possibility and determine the
feasibility of using it to obtain welded joints of parts.

In this regard, experimental studies were conducted during which a
comparative evaluation of mechanized welding with self-shielded flux-cored
wire with mechanized welding and current-modulated flux-shielded self-shielded
wire was performed.

Experimental studies were carried out by applying single rollers on a steel
plate (roller test method). In this case, the aim of the work was first of all to work
out the modes of the proposed welding method and their influence on the
properties of the weld metal. In the course of research, it was found that by
controlling the welding modes of the modulated current without changing the
idling stress of the source and the average wire feed speed, it is possible to
achieve various properties of the weld. In this case, a controlled process of
formation of a welded joint occurs (Fig. 2) by influencing the frequency and
amplitude of the modulation. Also, in the course of statistical processing of
experimental data, mathematical models were obtained of the influence of
welding modes by modulated current on the properties of a welded joint. For
example, the hardness (3) of the weld metal (Fig. 3):

H=35,73+3,932:x,+ 0,6096:x,+ 1,578x3— 0,5124-x4+ 0,8737-x5— 0,7565x1 x5+
+1,379x1x3 — 0,626:x1 x4+ 1,653 x1x5—0,7148x5°x3+ 0,0068-x5x4+ 1,863 xp x5+
+O,6023'X3'X4 — 0,9306')(33')(35 — 1,038')(34')(35 — 0, 1 58')(312— 0,263'x22+ 2,467')(332—

— 0,61 14')(342— 1,13 X52, (3)
where H — the seam hardness, HRC; x; — no-load stress of the welding source U,
B; x, — welding speed Vg, m/s; x3 — base wire speed Vp, m/s; x4 — modulation
amplitude 6, mm; x5 - modulation frequency f, sec’!.

The analysis of a priori data and the conducted research shows that the use of
mechanized welding with controlled feeding of welding wire according to the
additivity principle stated above using self-shielded flux cored wire will allow
achieving the following technological effects compared to the traditional method
of mechanized welding:
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- reduce the heat input of the electric arc into the welded joint and thereby
change the thermal cycle of formation of properties of the weld metal and heat
affected zone, which contributes to the formation of a more favorable metal
structure, reduces the likelihood of welding stresses and various defects in it, and
also reduces the width of the zone of thermal influence;

- to improve the conditions of alloying of the molten metal due to more
atomized transfer of the electrode metal;

- to increase the arc stability at low values of the welding current;

- to increase the degree of grinding of the structure of the weld metal and
3TB and the degree of its homogeneity due to the influence of the pulsating
thermal field; increase the hardness of the weld metal.
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Uxx=36B, Vnp=40mm/c, Vea=smmc,
=11 1/c, S=5nm
Vnp.cym =90,1521/c

Sproposed method
Unx=36B, Vnp=55mmic, Vca=5umwic,
1=12 1/c, S=4nm Vnp.cym =89, Inmic

Uxx=368, Vnp=40mmc, Vea=5mm/c,
=11 1/c, S=5um Vinp.cyna =90, 152ulc

weld height, mu

Unx=368, Vp=S5muc, Veo=5mwc
1212 1/c, S=414ht Vp.Cyh =60, e

mproposed method
k=368, Vp=50mw/c, Vea=5uwc
116 1/c, S=dunt Vinp.cyw =89, duic

Bproposed method
Uxx=36B, Vnp=50mmic, Vca=5umlc,
=15 1/c, S=dnam Vinp cym =89 dnamic

@proposed method
Uni=368, Vinp=60malc, Vea=5mmic
1210 1/c, S=4uumt Vp.cyn =88 9malc

Bproposed method
=368, Vnp=60mmc, VCa=Smwc,
1210 1/c, S=4nm Vnp cyn =88 9 mswic

Fig. 2. The influence of the welding method on the height and width of the seam

All of the above suggests that the use of modulated current mechanized
welding technology will significantly improve the quality of the welded joint.

N
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Fig. 3. Influence of modulated current welding modes on weld metal hardness
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Conclusion. The analysis of the physicomechanical properties of the welded
joint showed that it is not homogeneous in its quality and has a complex zonal
structure. The formation of the properties of welded joint zones is interrelated
and due to the complex interactions of endogenous and exogenous factors that
influence their formation.

To substantiate technological solutions aimed at increasing the strength of
welded joints, a research methodology has been developed based on the theoretical
determination of cause-effect relationships between the main properties of welded
joint zones and the factors that form them. As a result of the study, it has been
established that the resistance of a welded joint is determined by the properties of
the metal of the formed zones, which are formed under the influence of a complex
of physicochemical, mechanical, electromagnetic processes occurring when an
electric arc is applied to the base metal, filler material and protective medium, and
its environmental impact (atmosphere, quality of the welded surface). The intensity
of the arc depends on the welding method and its mode.

The conducted research allowed to develop a set of technological measures
aimed at increasing the soil quality of welded structures. It was established that:
in the applied method of mechanized welding, the power of the arc, necessary for
its stable combustion, is excessive for parts. The thermal cycle of heating and
cooling a welded joint occurring in this process contributes to the formation of a
heterogeneous structure of its metal with insufficient physical and mechanical
properties and increases the likelihood of welding stresses and, as a consequence,
various kinds of structural defects.

The results of the studies made it possible to substantiate the possibility of
controlling the heat flux of the arc by using non-stationary welding modes, under
which a forced periodic change of the parameters of the welding mode is
performed, and to choose a welding method.
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Hayenxo LI1., Koyiopyba B.I., Mipuenxo B.1., Tkau .M., Tpueybenro C.C., Lluwanos M.O.
YIIPABJIIHHS BJJACTHBOCTSIMU MILITHOCTI 3BAPHUX 3'€ITHAHb ITPU
BUT'OTOBJEHHI BYAIBEJIbHUX CTAJTEBUX KOHCTPYKIIA

Sk 3arajgbHO BIiZOMO B Iepiof OYpXJIMBOrO PO3BUTKY JIIOJACTBA Ta IHAyCTpiaizauii BHHHKIA
HarajpHa mortpeba B OymiBHMULTBI 0araTONOBEpPXOBHX Ta HaAMIUHHMX OyaiBenb. Y 3B’S3Ky 3 LHM
MOHAJ CTOJITTSI CTajieBi KOHCTPYKIII € HEBiJ’€MHOK YacTHHOI cropyd. B mepiox GypxiuBoro
PO3BHUTKY OYMiBHHLTBA /Ul 3’€[HAHHS METAJICBHX JETajell BHKOPHCTOBYBAJIMCH Pi3HI TEXHOJIOTII,
croyaTky ue Oyino kiemaHHs Ta OonroBi 3’eqHaHHs, a HapyOexi 20-30 pokiB XX cromitTs
IOCTYIIOBO CTAJI0 BUKOPHCTOBYBATHCS 3BAPIOBAHHSI.

Ha panmii uyac monax 70% crajneBUX KOHCTPYKLiM BHUIOTOBJICHO 3a  JOIOMOIOI)
CJIEKTPOAYroBOro 3BaproBaHHs. ToMy [0 sKOCTi X BHUIOTOBJICHHS Ta MOKA3HUKIB MIiLHOCTI
BUCYBAIOThCS IMiIBUIIEHI BUMOrH. L[e MOB’S3aHO 3 THM IO 33 CBOIMH BJIACTUBOCTSMH, XiMiYHUM
CKJIAJIOM Ta MIKPOCTPYKTYPOIO BOHHM BiJIpi3HSAFOTHCS BiJl OCHOBHOTO METally KOHCTPYKLIi.

B niporieci OyaiBHUITBA MIHPOKO 3aCTOCOBYIOTHCS Pi3Hi CIIOCOOH €IEKTPOIyTroBOro 3BaproOBaHHs,
K pyd4He TaKk 1 HamiBaBTOMaTHYHE (MexaHi3oBaHe). B sKkocTi 3BaproBalbHHUX MarepiajiB
BUKOPUCTOBYIOTB: IUTYYHI €JIEKTPOH, CTAJIECBY IPOBOJIOKY Ta CAMO3aXHCHY IOPOIIKOBY IIPOBOJIOKY.
B paniii crarTi 3HAYHY yBary MpPUIUIAETBCS MEXaHI30BAHOMY €JIEKTPOJIYrOBOMY 3BaplOBaHHIO
HIOPOLIKOBOIO CAMO32aXHCHOIO IIPOBOJIOKOIO.

Ha panmit yac TexHoiorii 3BaproBaHHS, SIKI BHKOPHCTOBYIOTBCS HE 3aBXKIOHM 03BOJLIIOTH
peasizyBaTu MOTEHLIaJ, SKUH 3aKIaJCHUH B JaHy Ipymi 3BaproBalbHHX MatepianiB. Kpim mporo
CydacHi Croco0OH 3BaprOBaHHs XapaKTePU3YIOTHCS BEJIMKMM TEIUIOBKIAICHHS B Jerali i 3BapHi
3'enHaHHs. Y 3B'I3KY 3 UM B CTATTi PO3MLIHYTI LULIXM MiABHIICHHS TEXHOJIOTTYHHX MOXINBOCTEH
MeXaHi3OBaHOFO 3BaprOBaHHA IOPOIIKOBHM JPOTOM IUIAXOM BIPOBAKCHHA Yy BMpOGHl/lL{TBO
OyaiBebHUX CTAICBUX KOHCTPYKLIH MEXaHI30BaHOTO 3BapIOBAHHS MOIY/IbOBAaHUM CTPYMOM.

KutiouoBi ciioBa: 3BapioBaHHs, caM03aXHCHA [TOPOIIKOBA IPOBOJIOKA, Iyra, HAPYKEHHs, CHIIA
CTpyMy, [l0fiaya APOTY, 3BapeHe 3'€AHaHHS, 30Ha TEPMIYHOIO BILIMBY, CTPYKTYpa METAJy, MILHICTh
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Datsenko I.P., Kotsiuruba V1., Mirnenko V.1, Tkach LN., Tryhubenko S.S., Shyshanov M.O. Control
of the strength properties of welded connections in the manufacture of building steel structures
// Strength of Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv:
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As is well known in construction, mechanized welding with self-shielded cored wire has found
wide application. In this case, welding methods that are used do not always allow to realize the
potential that is laid in this group of welding materials. In addition, modern welding methods are
characterized by a large heat input in parts and welded joints. In this regard, in the article ways to
improve the technological capabilities of mechanized welding with flux-cored wire by introducing
modulated current into the production of building steel structures are discussed.

Fig. 3. Ref. 10
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Hayenxo LII., Koywopyba B.I, Mipnenxo B.I., Trkau IM., Tpueybenko C.C., [luwanos M.O.
YnpaBiiHHA BJIACTHBOCTSIMH MillHOCTi 3BapHMX 3'€/IHAHb NIPH BHUI'OTOBJEHHI OyaiBeJbHUX
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Ax gidomo 6 OYOigHUYmMEI WUPOKe 3ACMOCY8AHHSI 3HAUWIO MEXAHI308aHe 36aPIOGANHS
NOPOWKOBOIO  CAMO3AXUCHOIO — npogookoio.  [Ipu  yvomy  cnocobu  36apioeamns, — AKi
BUKOPUCIMOBYIOMbCS He 3A6COU 00360I0Mb Pedizyeamu NOMenyian, SKUtl 3aKiadenull 6 0amy
epyni 3eapioganbuux mamepianie. Kpim yvoco cyuachi cnocobu 36aplosamus Xapakmepuszyomscs
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GeNUKUM MEeN06KAadenHs 6 oemani i 36apni 3'cOnanns. Y 36'a3ky 3 yum 6 cmammi po3ensiHymi
WAXU  NIOBUWEHHSI TEXHONOSIUHUX MOJICIUBOCIEN MEXAHI308aH020 36APIOGAHHST NOPOUIKOGUM
OpoOmoM — WIISIXOM — GNPOBAOICEHHS.  V  BUPOOHUYMBO  OVOIGENbHUX — CMANeSUX  KOHCMPYKYIll
MeXaniz08an020 36aploBanHs MOOYIbOBAHUM CHPYMOM.
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MOJIAJTBHUM AHAJII3 3AXUCHOI EMHOCTI PESEPBYAPA
3 YPAXYBAHHSAM NNOCJIIJOBHOI'O BUHUKHEHHSA JE®EKTIB
Y 3BAPHUX HIBAX CTIHKHA

0.0. JIyk’sinuenko’,
KaHJl. TeXH. HAYK

H.L Bypay’,
JIOKTOP TEXH. HAayK
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1 . o . o . . . . .
Kuisckuil nayionanvhuil ynieepcumem 6yoisnuymea i apximexkmypu, Kuie

2 . . L . - 9 . . "o
Hayionanvnuti mexuiunuil ynieepcumem Yxpainu ,, Kuiscoxuii nonimexnuunui incmumym”, Kuie
DOI: 10.32347/2410-2547.2019.102.159-170

MogansHui aHaN3 3aXMCHOI EMHOCTI HAJMBHOIO pe3epByapa 3 ypaxyBaHHsM JIe()eKTiB 3BapHHX
IIBIiB CTIHKM BHKOHAHO 32 JOMOMOIO0 KOMIT FOTEPHOrO MOZC/IOBAHHS Ta OOYHCIIFOBAIBHUX IIPOLIETYD
IPOrPaMHOr0 KOMIUICKCY CKIHUCHHOEGIEMEHTHOro aHamisy. JleexTd 3BapHHX LIBIB HPEACTAaBICHI y
BUIJIAAI KPI3HUX TPILIMH OJHOI BEPTHKAJIBLHOI Ta JABOX IOPU30HTAIBHHX, SIKI PO3TAILOBAHI B PI3HHX
nosicax 006oyoHkH. IIpoGiema MPOrHO3yBaHHS PO3MOBCIODKECHHS IE(EKTiB BHpIlIeHa 3a pPaxyHOK
MOJICNIIOBAHHsI 1X MOCIIZOBHOIO BHHHKHEHHS, 30UIBLICHHS iX TOBXHH 1 ypaxXyBaHHS CTaTHYHOTO
BEPTUKAJIBHOTO HaBaHTAKCHHs. 3acTOCOBaHO MojudikoBanuii Merox HeroroHa-Padcona o
PO3B’s3aHHS HENIHIHOI 3amadi cTaTMKM Ta MeTox JlaHmomma 0 MOJANBHOTO aHaNi3y OOOJOHKH.
VYpaxyBaHHs CTAaTHYHOIO BEPTHUKAJIBHOTO HABAHTAXKEHHS B JOCII/DKEHHSX BJIACHHX YacTOT 1 (hopm
KOJIHBaHb EMHOCTI IO3BOJISIE BUSBISATU ACEKTH 3BApHHX IIBIB MiHIMAJIBHOI JOBXKHHH.

Kiaro4oBi cioBa: MOjalbHHN aHali3, METOJA CKIHYEHHHX CJIEMEHTIB, BUIbHI KOJMBAHHS,
HeJTiHiHA MOBe/IiHKa, TOHKOCTIHHA LMJIIHApHUYHA 000JI0HKA, A1e()eKT 3BapHOro LIBA.

Beryn. Ha ykpaiHCbkiii aHTapkTW4HIN craHmii AkageMmik BepHanchkuid
pO3TaIlIOBaHI MaJUBHUMA PE3epPBYap 3 3aXHCHOIO EMHICTIO, SIKI eKCIUTYaTyIOThCS B
cKIamHuX KpuThyHHX ymoBax [1]. IlpoOmema 3a0e3mneucHHS HAiiiHOT Ta
Oe3zaBapiliHOI 11X eKCIUTyaTalii € axkTyalbHOIO, 0O aBapii Ha HHX BaXKKO
3a3JaNeriib MONepequTH 1 BYAaCHO YCyHYTH. HamioHanbHUE TeXHIUYHHNA
yHiBepcuteT Ykpainu ,KWiBCbKMI MONITEXHIYHHHA IHCTUTYT® PO3pOOUB
aBTOMaTHU30BaHYy CUCTEMY PaHHBOT'O MONEPEHKEHHS MOXKIIMBOCTI BUTOKY T1ajMBa
[2]. dnst BiOpamiiiHOro MOHITOPHHTY TEXHIYHOTO CTaHy CKJIAIHOI 00OJIOHKOBOT
KOHCTPYKIIIi BUKOHAHO T KOMIT'IOTepHE 1 (Pi3uuHe MOJeIoBaHHA. JaHa omiHka
KOHCTPYKLINHHOI ~ Oe3leku pe3epByapy 1 3aXUCHOI €MHOCTI mpH i
eKCIUTyaTalliiHUX HaBaHTa)XCHb BUKOHAHA 3 PEKOMEHMALSIMU JI0 iX MOAAJIBIIO]
eKCIUTyaTalii. ABTopamMH JOCII/DKEHO HampyXeHo-Ie(OpMOBaHUHA  CTaH
3aXHMCHOI €EMHOCTI 3 Ae()eKTaMH 3BapHUX MIBIB Y BUIJISII KPI3HUX TPILIMH MPH Aii
BEPTUKAJIBHOTO  CTaTUYHOTO HaBaHTakeHHS. [3-6]. [lng MoHITOpHHTY
PO3TIOBCIOIKEHHS TPILIIUH B 3BAPHUX IIBaX CTIHOK 00OJIOHOK Ha TEMEepilHil yac
pO3pO0IISIEThCS  IarHOCTUYHA MOJAETh 3 BHUKOPHCTaHHSAM KiacudikaTopa
0araTokJacoBOr0 pO3Mi3HABAHHS Ha OCHOBI IMOBIPHICHMX HEHPOHHX MEpEex.

© Jlyx’sinuenko O.0., Bypay H.1., Kocrina O.B., I'epamienko O.B.
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[IporHo3yBaHHs 3MiHM BJIACHUX YacTOT i (hOPM KOJIMBAHb 3aXHCHOI €MHOCTI 3a
paxyHOK BUHHMKHEHHs Je(EeKTiB 3BapHHX ILIBIB CTIHKH, 3MIiHM IX KiJBKOCTI Ta
MICII pO3TalllyBaHHS 3AJIMINAETHCS AaKTyaldbHOIO 3ajaadeto. OcobimBo, 1€
BXJIMBO JUIA TPOBEJCHHS MOHITOPHHTY PO3IMOBCIO/DKCHHS TPIIIHH B CTIiHIN
3aXHMCHOI EMHOCTI 3 ypaxyBaHHSIM €KCILTyaTal[liHUX HaBaHTa)KEHb.

IlobynoBa ckiHueHHOEIeMeHTHOI MOJesi 3aXHCHOI €MHOCTI 3 AedexTamu
3BapHHX IIBiB CTIHKH. 3aXHCHa €MHICTh € TOHKOCTIHHOI LMJIIHIPUIHOO
000J10HKOI0 JiamerpoM 6,96 M i BucoTOO 6,58 M. CTiHKa OOOJIOHKH 3BapeHa 3
JUCTIB TPOKaTy TOBUIMHOK S MM, sKki BHroroBieHo 3i cram Cr3mc2
(I'OCT 14637) 3 BIANOBIAHMMHU MEXaHIYHUMH XapaKTEPHUCTHKAMH: TyCTHHA
npokaty — 7850 kr/m’; Moy mpyxksHocti — 2,06-10° H/MM?, Moaymb 3cyBy —
0,79-10° H/mm?; koeimient mnomepeunoi aedopmarii — 0,3. 3a 10IOMOroio
obuncoBanbHOro komiwiekcy NASTRAN [7] moOynoBaHa CKiHYCHHOCIIEMEHTHA
Mozellb €eMHOCTI. CTiHKY OOOJOHKH TPEACTABICHO Y BHIJISIAI IOSACIB, IO
CKJIAJIAIOTHCS 3 TIOBEPXOHB (TLT), PO3MIPH SIKMX BiJIIOBINAIOTH JINCTAM IPOKATYy.
[Tpu upomy BpaxoBano pekoMeHnanii po3pooHukiB NASTRAN no mozemoBaHHs
3BapHUX WIBIB ,,BCTUK’. Ko)kHa TOBEpXHSI 3MOJENIbOBaHA Y BHIJISIIN CYKYITHOCTI
YOTUPHOXKYTHUX IUIOCKMX CKIHUCHHHX IIeMEHTIB 3 IICTbMa CTEMeHSIMH
BijIbHOCTI y By3mi tuiy Plate (puc. 1). Jledextn 3BapHHX LIBIB CTIHKM €MHOCTI
TIPE/ICTABIICHI Y BUIVIS/l OJHOI BEPTUKAIBHOI KPI3HOI TPILMHK B MEPIIOMY MOSC
(d1) Ta ABOX TOPH3OHTAIBHUX KPI3HUX TPILIMH: MK MEPIIUM 1 JPYTUM MOSICAMH
(d2), Mk apyrum i Tpetim nosicamu eMHocTi (d3).

1

T

©

Puc. 1. Mozeis 3axucHOI €MHOCTI 3 Ae(eKTaMu 3BapHUX IUBIB CTIHKH

TpimumHu B 3BapHUX IIBax 3’sBISIOThC mocnigoBHo: d1, d2 ta d3. Hlupuna
PO3KPHUTTSI TPIIIMH JOPIBHIOE 5 MM, IIIO BiAIOBIA€ AiaMETPy 3BApHOIO IIBa MiX
MPOKATHUMHU JIUCTAMU CTIHKH OOOJIOHKU. JIOBXKMHA TPIMIUH € 3MIHHOI 1
MpUIHATa BIIHOCHOIO /IO JOBXWHHM BEPTUKAJIBHOTrO 3BapHoro msa (/;=1,5m).
Mopeni Kpi3HUX TPILMHU MICTSATh TPUKYTHI 1 YOTHPHOXKYTHI IUIOCKI CKIHYEHH]
€JIEMEHTH 3 IIICThMa CTeNeHsIMU BUIBHOCTI y By3:i tumy Plate (puc. 1 (0)).

I'pannyHi yMOBH MPUHAMAOTHCS 3TiHO [2]: By3JIM HUKHBOI KPOMKU €MHOCTI
YKOPCTKO 3aKpiIUieHi, Ha BY3JM BEPXHbOI KPOMKHU BBE/IEHI OOMEXKEHHS B3IOBXK
padiycy Ta TBipHOI OOOJOHKH. 3arajbHa KUIBKICTh JBOMIPHHX IUTOCKHX
CKIHYCHHUX eJeMEHTIB Mmoxem ckmamae 5003, kimpkicth By3niB — 4027.
BeprukanbHe HaBaHTa)XEHHS BijJ Bard MOKPIBII 3aXMCHOI €MHOCTI Ta OrOpOXKi
MOJICTIOEThCS Y BUTJISIII 30CEPEIDKEHUX CHII, SIKI MPHUKIAJAIOTHCS 10 BY3IIB
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BEPXHBOI KPOMKH OOOJOHKM 3 TPaHUYHHUM PO3PAXYHKOBHM 3HAYCHHIM
P, =897,18 H na oxun By3on mozerni [8].

MopanbHuii aHaJi3 3aXMCHOI €MHOCTI 3 YpPaxXyBaHHSIM IOCJiTOBHOIO
BUHUKHEHHs1 JAedexTiB y 3BapHUX mBax cTiHKHM. MopanpHuil aHaii3
000JIOHKH BHMKOHAHO 3a JJOMIOMOrOI0 PO3B’SI3aHHS 3aj[adi Ha BJIACHI 3HAYEHHS
MetoaoM Jlanronra (Normal Modes), sike peanizoBano B komiiekci NASTRAN.
BusnaueHo AMHAMIiYHI XapaKTEPUCTHKH 3aXHCHOI €éMHOCTI Oe3 JedeKTiB: mepri
II’SITh BJIACHUX YaCTOT KOJHMBaHb MaroTh 3HadueHHd [13,9196; 13,9231; 14,0741,
14,0778; 14,7183] T'i; BiTHOCHI MaKCHMaJbHi MEPEMIIICHHS, SKi BiIIOBIIAIOTh
MepIIUM T'SITH BJIACHUM (OpMaM KOJMBAaHb €MHOCTI 0e3 ae(eKTiB, MaroTh
3HauenHs [0,02897; 0,02963; 0,02860; 0,02875; 0,02833]. 3HaueHHsS HEPIINX
II’SITH BJIACHUX YaCTOT 1 BIANIOBIHI MaKCUMaJIbHi BiJTHOCHI TIEpEeMillleHHs BY3JIiB
10 BJIacHUX (hOpMax KOJMBaHb EMHOCTI IIPH MOCIiTOBHOMY BUHUKHEHHI KPi3HUX
TpimuH mpoexuHoro Al/l;=[0,1;0,2;0,5] npencrasieHi B Ta0. 1.

Tabmumsg 1
BiacHi wactoTs i popMU KOJIIMBaHb EMHOCTI 3 Ae()eKTaMU 3BaAPHUX IIBIB
Ne d1 | d1+d2 | d1+d2+d3
(opmu Bignocua nosxwuHa Tpimman Al/[=0,1
1 13.9159 13.9157 13.9147
2 139175 139174 13.9166
= 3 14,0711 14.0710 14,0693
= 4 14.0725 14.0722 14.0717
2 S 14,7150 14,7149 14,7134
g BinnocHa nosxuna tpimmau Al/1=0.2
= 1 13.9155 13.9146 13.9085
g 2 139172 13.9169 13,9154
g 3 14.0703 14.0699 14.0617
S 4 14,0723 14.0712 14,0707
2 5 14.7146 14.7142 14.7083
=z BinnocHa nosxuna tpimmau Al/1,=0.5
§ 1 13.9064 13.8963 13.8085
E 2 13.9159 13.9104 13.9009
3 14,0583 14,0537 14,0056
4 14.0711 14.0561 14.0459
S 14,7128 14,7117 14,6786
Binnocna nosxxuna Tpimmau Al/l;=0,1
1 0.02920 0.02916 0.02913
B 2 0.02894 0.02892 0.02893
5 g 3 0.02845 0.02823 0.02816
g &) 4 0.02857 0.02842 0.02814
z S 5 0.02817 0.02817 0.02816
& & BinHocHa nowxuHa Tpinmun Al/L=0.2
=23 1 0.02927 0.02946 0.02960
3 % 2 0.02894 0.02898 0.02930
A 3 0.02866 0.02907 0.02809
'E = 4 0.02830 0.02890 0.02758
o 5 5 0.02818 0.02818 0.02813
=] g BinnocHa nosxuna tpimman Al/1=0.5
gz 1 0.03068 0.03197 0.04527
§ 5 2 0.02886 0.03079 0.03201
s 2 3 0.03029 0.02972 0.03505
> 4 0.02892 0.03147 0.03037
5 0.02835 0.02918 0.03096
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BunHo, 1m0 B 3aXMCHI €MHOCTI NpPH ITOCTIIOBHOMY BUHHMKHEHHI TpPIlIMH
301IBIIEHHS X JOBXKHUH MaJIO BIUIMBA€E Ha 3HAUEHHS BIIACHUX YacCTOT KOJIHMBaHb, a
MaKCHMaJlbHI BiJIHOCHI TEpPEMIIIEHHs BY3JIB MOJENi 3HaYHO 3pOCTAIOTh Y
BUIAJKy HasiBHOCTI ozpaszy nBox d1+d2 i Tprox TpimmH d1+d2+d3 nosxwuHOIO
Al/l;=0,5. Sk npuxnax, Ha puc.2 mpeicTaBlieHa mepma Qopma BIaCcHHUX
KOJIMBaHb OOOJIOHKM TIPH TOCHiZOBHOMY BHHHUKHEHHIO KpI3HUX TPILIMH
noxuHOO Al/l;=0,5. B pazmiagbHOMy HampsiMKy MaloThb Miclle peryisipHi
(tmkivni) gedopmartii y BUrisiai 10 miBXBHIb B YCIX BUIMAIKaX, KPIM HassBHOCTI
Tppox TpimwH dl1+d2+d3 gmomxkuHoro Al/[;=0,5, KOmM CHOCTEpIraeThcs
HeperyisipHa aedopmaris cTinkd odonmonku (puc. 2 (1B)). Ilo nepmiéi dpopmi
KOJIMBaHb B MEPHIIaHHOMY HANpsMKY Y BCIX BHIIQJIKaX CIIOCTEPITa€ThCcsl OHA
MiBXBHUJISL.

(la) (10) (1B)

(2a) (20) (2B)
Puc. 2. Ilepiua BiacHa (opMa KOJIHMBaHb €MHOCTI B pagiansHoMy (1)
Ta MepuaiaHHOMY (2) HanpsIMKax IPH IIOCIII0BHOMY BHHHKHEHHI TPiLHH
d1(a), d1+d2(6), d1+d2+d3(8) nosxuuoro Al/l;= 0,5

BruiimB cTaTU4HOI il BEPTUKAIBHOI0 HABAHTAKEHHS HA BJIACHI 4acTOTH
i popmMu konuBaHb €eMHOCTI 3 JAedexkTamMu 3BapHUX mBIB. J[Ji1 BU3HAYEHHSA
BJIACHMX YacTOT 1 ()OpM KOJHMBaHb 3aXHUCHOI €MHOCTI TPH Jii BEPTHKAJIHHOIO
CTHCKAarO4yoro HaBaHTAXXEHHs BiJ Bark MOKPiBIi Ta oropoxi P=P,. po3s’s3aHa
HemiHiiHa 3amava cratuku (Nonlinear Static). 3actocoBaHo MonugikoBaHHIA
meron Herorona-Padcona. BpaxoBaHo mociiioBHE BUHUKHEHHS TPHOX TPIllIMH
nmoexkuHoro Al/1,=[0,1;0,2;0,5]. 3amaua Ha BIAcHI 3HAYCHHSI HaBaHTAXCHOI
emHocTi (Param Modes) po3B’s3ana 3a normoMororw merona Jlanmoma. B tadi. 2
MIPEJCTABJICHI TEPIi I’ SITh BIACHUX YaCTOT KOJIMBAaHb I MaKCHMAaJIbHI BiTHOCHI
nepeMillieHHs. BY3JIiB MOJeNi 10 BiINOBIAHUM BJacHUM (opMaM KOJIUBaHb
eMHOCTI 3 JedexkTtamMy 3BapHMX WIBIB pI3HOI JOBKHUHH 3 YpaxyBaHHSIM
HABaHTA)KCHHS BiJl BaTU IMOKPIBJIi 3 OTOPOXKEIO.



ISSN 2410-2547 163
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

Tabmums 2
BrnacHi yactotu i popMu KOJTMBaHb HABAHTAXKEHOT EMHOCTI 3 IeeKTaMu
3BapHUX HIBIB

Ne d1 | d1+d2 | d1+d2+d3
(opmu Bignocua posxuHa Tpimman Al/[=0,1
1 14.8116 14.8114 14.8095
2 14.8153 14.8149 14.8147
= 3 14.8304 14.8304 14.8290
= 4 14.8312 14.8311 14.8310
@ 5 15.8871 15.8870 15.8858
g BinnocHa nosxuna tpimmau Al/1=0.2
| 1 14.8107 14.8090 14,7979
S 2 14.8148 14.8139 14.8136
E 3 14.8301 14.8300 14.8255
S 4 14.8310 14.8309 14.8305
3 5 15.8865 15.8862 15.8801
=z BinnocHa nosxuna tpimman Al/L=0.5
5 1 147911 14.7769 14.6440
& 2 14.8128 14,7911 14,7710
3 14.8283 14.8274 14.8203
4 14.8300 14.8297 14.8240
S 15.8833 15.8773 15.8245
BingnocHa gopxuHa Tpitmau Al/l;=0,1
1 0,03915 0,03949 0,03935
-E 2 0,03724 0,03760 0,03798
% % 3 0,03717 0,03731 0,03756
5 g 4 0,03899 0,03904 0,03910
z 3 5 0,03101 0,03102 0,03091
=l i BingnocHa gopxkuHa Tpinmau Al/l;=0,2
i % 1 0,03882 0,03988 0,03969
] i) 2 0,03707 0,03815 0,03823
E g 3 0,03706 0,03733 0,03862
S E 4 0,03935 0,03956 0,03957
-E E 5 0,03097 0,03106 0,03091
= o BigHocHa fomxuHa Tpinmun Al/L=0,5
g ; 1 0,04150 0,04163 0,04198
g5 2 0,03791 0,04003 0,04066
% € 3 0,03853 0,04029 0,03863
s 4 0,03957 0,03957 0,04056
5 0,03149 0,03265 0,03990

BunHo, mO mnpH TOCHIZOBHOMY BHHHKHEHHI TPIIIMH CIOCTEPIraeThes
He3HayHa 3MiHa 3HAUeHb BJIIACHHUX YaCTOT KOJHMBAaHb, ajie BOHA € OLIBIIOI0, HiXK
0e3 ypaxyBaHHs HaBaHTa)xeHHs (Ta0n. 1). MakcumaibHi BiIHOCHI MepeMillieHHs
BY3JIiB MOJIEJi 1O BJAacHUX (opMax KOJHMBaHb 3POCTAIOTh Y BCIX BHIIAJIKaX
HAsSBHOCTI TPILTHH JOBXUHOW0, ocobnuBo npu Al/[;=0,5. Sk npuknan, Ha puc. 3
Npe/ICTaBlieHa Tepiia BjlacHa (opMa KOJNWBAaHb 3aXMCHOI €MHOCTI TpW il
BEPTUKAJILHOTO HABaHTaXXEHHS BiJ Bark TOKPIBIlI 3 OrOpOXew IpH
MTOCJTiIOBHOMY BUHHKHCHHI TPIilllH J0BXHHOW Al/1;=0,5.

Baunmo, 110 BepTHKaJIbHE HaBaHTa)KEHHS 3MIHIOE BJIACHI ()OPMHU KOJIMBAaHb
€MHOCTI, sIKIi OTpuMaHoO 0e3 ypaxyBaHHA HaBaHTaxeHHS (puc.2). Ilpu
MOCIIJIOBHOMY BHHUKHEHHI TPIIIMH B HaBaHTa)KEHIH OOOJOHII IO Iepurii
(dopMi BIAacCHMX KOJNMBAaHb y BCIX BHIAAKAaX CIOCTEPIraroThCs HEperysspHi
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nedopmariii CTiHKM B pajianbHOMy HampsMKky. OJHa MIiBXBWIS Mae Miclie B
MepUliaHHOMY HarpsMKY.

(22)

(26)

(28)
Puc. 3. Ilepiua BiacHa (opma KOJIMBaHb €MHOCTI B pafiansHoMy (1) Ta MepuaianHomy (2)
HaIpsIMKax IPHU IOCIIIOBHOMY BUHHKHEHHI TpimwH d1(a), d1+d2(6), d1+d2+d3(s)
JIoBXHHOI0 Al/lj= 0,5 npy Ail BEPTUKAIBHOTO HABAHTAKEHHS Py,

Ouinka BIVTMBY NOCJiJ0BHOT0 BHHMKHEHHS Je(eKTiB 3BapHUX WIBIB 0e3
i 3 ypaxyBaHHIM HABAHTA:KEHHSI B JOCJIiI:KeHHi BJACHUX 4acTOT i ¢opm
KOJIMBaHb €MHOCTi. 3HaueHHs 3MiHM (%) BJIAacCHMX 4YacTOT KOJUBAaHb Ta
MaKCUMaJIbHUX BIJHOCHUX BY3JIOBHX IEPEMIICHb, SKi BiJIIOBIAAaIOTh BIIACHUM
¢opMaM KONMBaHb HEHABaHTa)XEHOI €MHOCTI 0e3 nedekTiB, 3a paxyHOK
MOCNIJIOBHOTO ~ BUHUKHEHHs  KpisHuMX  TpimwmH dl,d2,d3  noBxwuHOIO
Al/l,=[0,1;0,2;0,5] Ta nii BepTUKaJIbHOTO HABAHTAKCHHS Bijl Baru MOKPIBIi Ta il
BEpPTUKAIBHOTO HABaHTAaXKeHHs P=P,, BiANOBIJHO MpeCTaBIeHO B Tab1. 3,4 i Ha
puc. 4, 5.
Tabmuus 3
3MiHa BIACHUX YaCTOT KOJIMBaHb EMHOCTI 332 PaXyHOK IOCIIiJIOBHOTO
BUHHUKHEHHS 1e()eKTiB 3BapHUX IIBIB CTIHKH Ta il HaBaHTaKeHHs (%0)

Ne d1 | d1+d2 | d1+d2+d3
(opmu Bignocua posxuHa Tpimman Al/1=0,1
1 -0,027 -0,028 -0,035
2 -0.040 -0.041 -0.047
89w 3 -0,021 -0,022 -0,034
£z 4 -0.038 -0.040 -0.043
S 2 S -0,022 -0,023 -0,033
o] E & BinHocHa noBxuHa TpimuHu Al/L=0.2
=3 1 -0.029 -0.036 -0.080
3 S s 2 -0,042 -0,045 -0,055
M| o= 3 -0.027 -0.030 -0.088
4 -0,039 -0,047 -0,050
5 -0.025 -0.028 -0.068
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BinnocHa nosxuna tpimmau Al/=0.5
1 -0,095 -0,167 -0,798
2 -0,052 -0,091 -0,159
3 -0.112 -0.145 -0.487
4 -0,048 -0.154 -0,227
S -0.037 -0.045 -0.270
BingnocHa posxuHa Tpitmau Al/l;=0,1
1 6,408 6,407 6,393
= 2 6,408 6,405 6,404
% 3 5,374 5,374 5,364
§ 4 5,352 5,351 5,350
E 5 7,941 7,940 7,932
g BingnocHa gopxkuHa Tpimmau Al/l;=0,2
g 1 6,402 6,390 6,310
E 5 2 6,404 6,398 6,396
E Z‘L 3 5,372 5,371 5,339
g, 4 5,350 5,350 5,347
E 5 7,937 7,935 7,894
& BingnocHa gosxuHa tpitwmau Al/l;=0,5
g 1 6,261 6,159 5,204
g 2 6,390 6,234 6,090
S 3 5,359 5,352 5,302
i 4 5,343 5,341 5,301
5 7,915 7,875 7,516
L+ 301IbILIEHHS 3HAYCHHS, ,,- 3MEHILEHHS 3HAYCHHS

Bnaci yactatn
m1 - nepwa
m2 - Ofyra

m3 - TpETA

md - HETEEQTA
ms - N'ATa

Hedeky:
nt-dl

h2 - d1+d2

n3 - d1+d2+d3
1-a11,=01
2- 411,702
3-alM,=05

Puc. 4. 3miHa nepunx ’TH BJIACHUX YaCTOT KOJHMBaHb EMHOCTI 3@ PaXYHOK MOCIIiZIOBHOTO
BHHHUKHEHHs Ae(eKTiB y 3BapHUX HIBax CTiHKHU: (a) P=0, (0) P= Py

Ha puc. 4 (a) 6ayrimMo, 110 BIUTMB TOCNTIJOBHOTO BUHUKHEHHS JC(EKTIB Yy
3BapHUX IIBaX CTIHKM HEHABAHTA)KEHOI €MHOCTI Ha 3HA4YEHHS BJIACHUX YacTOT
KOJIMBaHb € MAaKCUMaJbHUM IIpH JNOBXUHI jaedektiB Al/;=0,5, ane He3HAUHHM
(1%). UyrnuBumH € miepiia, TpeTs Ta I1°sITa YaCTOTH KOJMBaHb. Jlis cTaTHYHOrO
BEPTHUKAJIHHOTO HABAaHTA)XCHHS BIJ Bard IMOKPIiBII Ta oropoxi (puc. 4 (6))
301IbLIye 3HAYESHHS BIIACHUX YaCTOT KOJIMBaHb eMHOCTI (<8%). Ase 301bIIeHHs
KUJIBKOCTI KpI3HUX TPIMIMH Y 3BapHUX LIBaX Ta iX JOBKUH 3MEHIIYE 3HAYCHHS
BJIACHMX 4YacTOT KoJuBaHb eMHocTi  (>1%). MakcumanpHuii  BIUIUB
CIIOCTEpIraeThcss Ha 3HAYEHHs IepIIoi, Apyroi Ta I’sATOi BJIACHOI YacTOTH
KOJIMBaHb OOOJIOHKH.
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Tabnuus 4
3MiHa MaKCMMaJIbHUX BITHOCHHX TIEpEMIILICHb 110 BIIACHUX (hOpMax KOJIMBaHb
€MHOCTI 32 PaXyHOK ITOCJTiJIOBHOT'O BUHUKHEHHS JIe(eKTiB Ta il HaBaHTaxeHHs (%o)

No d1 | d1+d2 | d1+d2+d3
(hopmu BinnocHa nosxxuna tpimmau Al/L=0.1
1 -0.794 0.656 0.552
2 2329 2396 2.419
e 3 -0.524 -1.294 -1.538
g 4 0,626 -1.148 2.122
& 5 -0.565 -0.565 -0.600
g€ w Binnocna nopxuna Tpituan Al/L=0.2
E = 1 1.036 1.691 2.175
o g 2 -2.386 2.247 -1.140
= & 3 0210 1.643 -1.783
g § 4 -1.565 0.522 -4.070
g g 5 -0.529 -0.529 -0.706
] BinHocHa noBxuHa TpimmHu Al/L=0.5
S 1 5.903 10.356 56.265
8 2 2.657 3.959 8.247
A 3 5.909 3.916 22,552
4 0.591 9.461 5.635
5 0.071 3.000 9.283
Binnocna nosxuna tpimmau Al/=0,1
1 35.140 36313 35.830
2 30.073 31.331 32.658
o 3 29.965 30.455 31329
s 4 35,617 35.791 36.000
2n[ 5 9.460 9.495 9.107
g AL BinHocHa josxuna Tpinmun AlYL=0.2
= 1 34,001 37.660 37.004
) E 2 29.480 33252 33.531
> 2 3 29.580 30.524 35.035
25 4 36.870 37.600 37.635
S5 9.319 9.636 9.107
£ a Binnocha nopxuna Tpitnan Al/L=0.5
§ = 1 43252 43.700 44.909
s 2 32.414 39.818 42.019
” 3 34,720 40.874 35.070
4 37.635 37.635 41.078
5 11.154 15.249 40.840

17 301IbIIEHHS 3HAYCHHS]

.= 3MEHILICHHS 3HAYEHHS

(a

MA2n3 M on2 g m o2 n3 i m2m3 mam

L—wﬁL__Z_J_S_J

EnacHi chopran
m1 - nepwa
m2 - Apyra

m3 - TRETA

md - 4eTEEPTA
m5 - N'ATa

Hedeka:
nl-di

n2 - dl+d2

n3 - di+d2+d3
1-411,=0,1
2- 411,702
3-al1,=05

Puc. 5. 3miHa MakcHMaJIbHHUX BiJHOCHUX MEPEMILIEHb 110 IEPLINX I’ IThOX BIaCHUX Gopmax
KOJINBaHb EMHOCTI 32 PaxXyHOK IIOCJIIZIOBHOTO BUHHKHEHHS 1e()EeKTIiB y 3BAPHUX IIBAX CTIHKHU!
(a) P=0, (6) P= Py
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[opiBHAUIBHUE aHaATI3 3aCBiUUB, IO MAaKCUMaJbHI BIJHOCHI BY3JIOBI
MepeMillieHHs MO BIATOBIIHMX BJIACHUX (pOpMax KOJHMBaHb 32 PAXYHOK IOSBU
nedekTiB y 3BapHMX IIBaX CTIiHII HEHaBaHTa)XeHOi eMHOCTI (puc. S (a))
3MEHIIYIOThCs (<5%) 1 3HaYHO 30LIBIIYIOTHCS JIMIIE NMPH HAsIBHOCTI TPHOX
nedexriB d1+d2+d3 posxunoro Al/[}=0,5 (<57%). OcobmuBo, 1eW BILIMB
CIIOCTEpIraeThesl Ha MEPINy, TPETIO Ta M’ATy (GOPMH BIACHUX KONHMBaHb. [Ipu aii
CTaTUYHOTO BEPTHUKAIBHOIO HaBaHTaKeHHS (puc. S (0)) 3HauHe 30iNbIICHHS
MaKCHMaJbHUX BY3JIOBUX II€peMillleHb II0 BJacHMX (opmMax KOJIUBaHb
MIPOCTEXKYETHCS JJISl BCIX JOBXKHUH 1 KUTbKOCTEH NedeKTiB 3BapHHUX MBIB (<45%),
110 BaYJTUBO JUIS X BUSIBJICHHSL.

BucnoBok. Komm’ioTepHe  MOJENIOBaHHS ~ 3aXMCHOI  €MHOCTI  Ta
00YHMCITIOBANIEHI TIPOLIEYPH MPOrPaMHOI0 KOMIUIEKCY CKiHYEHHOEJIEMEHTHOIO
aHaJi3y Jajio 3MOr'y BHKOHATH MOJQJIBHHU aHalli3 OOOJOHKH 3 ypaxyBaHHSIM
nedekriB 3BapHuX mBiB. [IpobiiemMa MporHo3yBaHHs PO3MOBCIOIKEHHS Ie(EKTiB
3BapHUX WIBIB B CTiHIII EMHOCTI MOXKe OyTH BHpIIlIEHa 33 PaXyHOK MOJIEITIOBaHHSI
MOCNTIJIOBHOTO BUHHMKHEHHS KpI3HUX TpIlIMH, 30UIbIIEHHS iX KIJIBKOCTI Ta
JIOBXKHMH. YpaxyBaHHS Mii BEPTUKAJIBHOTO HABAaHTAXXEHHS MpPU JOCITIHKEHHI
BJIACHMX YacTOT 1 ()OpM KONMBAaHb €MHOCTI Ja€ 3MOTY BUSBISITH Ie(QEeKTH
3BapHUX HIBIB 0Jpa3y MpH iX BUHUKHEHHI.
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Lukianchenko O.O., Bouraou N.I, Kostina O.V., Gerashchenko O.V.
MODAL ANALYSIS OF THE PROTECTIVE SHELL OF THE TANK TAKING INTO
ACCOUNT THE SEQUENTIAL OCCURRENCE OF DEFECTS IN THE WELDED SEAMS
OF THE WALL

The natural frequencies and vibration modes of the protective shell of the fuel tank with defects
in the welded seams of the wall were investigated. With the help of a computer finite element
program a model of the protective container in the form of a cylindrical thin-walled shell was
constructed. The wall of the shell was presented in the form of belts and surfaces that consist of the
rolled sheets. Each surface was represented as a set of flat quadrangular finite elements with six
degrees of freedom in each node. Defects of the welds were presented in the form of one vertical and
two horizontal through cracks located in different belts of the shell. To simulate the defects at their
locations flat quadrangular and triangular finite elements were used. The modal analysis of the
protective shell was performed by solving the eigenvalue problem using Lanczos method. The effect
of constant static vertical weight load of the roof and fencing, which is dangerous for the overall
stability of the thin wall of the shell, is estimated. Determination of natural frequencies and vibration
modes of the protective shell under the action of a vertical load was performed in two stages. At the
first stage, the nonlinear statics problem was formulated as a modified Lagrange approach and solved
using the Newton-Raphson stepwise loading method. At the second stage, the eigenfrequencies and
vibration modes of the protective shell were determined using the Lanczos method. The problem of
predicting the propagation of defects is solved by simulating their sequential occurrence as well as
increasing their length and number.

Keywords: modal analysis, finite element method, free vibrations, nonlinear behavior, thin-
walled cylindrical shell, weld defect.

Jlykosnuenxo O.A., Bypay H.U., Kocmuna E.B., I'epawenko O.B.
MOJIAJIbHBIN AHAJIU3 3AIIUTHON EMKOCTH PE3EPBYAPA C YUETOM
IMOCJIEJOBATEJIbBHOI'O BO3HMKHOBEHN A JED®EKTOB B CBAPHBIX IIIBAX CTEHKH

MozaspHbli aHAJIM3 3aIMMTHOH €MKOCTH TOIUIMBHOIO pe3epByapa ¢ y4eToM Ae()eKTOB CBApHBIX
IIBOB CTEHKH BBIINOJHEH C IIOMOIIBKO KOMIIBIOTEPHOIO MOIACIUMPOBAHUA W BbIYHUCIUTEIbHBIX
HPOLEYp MPOrpaMMHOIO KOMILIEKCA KOHEYHORJIEMEHTHOro aHamusa. JledeKkTbl CBapHBIX IIBOB
NpEeACTaBJICHbI B BHUIAC CKBO3HBIX TPCIIMH OLlHOﬁ BepTVlKaJ’IbHOﬁ U OBYX TOPU3OHTAJIbHBIX,
pAcCIONIOXKEHHBIX B pasHbIX Mnoscax o00o0souku. I[IpoGiiema NPOrHO3MpPOBaHUS pPACHpPOCTPAHEHUS
neheKTOB pelIeHa 3a CYeT MOACIHPOBAHHS UX MOCICI0BATEILHOIO BOSHUKHOBCHHS, YBEINYCHHUS NX
JUIMHBI M y4YeTa CTaTHYECKOW BEePTHKAJIbHOH Harpy3kd. IIpuMeHeH MOAH(UIMPOBAHHBIA METOX
HeroroHa-PadcoHa K pemieHHI0 HEJMHEHHON 3aJauyd CTATMKM W MeToj JIaHIoma K MOAAIbHOMY
aHau3y O00O0JOYKH. YUeT CTATHYECKOW BEPTHKAJIBLHOW HArpy3KH B HCCICHOBAHUIX COOCTBEHHBIX
qacToT U GopM KoneGaHHH eMKOCTH MO3BOJSIET BBIBILITH Je()eKTH CBAPHBIX IIBOB MHUHHMAJBHOM
JUTAHBL.

KiroueBble cj10Ba: MOJAJIbHBIA aHAJIN3, METO/I KOHEYHBIX 3JIEMEHTOB, CBOOOIHBIE KOJICOaHMS,
HEJIMHEHHOE ITO0BEICHIE, TOHKOCTEHHAs LIMIIHHAPUYecKas 000J104Ka, e(heKT CBAPHOTO IIBA.
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Jlyk snuenxo O.0., Bypay H.I, Kocmina O.B., I'epawenxo O.B. MoaajibHuii aHadi3 3axXucHOi
€MHOCTI pe3epByapa 3 ypaxXyBaHHSIM IOCJIi/IOBHOI0 BHHMKHEHHsI JedeKTiB y 3BapHUX LIBax
cTinku // Onip MartepianiB i Teopis ciopyn: Hayk.-Tex. 30ipH. — K.: KHYBA, 2019. — Bun. 102. - C.
159-170.

Bukonano mooanvHuii ananiz 3axucHoi €MHOCMI NATUEHO20 pe3epeyapa 3 YPaxy8aHHAM
Oeghexmie 36apHux wieig CMiHKU 3a O0NOMO20I0 KOMN TOMEPHO20 MOOETIOBAHHS MA 0OYUCTIOBAILHUX
npoyeoyp npoepaMHO20 KOMNJeKcy CKiHueHHoeneMeHmHozo ananisy. IIpobnema npoznozysanms
PO3N0BCI00dICENHs 0eeKmi8 Yy 36aPHUX WIBAX CMIHKU EMHOCHI GUPIUWEHA 3a PAXYHOK NOCTIO068HO20
BUHUKHEHHS 0ehekmie y euensadi KPIZHUX MPiyuH, 30ibIUeHHs IX Q08XHCUH | YPAXYS8AHH CIMAMUYHOT
0ii 6epMuUKaAILHO2O HABAHMAINCEHHS.

Tabun. 4. Inn. 5. Bi6miorp. 8 Ha3B.
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Lukianchenko 0.0., Bouraou N.I, Kostina O.V., Gerashchenko O.V. Modal analysis of the
protective shell of the tank taking into account the sequential occurrence of defects in the
welded seams of the wall // Strength of Materials and Theory of Structures: Scientific and technical
collected articles. - Kyiv: KNUBA, 2019. — Issue. 102. — P. 159-170.

A modal analysis of the protective shell of the fuel tank was carried out taking into account defects
of the wall welded seams using computer simulation and computational procedures of the finite element
analysis software package. The problem of predicting the propagation of defects in welded seams of the
shell wall has been solved by the sequential occurrence of defects in the form of through cracks,
increasing their length and taking into account the static effect of the vertical load.

Tab. 4. Fig. 5. Ref. 8.
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e€MKOCTH pe3epByapa ¢ Y4eTOM II0C/JeJ0BATEJbHOI0 BO3HHKHOBEHHSI e()eKTOB B CBApPHBIX
mBax creHkHu // CONpPOTHUBIICHHE MaTepHaoB M TEOPHs COOPYXKEHHWi: Hayd.-Tex. cOopH. — K.:
KHYCA,, 2019. — Boin. 102. — C. 159-170. — Yxp.
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O0eexmos ceapHbIX WE08 CMEHKU C NOMOUWBIO KOMRBIONEPHO20 MOOEIUPOBAHUS U GbINUCTUMENbHBIX
npoyeoyp NpoSPAMMHO20 KOMNAEKCA KOHeYHOdIeMenmHoz2o ananusa. IIpobrema npoenosuposanus
pacnpocmpanenus  0epeKkmos 6 CEAPHLIX  WI6AX CMEHKU eMKOCmu —peuwlena 3a cuem
noOCIe008aAMENbHO20 603HUKHOGEHUSI 0eDEKNO8 8 GUOE CKEOIHBIX MPEWUH, YEeaUYeHs ux OTUHbL U
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AHAJII3 BJIACHUX KOJIMBAHb TOHKHX
ITAPABOJITYHUX OBOJIOHOK

B.A. baxeHoB,
II-p. TEXH. HayK, pogecop

O.I1. Kpusenko,
KaHJ. TeXH. HayK, CTAPLINI HAYKOBHH CIIBPOOITHUK

10.B. BopoHa,
KaH/. TeXH. HayK, JJOLEHT

Kuisckuil nayionansnuil ynigepcumem 6y0ieHuymea i apximexmypu
DOI: 10.32347/2410-2547.2019.102.171-179

IlpoBeneHO MOCITIIKEHHS BIACHUX KOJIMBaHb OOONOHOK oOepTaHHs mapabosidHOl (opmu.
Meroanka aHami3y CIHPAEThCS HA 3aCTOCYBAHHS IIPOCTOPOBOIO CKIHYCHHOTO EIEMEHTHA JUIst
MOJIEIIIOBAHHSI TOHKOI MPYXHOI OOGOJOHKH. BHKOHAaHO NOpIBHSHHS PO3B’SI3KIB 3 pe3ysibTaTaMu
PO3PaxyHKIB, 10 OTPUMAHI IHIIMMH aBTOPaMH.

KurouoBi cioBa: ToHka mapaboniuyHa 00OJOHKA, YHIBEpCAJIbHHH IPOCTOPOBHI CKIHYECHHHH
€JIEMEHT, BJIACHI KOJIMBAHHSL.

Beryn. ¥V Garathox Tanmy3six TEXHIKM IIHPOKE 3aCTOCYBAHHS 3HAXOITH
€JIEMEHTH KOHCTPYKIIH, IO SBISIOTH COOOI TOHKI OOOJIOHKM Ta OOOJIOHKH
cepenHboi TOBINMHY. Hampukian, Ie KymonW, CKICHiHHSA, NOKPHTTSA Ta
HEPeKPUTTs BEIUKOMPOrOHOBHX CIIOPY[; Pe3epByapH Ta LUCTEPHH; OOTIYHHUKY,
(ro3eIsDKi Ta JiXTapi JITATBHUX alapariB TOLIO.

VY HayKoBili JiTepaTypi iCHy€e BelWKa KUTBKICTh TEOPETHYHHX, YACEIBHHUX Ta
EKCTIIEPUMEHTAIBHUX  JIOCHI/PKEHb O0OJIOHOK pi3HOro oOpucy. Haiibinbi
BUBUCHUMH € OOOJIOHKHM 00CPTaHHS KAHOHIYHOI (POPMH IEPEBAXKHO CTANION
TOBUMHM. He3BaXkarounm Ha BENMKY KIIBKICTB MOCHI/KEHb, IO IPHUCBIYCHI
obornonkaM obGepTaHHs, Pe3yAbTaTH JOCIIDKEHb NapaboivHuX 000JI0HOK MaJlo
Npe/ICTaBlieHi y JiTepaTypi. Y TOW jk€ dYac, HamNpHKIaA, y OyAiBHUITBI
napabosivyHi 000JIOHKH BUKOPHCTOBYIOTHCS Y BUTIISIII HECYUIHX KymouiB (puc. 1),
3aCTOCOBYIOThCSI SIK TOJIOBHI OOTIYHMKHM B aBiaKOCMIi4yHIA TexHili (puc.2), a
TaKOX SIK OOTIYHHMKHM IIBHKICHOI MiABOJHOI Ta HA3€MHOI TEXHIKH.

(a) ©)
Puc. 1. 3acrocyBanns napadomidaux ¢popm y OyaiBuuirTsi [1]:

(a) — dpopma napabosoiga obepranns Kynona maxty (Caserones Dome, niamerp 145 wu,
Bucota 94 m), modynosano Ha Bucoti 4000 m Hag piBHEM MOpsI B YHITIHCBKUX AHIAX, pO3po0IeHO
JUISL IIPOTUCTOSIHHSL HECTIPHUSITIIMBUM yMOBAM HaBKOJIMLIHBOTO CEPEIOBHIIA, BKIIOYAIOYN CHIrOBi
HaBaHTaXXEHHS, WO gocsaraotb 800 ke/m”, 1 TUCK BiTpy 10 300 Ko/ M7,

(6) — xymomu xpamy-rutanerapito «The Temple of the Vedic Planetariumy», m. Masiiyp, Inais;
(c) — mapabouiuHi KYIOJIbHI CTPYKTYpH JKUTJIA, ABCTpatis

© Baxenos B.A., Kpusenko O.I1., Bopona 10.B.
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fonosHo# obTexarens Cyclone-4

L il

Puc. 2. 'onoBHuit 00TiYHKK napabotiuHol popMu pakeT-HOCITB [2]

Orusaz 3 po3paxyHKy MapadoiYHUX 00O0JOHOK Ta PeabHI MPUKIATN IXHBOTO
3acTOCyBaHHS B OyJIBHMITBI Ta apXiTeKTypi 3a ocraHHi 20 pOKiB HaBEAEHO Y
crarti [1]. ¥ pobotax [3, 4] mOCTIIKYIOThCS BiJbHI KOJHUBAHHS HMapaOONigyHUX
00O0JIOHOK O0epTaHHs, SKI MOJEIIOITh OOTIYHMK paKeTH-HOCIA. AHai3
reoMeTpii roimoBHOro oOTiuyHMKa 3rimHO 3 [3,4] cBiguuTh, WO BiH A00Ope
MOJIEITIOEThCS TapabOoTivHOI0 000JIOHKOIO CTaJIOl TOBIIUHH.

Jlis Ge3mevHOi ekcIuTyaTailii TOHKOCTIHHOI KOHCTPYKIiI HEoOXigHO 3HATH
yMOBH ii MIIHOCTI Ta HaJiMHOCTI. Y 3B'A3Ky 3 IIMM OCOOJIMBOTO 3HAYEHHS
HaOyBalOTh METOAM aHaNli3y IXHIX IUHAMIYHMX XapakTepucTHK. [Ipobiema
BU3HAYEHHS BJIACHUX YacTOT 1 (OpM KOJIMBaHb OOOJOHKH, SKi € OIHI€I0 3
TOJIOBHUX AWHAMIYHHUX XapaKTEPUCTUK OyIb-IKOI NPYKHOI CHCTEMH, 3aiiMae
BKJIMBE MicCIle MPU JTOCHTIKCHHI MOBEMIHKA KOHCTPYKINI. Merowo pobotu €
3aCTOCYBaHHSA po3poOieHoi B pobortax [9, 10] MeTomuku [0 BHU3HAUCHHS
rapameTpiB BJIACHUX KOJMBaHb MPYKHOI TOHKOI 130TpomHOi mnapadosivHoi
00OJIOHKH CTAJIOT TOBIIHHH.

1. locTanoBka 3agavi. AJTOpUTM 3a3/7a4i 3 BHU3HAUEHHS IapaMeTpiB
BJIACHMX KOJMBaHb TOHKOI HPYXHOI OOOJIOHKM CIIMPAEThCS Ha BUKOPUCTAHHS
po3pobiieHoi B [5, 6] CKiHYEHHOEIEMEHTHOI MOJENI HEOMHOPIAHOI OOONOHKHU
(CEMO). [lns Bu3HAYEHHS CIEKTPY HIKYUX 4YacTOT 1 BEKTOPIB BIIACHUX
KOJIMBaHb OOOJIOHOK HEOJHOPIMHOI CTPYKTYPH 3aCTOCOBYETHCS METOA iTeparii
mignpocropy [7].

3 €OMHUX TIO3WIIH MPOCTOPOBOI TE€OMETPUYHO HEJIHIWHOI  Teopil
TEPMONPYXHOCTI B poboTax [5, 6] po3pobieHa CKiHYeHHO-eJIeMEHTHa METOANKA
JOCHI/DKEHHSI TE€OMETPUYHO HeNiHiiHOro naedopMyBaHHS, CTIHKOCTI Ta
3aKpUTUYHOI TIOBEIIHKM TPYXHUX OOONOHOK. PosrmsparoTbess TOHKI Ta
cepeqHbOl TOBUIMHU OOOJIOHKH Pi3HOI (OpMU 1 CTPYKTYpW NpH CTATHUHINA Hii
CHJIOBHX 1 TEMIIEPAaTypHHX HaBaHTaXeHb. [l HEOMHOPIMHICTIO OOOJOHKH
pO3yMi€Thbes: 1) HAsABHICTh T'€OMETPUYHHX OCOOJIMBOCTEH 3a TOBIIMHOKO
00OJIOHKY Y BUTJISAI MIJSTHOK CTYMIHYACTO-3MIHHOI Ta TJIAKO-3MIHHOI TOBIHHH
31 3JI0MaMH CEpEeIUHHOI ITOBEPXHI Ta OTBOpaMH; 2) pi3HI YMOBH 3aKpiIlICHHS
KOHTYpY Ha pI3HHX [JUITHKax OOOJIOHKH; 3) CTPYKTypHa HEOJHOPIAHICTH
MaTepiady OOOJIOHKHM 3a TOBUIMHOIO Ta B IUIAHI y BUIJIAAI KOMOiHAmii pi3HHX
0araToIapoBUX MaKETiB.
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CKiHYEHHO-EJIEMEHTHE JIOCHI/PKEHHsI 000JOHOK 0a3yeThcsi Ha T€OMETPHYHO
HENHIHHUX  CITBBITHOIIEHHSAX TPUBUMIPHOI Teopil TEPMONIPYKHOCTI Ta
MTOJIOKCHHAX MOMEHTHOI cxeMu ckinueHHHX enemeHTiB (MCCE). Bukopucrana
MOJIETIb JTIHIHHO-TIPY)KHOTO ~CYLIJIBHOTO CEPENOBHUINA, BIACTUBOCTI SKOTO
BIJIMIOBIAIOTh y3arajbHeHOMY 3akoHy Jlroamens-Heiimana, mnpu BeIHKHX
nepeMinieHHsx 1 Maiaux aedopmarrisix. ToHka OOOJNIOHKAa pO3IIIAAAETHCS K
TPUBUMIpPHE TIJIO Ta MOJEINIOETHCS 332 TOBIIMHOK OIHHMM 130MapaMeTpUYHIM
npoctopoBuM cKiHueHHUM eneMeHToM (CE) 3 momimiHiHUME (QyHKIISIMA
¢dbopmu. OcoOIMBOCTI HAPYX)EHO-TeHOPMOBAHOIO CTaHY OOOJOHKH BpaxOBaHI
BUKOPDHCTaHHSIM JIBOX HEKJIACMYHMX TiMOTE3: MpPO CTaliCTh HOPMaJbHHUX
HaNpy)XeHb OOTHCHEHHS BOJIOKOH IIapy 110 TOBLIMHI Ta AedOopMiBHOI NpsMiil B
HanpsiMKy ToBuMHHM. OcTaHHS TinoTe3a J03BOJNSE BHKOHYBATH Y MpOIECi
nedopmyBaHHs cTHKyBaHHS npocropoBux CE 6e3 mopymieHHS CHUTBHOCTI 3a
KOOpJIMHATAMU Ta TEPEMIIIEHHSM, a TaKOX MPHUPOIHUM YHHOM MOJEIIOBATH
3MaMi B OOOJIOHII, HaXWJIM CTIHOK pedep, BHIMOK i OTBOpIB. Y HaNpsIMKY
TOBILIMHU PO3IOJIIT IIEpEMIIIEHb MPUITHATO JIHIHHAM, IO € 3arajJbHOINPUHHATHM
B TeOpii TOHKMX 00OJIOHOK [8]. 3aBASKM TaKOMY MiAXOJy METOJHKA J]a€ 3MOTY
Ha OCHOBI €IMHOI METOMOJIOTIYHOI 0a3u IOCHTIKYBATH TOHKI OOOJOHKH 3
PI3HOMaHITHUMH TE€OMETPHYHUMH  OCOOJMBOCTSMH 33 TOBLIMHOIO  TIPH
TEPMOCHJIOBUX HaBaHTAYKECHHSIX.

JlociipkeHHs IPOIIECiB TEOMETPUYHO HENNHIHHOTO JeOpMYBaHHS 00OJIOHKH
BUKOHYETBCSI HA OCHOBI 3araJibHoO{ JIarpamKeBOi TOCTAaHOBKH BapialiitHol 3a1a4i y
npupocTtax. HenmiHiiHMHA pO3B'SI30K 3a1ayl OTPUMYEThCS 32 KOMOIHOBaHUM
ITOPUTMOM, WIO TOEJAHYE KPOKOBHMII METOI TPOAOBKEHHS pO3B’S3BKY 3a
mapamMeTpoM i3 iTepariiiHoo nporenypor HproTona-KaHTopoBuua Ha KOXKHOMY
KpOIll HaBaHTa)KeHHS. BiAMOBIAHO 10 1bOro 4acToTH i ()OPM BJIACHUX KOJIMBAHBb
OOOJIOHKM  BHM3HAYalOTbCSi B MOMEHTH ii  KPOKOBOTO  TEPMOCHJIOBOTO
HaBaHTAXEHHs. MeToquka BpaxyBaHHS Yy 3a7adyax IpO BIJIACHI KOJHMBAaHHS
OOOJIOHKM HasBHOCTI TOMNEPEJAHBOr0 HAINpYKEHHS KOHCTPYKINI Bim il
PI3HOMaHITHUX CTATUYHUX TEPMOCHIOBHX HaBaHTaXKEHb po3podiieHa B [9, 10].

2. AHAJIi3 BJaCHUX KOJHBAaHb MapadoivHUX 000J0HOK. JocmimKyeThes
BIUIMB TCOMETPUYHUX MAapaMeTpiB (BUCOTH) MapaboIiuHUuX 000JIOHOK 0OepTaHHS
Ha  BJAacHI  KoimuBaHHA.  bymemo
po3rIAIaTH napabonoiau cTranol
TOBIIMHK h, BuHcoTOr® H  (cTpina
migifioMy) Ta  paaiycoM  OIOPHOIO
KoHTYpY R. @opMmy cepeauHHOl
MOBEpXHI OOOJIOHKM B  JEKapTOBii

cucTeMi  KoopaMHAT X' 3a1aMo
piBHsIHHM (puc. 3):

2'\2 !
@)
RZ
O6OJ'IOHKa )KOpCTKO SaTI/ICHyTa 10
KOHTYpY Ta BUTOTOBJIEHA 3 i30TPOMHOTO

marepiany (£ — MOIyib IPYXKHOCTI, V Puc. 3. TlapaGoniuna 0600HKa 00epTaHHs

X'=H|1
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— xoeimient ITyaccona). 3a po3paxyHKOBY IpHiiMajacs CKIHYEHHO-CJIEMCHTHA
MOJIEIb y BUIJISAJI MOJIOBUHH OOOJIOHKH, IO MAa€ IUIOMMHY cuMeTpii. OCKinbku
BepUIMHA OOOJOHKH € OCOOJNMBOIO TOYKOK, TOMY B CKiHYEHHO-EIEMEHTHIN
MOJIeJTi KOHCTPYKIIT HABKOJIO Hel BUpi3aHMi OTBIp, IO Ma€ JiaMeTp MEHIIHH 3a
TOBUIMHY O0OOJIOHKH.

JlocmimkeHHsT BUKOHAHI Ha MPHUKJIAAl TapadoiyHOT 000JOHKH, SIKa MOJICIIOE
0o0TiyHMK pakeru-Hocis [3,4]. 3rimmo 3 [3,4] BuXigHI JaHHI TakKi:
E=72-10MIla, v=03; R=2m, h="5mm. Po3ristHyTO 000JIOHKH BHCOTOIO
H=1,21a4m.

2.1.V mepumioMy AOCTIIKCHHI BUBYAOTHCSA 301KHICTH 1 TOYHICTH PO3B’S3KiB
IIOJI0 BJIACHUX KOJHMBaHb OOOJOHKM 0OepTaHHs mapaboiiuHol  (opmHu.
JocmimkeHHss 301KHOCTI PO3B’S3KIB IMOKA3aj0, II0 JOCTATHBOIO € BiTHOCHO
rycta citka 20x50 CE. Bepyun n0 yBaru ckiamHy GpopMmy KOJUBaHb 00OJOHOK,
3a PO3PaxyHKOBY HpUHHATO Mojenb 3 ciTkoro 40x50 CE. BwusBieHo, 1mo y
KOJIOBOMY HAIPSIMKY HEOOXiHO BUKOPHCTOBYBATH OLIBII T'YCTE PO3OHUTTS, HIXK y
HanpsMKy TBipHOi. [{yis1 0600HOK BrcoTo0 H =2 Ta 4 M BUKOHAHO TTOPiBHSHHS
3 HasIBHUMH PO3B’si3KaMu pooirt [3, 4] (Tabm. 1).

Tabnums 1

H o;, Iy (o)) , 3 Wy 5

[3, 4] 157.50 159.34 162.67 167.43 173.58
2m MCCE 162.57 162.69 164.48 164.83 168.47

A% 3.2 2.1 1.1 -1.5 -2.9

[3,4] 75.70 76.00 77.40 78.50 80.90
4m MCCE 77.83 78.30 79.89 81.06 84.84

A% 2.8 3.0 3.2 33 4.9

AHaJi3 pe3ynbTaTiB pO3PaxyHKIB MOKa3aB rapHUil 30ir OTPUMAHUX YacTOT 3
HaBeJeHUMH B [3, 4] Ta sikicHuii 30ir opm KouBaHb 3 (hopMamH, 110 IPUBEICH]
aBTopaMu. [lesKy po30KHICTH y pO3B’SI3Kax, IO HE IMepeBHIIye 5%, MOXHA
MOSICHUTH BUKOPHCTaHHSAM Yy Hamomy jaociijukeHHi (3 BukopucranHsim MCCE)
YTOYHEHHUI TPUBUMIPHUH MiIXi[ i3 3acTocyBaHHAM mpoctopoBoro CE. [l minoi
000710HKH B [3, 4] 4aCTOTH ®; € KPaTHUMH.

Jlis BUSIBIIEHHSI 4acTOT, siKi OyiM BWIIydeHi (BTpayeHi) Npu BUKOPUCTaHHI
PO3paxyHKOBOI CXEMHM Yy BWIVIS/II TIOJOBMHHU Iapabolioifa 3 HakJIaJeHUMHU
YMOBaMHU CHUMETpii, A1 OOOJIOHKM BHCOTOO H =2m OYB BHUKOHAHUH
PO3paxyHOK 3a JOIOMOrow mporpamHoro komiuiekcy SCAD [11]. 3 mieto
METOI0 IMPOBENEHO aHali3 YacToT Ui JBOX PO3PaXxyHKOBUX CX€M OOOJIOHKH:
uinoi (I Bapiant) ta momoBunu (Il Bapiant). PesynmpraTtu anamizy HaBeneHI B
Tabm. 2.

Amnani3 ¢popM KonruBaHb MOKa3as, 110 y nepuiomy Bunaaky (I Bapiant) ¢popma
KOJIMBaHb JUIS ONAapHO ONM3BKUX YacTOT (KPaTHHX) € OJHAKOBOIO 31 3MILIICHHSIM

y KojJoBoMy HampsmMky Ha 90°. Po30iXHICT pO3B’S3KiB, IO OTpUMaHi 3a
nonomororo MCCE Ta TIK SCAD (II Bapiant), He mnepeBumye 1%. Dopmu
KOJIMBaHb ITIOBHICTIO 30irarorscs (puc. 5). SIk i 04iKyBaJoCh, BUKOPHCTaHHS Yy
PO3paxyHKOBiH cXeMi ILIOIUHN CUMETPIi BHITyda€e KpaTHi (POPMHU KOJIUBAHb.
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Tabmuis 2

®;,

Merton Iy
PO3paxyHKy g ®y [QF} Wy (O] (OF3 7 g

SCAD 162.33 | 162.37 | 162.91 | 162.94 | 162.79 | 162.86 | 164.97 | 165.06
I BapianT

SCAD 1165 05 162.64 163.13 165.00
II BapianT

MCCE | 16257 162.69 16448 16483

A% 032 0.03 0.83 20.10

2.2.V npyromy JOOCHTIDKEHHI MOPIBHIOIOTHCS MAapaMeTPH BIACHUX KOJIHMBaHb
00OJIOHKH TIPU TPhOX 3Ha4YeHHsX BUcoTH (H =1, 2 ta 4 m). OOONOHKA BUCOTOO
H =2 u npuiinsra 3a 6a30By.

Tabmumu 3
i o;, Iy
Q] (Q)) 3 Wy Q)

1m 230.40 230.82 231.45 232.74 233.96

2m 162.57 162.69 164.48 164.83 168.47

4 m 77.83 78.30 79.89 81.06 84.84
AH=4 % -52.12 -51.87 -51.43 -50.82 -49.64
AH=1 % 41.72 41.88 40.72 41.20 38.87

30UIBIICHHS CTPUTH MigioMy mHapaboiivHoi 000aoHKH y 2 pasu (H =4 m)
MPUBO/IUTH /IO 3MEHIIEHHS BJIACHMX YacToT Maibke Ha 50% (tabm. 3). Ilpu
3MEHIIeHHI BHCOTH Tapabonoina y 2 pasu (H =1.m) BenMYMHHM BiINOBIIHHUX
Y4acTOT 3pOCTaroTh Oiibiie Hik Ha 40%. Cii BIIMITHTH, IO y BCIX BHIIaJKax
CHEKTP HIDKYMX BJIACHHX KOJMBaHb MapaOoiivHUX 0OOJOHOK OOepTaHHS JOCUThH
IIJIBHUA.

Jlnst 000II0HOK pi3HOI BUCOTH TpHBeAeH! (opMu KoiMBaHb Ha pHC. 4-6, sKi
BIJIMOBIZIAIOTH MEPIIMM TPbOM 4YacToTaM. POpMH KoJIMBaHb IS HAOYHOCTI Ha
PHUCYHKax nojaHi y 30i1bIIeHOMY MaciiTaoi.

Puc. 4. ®opmu xonuBaHb napadosoina Bucororo H =1Mm
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BunHo, 1o xapakrep KoJMBaHb OHAKOBUA. HaWOLIbIIl aMIITiTYIM KOJIMBaHb
CIIOCTEPITraroThCS B CEPEHII YaCTHUHI 00OJIOHKH OJIDKYE J0 3aTHCHYTOIO Kpato. Y
BEPIIMHHII 0071acTi XBUIEYTBOPEHHA BiACyTHE. JIJIs IepIlol 4acTOTH ) MaeMO
Pi3HY KIJIBKICTh XBHJIb 3a KoJioM, BimmoBimuo: 10 (H=1m), 11 (H=2 m) i 8
(H=4 n).

Puc. 6. ®opmu xonmBaHb napadbosoina Bucororo H =4 m

BucnoBkn. Y po0OTi JOCHIDKEHO MapaMeTpH BJIAaCHUX  KOJHMBAaHb
napaboIiyHIX 00OJOHOK OOepTaHHs Pi3HOI BUCOTH. JOCIIHKEHHS HPOBEACHI 3a
JIOTIOMOTOI0 CKIHYEHHO-€JIEMEHTHOT METO/IMKH, IO CIIUPAETHCS HA BUKOPUCTAHHS
YHIBEpCaIFHOT0 MPOCTOPOBOIO CKIHYEHHOTO €JIEeMEHTA.

JocnimkeHo 30DKHICTH 1 TOYHICTH PO3B’s3KiB. [lOpiBHAHHS pe3yJbTaTiB
PO3paxyHKy, IO OTPUMaHi 32 MOMEHTHOIO CXEMOI0 CKIHUEHHHX EJIEMEHTIB, 3
JAHUMU THIIHAX aBTOPIB MOKA3aJI0 TOCTATHLO FapHUH X 30ir.

Haii0inpIni  aMILTITYIM CHOCTEpIraloThCs y CEepelHid YacTHHI OOOJIOHKH
OJIIDKYE 710 3aTUCHYTOrO Kparo. Y BEPIIUHHIN 001acTi 000JIOHKH XBUJICYTBOPCHHS
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BizcyTHe. [Ipu mocnizoBHOMY 301IbIIEHHI BUCOTH Mapadosoiia BIACHI YaCTOTH
KOJIMBaHb I1aJ[al0Th.

OCKIJIBKH TiJ Yac eKcIuTyaTaiii 0O0OJIOHKOBI KOHCTPYKINI YacTO 3a3HAIOTh
PI3HUX 3MIiH TEMIIEpaTYpHOTrO IOJs, L0 MOXKE 3HAYHO BIUIMHYTH Ha iXHI
JIUHAMIYHI XapaKTePUCTUKH, TOMY B HACTYNHHX [OCHI/DKEHHSX IUIAHYETHCS
OLIIHUTH BIUTUB HArpiBy Ha BJIACHI KOJMBAaHHS NMapaOoiiyHUX OOOJOHOK CTaJIol
TOBIIWHHU.
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Bazhenov V.A., Krivenko O.P., Vorona Yu.V.
MODAL ANALYSIS OF THIN PARABOLIC SHELLS

The modal analysis of parabolic shells of revolution is based on using the finite-element model
of inhomogeneous shell. The shells can have complex-shaped midsurface, geometrical features
throughout the thickness, or multilayer structure. To develop the finite-element shell model we
approximate a thin shell by one spatial finite element throughout the thickness. The structural
elements of an inhomogeneous shell require the finite element to be universal: it should be
eccentrically arranged relative to the mid-surfaces of the casing, it should be possible to vary the
thickness of the lateral edges of the finite element and ets. The universal finite element is based on an
isoparametric spatial finite element with polylinear shape functions for coordinates and
displacements. Additional variable parameters are introduced to enhance the capabilities of the
modified finite element. Two hypotheses are used to describe the features of the stress—strain state of
a thin inhomogeneous shell. The static hypothesis assumes that the compressive stresses in the fibers
throughout the thickness are constant. The nonclassical kinematic hypothesis of deformed straight
line is used: a straight segment along the thickness remains straight though stretched or shortened
during deformation. This segment is not necessarily normal to the mid-surface of the shell.

The stress—strain state of a shell and its structural elements is determined using the geometrically
nonlinear equations of the three-dimensional theory of thermoelasticity. A linear elastic continuous medium
with large displacements and small strains is used as a model whose properties correspond to the
generalized Duhamel-Neumann law. To derive the governing finite-element equations for displacements
the moment finite-clement scheme is used. The moment finite-element scheme approximations of
displacements and strains guarantee a correct description of the rigid-body displacements of finite elements,
which enhances the convergence and accuracy of solutions on coarse meshes.

The natural vibrations of parabolic shells with various heights have been investigated. The
convergence of solutions has been studied and compared with the results obtained by other authors.

During operation, realistic shell structures often undergo various changes in the temperature
field. This can significantly affect their dynamic characteristics. Extension of this work to modal
analysis of parabolic shells considering heating is currently being pursued.

Keywords: thin parabolic shell, universal solid finite element, vibrations.

Baocenos B.A., Kpusenro O.I1., Bopona IO.B.
AHAJIN3 COBCTBEHHBIX KOJIEBAHUM TOHKUX MMAPABOJIMYECKHUX OBOJOYEK
IIpoBeneHbl ucciieoBaHUsl COOCTBEHHBIX KojieOaHMH 000JI0YeK BpalleHHs IapadonyecKon
¢dopmbel. Meroxuka aHamm3a 0Oasupyercs Ha IPHUMEHEHHH IPOCTPAHCTBEHHOTO KOHEYHOrO
2JIEMEHTHAs Uil MOJICIIMPOBAHUS TOHKOM YIpyrod 000JIOuKH. BBINOIHEHO cpaBHEHHE PELICHUil ¢
pe3yJibTaTaMH Pacy€eToB, IOJYYEHHBIMU APYTUMU aBTOPAMU.
KaroueBble cioBa: ToHKas napadonuyeckas 000JIOUKA, YHUBEPCAIbHBIH MPOCTPAHCTBEHHBIH
KOHEUHBIH 2JIEMEHT, COOCTBEHHBIE KOJICOaHNUsL.
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C.171-179.

IIposedeno OocniOdicennss 61ACHUX KOAUBAHb 0OOJOHOK 00epmanHs napaboniunoi gopmu.
Buxonano nopignsanms po3e sa3Kie 3 pe3yibmamamu pO3paxyHKie, wjo OmpuMai inuuMu agmopamu.
Tabu. 2. L. 7. bi6miorp. 10 Ha3s.
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Modal analysis of parabolic shells of revolution was carried out. Comparison of solutions with
the results of calculations obtained by other authors was given.
Table 2. Fig. 7. Ref. 10.
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IMocraBiena 3aga4a NpPo YHCEIbHE JOCIIKEHHS TEPMONPYKHOrO Ae)OpPMyBaHHS IIAPYyBATOIO
HOKPUTTS AOPOTH Ha ii BFHYTHX Ta MpAMOUIiHIHHUX AinsHkax. ChopMyaboBaHi po3B’si3HI PiBHAHHS,
noOynoBaHi 1X CKIHUYEHHO-CIEMEHTHI aHaNOru. PO3rISIHYTO BHMIAIKH HAaBaHTAXEHb HPH Pi3HUX
3HAYCHHSX [€OMETPHYHUX, KOHCTPYKTHBHHX Ta TEMIEPATypPHUX [IapaMETPiB.

[lpoaHani30BaHO BIUIMB BUKPHMBICHHS Ha MEPEpPO3NOAIT IOJIB HANpyXKeHb pH  Aii
TemrepaTypHux 30ypeHb. OCKUIbKM HpPH PIBHOMIPHOMY HarpiBaHHI (OXOJOIKEHHI) KPHUBOMIHINHI
apy MOJOBXKYIOTHCS IMO-PI3HOMY, TO MOXXHA 3pPOOMTH BHCHOBOK, LIO HAaBiTh NP HaWMEHILIH
KPHBH3HI JOPOTH MPOSBISIIOTHECS BIACTHBOCTI KOHLEHTpaLil BCIX HANpy)KeHb B 30HAX, SKi
HIPWIIraloTh A0 KiHLIB goporu. Ilpudomy, st OpsSIMOTIHIMHMX AOPIr HOpMajbHI A0 IOBEPXHI
KOHTAaKTy HAIpPY)KeHHsS NPaKTU4HO piBHI Hymo. [lpu 30inbplueHi KPHBU3HU CIOCTEPIraeThest
301IbIICHHS 3HAYECHHS HOPMAJBHOI'O PO3TACYIOYOrO HAMPYXKEHHS IO BCiH JOBXKMHI JOPOTH, IO
MOXKE IPUBECTH THM CAMHM JI0 BEIMKOI HMOBIPHOCTI BiAPHBY MEPIIOro IIapy Bix JPyroro.

YncebHIME JOCHIDKCHHIMH TTOKa3aHo, 10 MIKOBI 3HAYCHHS MMO3J0BXKHIX HAMPYXEHb PO3TATY
y BEpXHBOMY LIApi TOKPUTTS 1 3CYBHHUX HAIPY)KEHb, JTOKAII30BAHUX MK [IEPLINM 1 APYTHM LIapaMH,
MOXXYTh OyTH HPHYMHOIO CIIOCTEPEKYBAHUX HA MPAKTHUIII yTBOPEHHS Ha IOPO3i HA MOYATKOBIN cTail
pyHHYBaHHS Ta MOJAJIBIIOrO IEPETBOPEHHS 1X HA MONEPEYHI TPILHHH.

KurouoBi cioBa: ABTOMOOLNTBHA 10pOra, DOPOXKHE MOKPHUTTS, TPAHCIOPTHI HABAHTAXKEHHS,
TEPMOIPYKHHUIT CTaH, I0JIe HAPYKEHb.

1. Beryn. B ocranHHi pokM Ha aBTOMOOLIBHHMX JOpOrax CIIOCTEPIraeTbest
TEHJICHIIis 30UIbIIEHHS IHTEHCHMBHOCTI PyXY TPaHCHOPTHHX 3acO0IB i 3pOCTaHHS
YaCTKH BEJIMKOBAaHTAKHHUX aBTOMOOLIIB. DakTopaMu, 1110 CYTTEBO BILIMBAIOTH Ha
SIKICTh aBTOMOOUIBHUX JAOpIr 3 ac(halbTOOETOHHUM MOKPUTTSM, € KIIMaTH4Hi
YMOBM 1 TEIUIOBI BIUIMBHM, BHKIHMKaHI JOOOBUMH 1 CE30HHUMH 3MiHAMHU
TEMIIepaTypyu AOPOXKHIX MOKPUTTIB. OCKUIBKHM ICHYIOYI Mepexi aBTOMOOLIBHUX
JIOpir He PO3paxoBaHi Ha Taki MiJBHIIEHI 3HAYEHHS TPAHCHIOPTHUX HaBaHTAKEHb,
i YUHHUKA € OCHOBHMMHM NpPWUYMHAMU 3MEHIIEHHA IX eKCIUTyaTaliiHoi
JIOBIOBIYHOCTI. Y 3B'SI3KY 3 IIMM JIOCUTbH aKTyaJIbHOIO € TIpo0iiemMa po3poOKU OLTBII
TOYHUX MEXaHIYHMX 1 MaTeMaTHYHHX Mojened nedopMyBaHHS 1 MillHOCTI
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JIOPOKHIX OJISITIB MPH iX Pi3HUX KOHCTPYKTUBHHX CXeMax, BUJaX MaTepiaiB i Jisx
TPaHCIIOPTHUX 1 TEPMOMEXaHIYHIX HABAaHTAXKECHb.

[Tons TepMONpPYKHOTO HAIIPYKEHOT'O CTaHy [IAPYBATOr0 MOKPUTTS HA BTHYTHX
1 ONMYKIUX JIUITHKAX TOPOTM MArOTh JEsSKi BIAMIHHOCTI TOPIBHSHO 3 BHIIAJKOM
NPSMONIHIMHUX JIOPOKHIX TOKPUTTIB. BOHM monsrailoTh y TOMy, ILIO B
NPSMOJIHIMHUX ~ KOHCTPYKIISIX TP HEPIBHOMIPDHHX 32 TOBIIMHOIO TIONIB
TEeMIEepaTypu T'€HepyIOThCs Monsd Hampyxkesb [1-3, 9-11], B sIxux mepeBakaroTh
HAIpY)XEHHsI B HATpsiMax, NapaJie’bHUX IUIOIINHI BUIBHOI TOBEPXHI, B TOW Yac sIK
B HampsIMKy HOpMasli a0 Hel (TOOTO B3IOBX BEPTHKalll) HOPMaJIbHI TEILIOBI
HAIpPYXXEHHsI TIPAKTHYHO JOPiBHIOIOTH HyI0. [IpoTe, Ha KpUBONIHIMHUX AUISTHKAX
JIOPOTH Iie¢ He Tak. Piu y TiM, 110 HaBiTh NpHU pPIBHOMIPHOMY HarpiBaHHi
(0X0JI0KEHH]) KPUBOJIiHIIHI IIApH MOJAOBKYIOTHCS MO-PI3HOMY, 1X TOTOBKEHHS
Ppi3Hi 1 uis1 3a0e3redeHHsl CiJIbHOCTI TEPMONPYKHHX TepeMillieHsb i aedopmariiit
€JIEMEHTH ImapiB Ne(OPMYIOTBCS TaKOX 1 B3IIOBX HOPMasi, BUKIAKAIOUN
JIOAATKOBI HAIIPYXKEHHsI (X04 1 HEBEJIUKI), SIKi MParHyTh IPUTHCHYTH a00 BilipBaTH
miapd OAWH BiA OmHOro. B 3B’S3Ky 3 1M IPEACTaBISETHCS BAKIMBUAM
MPOaHaTi3yBaTH SIK BIUIMBAE BUKPHBICHHS JOPOTH B BEPTUKAJbHIHM IO3I0BXKHIH
TUTOLIMHI Ha TIEPEepO3MO/ILT MOJMIB HANPY)KEHb NMPH i1 TeMIiepaTypHux 30ypeHs [ 1-
3]. Ans uporo mpuiiMeMo, IO J0pOora BHKPHBIIEHA MO Ay3i Kojia 1 Temieparypa
HaBKOJIMIITHBOT'O ~ CEPE/IOBMILIA 3MIHIOETHCS 32 BHOpaHMM 3akoHOM. /Jlis
PO3B’s3aHHS 3a/adyl 3py4yHO BUKOPHUCTATH UWIIHAPHYHY CHCTEMY KOOpPJHMHAT.
ChopMyIr0eMo 1110 33]]a4y CTOCOBHO JJO KOHCTPYKILi1, 110 PO3IJIAIA€THCS.

2. OcCHOBHi CHIBBiJHOIICHHSI TEPMOINPY/KHOTO HAMPY’KEHOr0 CTaHy
TMOKPUTTS A0POru. Po3risiHeMo 3amady npo po3MoIiyieHHs MOJIB HalpyKeHb B
YOTUPHOXIIAPOBOMY TIOKPHUTTI JOPOTH, sSKa BHKPUBJIEHAa IO [Iy3i Kola B
BEPTUKAJIBHIN IUIOMMHI. BrOepeMo Tpu 3Ha4YeHHs pajiyciB KpUBH3HHU, PIBHHX
R, =974,5 M (puc. 1 (a)), R, =189,5 M (puc. 1 (6))i R, =97,5 M (puc. 1 (B)).

/// ////// ///\- T
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6) v Ipynmosuii macus

Puc.1. IIpodini TOPOXHIX IOKPHTTIB B BEPTUKAIBHII [0310BXKHIN MIOMINHI:
(a)— R =9745 m,(0)— R, =189,5 m,(B)— R, =975 m

Topmuen 1mapiB  ckmagarote /=005 M, A, =01M, 7;=02 M,
hy=0,2 M, ix Marepianu, BiANOBiAHO, ac(aabTOOETOH APIOHO3EPHUCTHH,
achanbTO6ETOH TIOPUCTHH KPYMHO3EPHUCTHH, mebinp i micok. [xmi mapamerpu
npyxHocti cknamu  E; =5-10° Ha, p, =02, E,=14-10° la, u, =025,
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xy E; =0,4-10° Ma, 3 =03, E, =0,1-10° Ila,

/_ \ U, =03 . Jlomxxuna L ningHku, siKka BUOpaHa

e JUIi  pO3paxyHKy  3ajaBajach  PIBHOIO

\>% L=39 M, mud1 TOpIBHAHHA PO3IITHEMO
P N ’ TaKoXX BUMAgOK L =15 m.

W ' Jis po3paxyHKy 1€l KOHCTPYKIIT 3py4HO

H) chOpMyYITIOBaTH PO3B’SI3yBaJIbHI PIBHSIHHSA B

Pl kel PO MWTIHAPUYHINA clcTeMi KoopauHat r, 6, z.

¢ %2 > Tyr r HanpaBieHa B pajiaJbHOMY HampsMi,

PR *2 6 — xyToBa 3MiHHa, HalpaBJieHa B KOJOBOMY

HAmpsiMi, z — B MOMEPEYHOMY HAMPsMi IO
BiJJHOIIICHHIO 110 Joporu (pwuc. 2.). PiBHsHHSA
pIBHOBaru IpYKHOTO eleMeHTy [8] MaroTh
Burisin (1) — (3)

O u, 22U 8u9 B,u ou, 18,11{1 ou, 8u9 up ),
Vo M a0 P ar ey a8 Tar r

+aﬂ(a” du, j+gkkaa)L a[(31+2,u)06T(T TO)]’LFr:O’ (1)

Puc. 2. Luninapuyna cucrema
KOOpJIUHAT

oz\ dar oz or
_1 %[(MJrzu)aT(T—TO)}FQ =0, )
¥+ ) B S G G o 1 G L8
O D (rera (-0 )

Tyr A i u — mapamerpu J'IaMe, u,., Up, U, TEPEMILIEHHI B HANPAMKY
BIZIMOBIAHUX 3MiHHUX 7, O, z, T, — NoYaTKOBE 3HAUEHHs Temuepatypy, I — ii

MOTOYHE 3HAYCHHSL.
HaBenemo Tako piBHSHHS TETUIONPOBIIHOCTI
1.0 (raT)+LaZ_T+aZ_T=La_T. @)
r or\" o 2 00% o972 a ot
I'pannuni ymoBu st (QyHKOiH, $KI ONHMCYIOTH J1epOpMOBaHi TMOKPHTTS,
3a7aBauch B (OpMi BUTHHHX MTOBEPXOHb HAa BEpXHiH 1 OIYHHMX MOBEPXHSX, BHH3Y
KOHCTPYKIIisl 3B’s13aHa 3 IPYHTOBUM MacuBoM. [Ipu po3B’si3aHHI BBakasocs, 10 Ha
BEpXHiil BUIbHIH MOBEPXHI MOKPHTTS TEMIepaTypa 3MiHIOBAJach 3a 3aJaHHUM
3aKOHOM 1 pO3B’SI3YBaJIOCh PIBHSHHS TEIUIONPOBITHOCTI (4).
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3a 3HalineHuMu (yHKUiAMH TemnepaTypu 1 1 mepeMillieHb u,, Ug, U, 3a
JIOTIOMOT 010 (hOpMYIT
0, =2UE, + ey —(3A+2u) o (T-T) ;
Jorr (T=Tp)s
0. =2ue. +Aey —(3A+2u)ar (T-Tp);

Orp = 2/'18;’0 50y = 2#‘9;’2 5 0.9 = 2lugzt9 (5)

or r\ 2060
HaNpYXEHHS y BCIX eJleMEHTaX CHCTEMHU.

3. TemnepaTtypHi gedopmanii IAPYyBATHX NOKPHUTTIB HA KPUBOJIHIHHIX
ainsiakax. Po3p’s3aHHs piBHSHB TepMmonpyxHoro aepopmyBanus (1) — (3)
BHKOHYBAJIHMCS METOIOM CKiH4YeHHOro enemenra [1-3, 5, 8]. B mporeci
MOJICTIOBaHHs TepUIMi Imap po3ouBaBcsi Ha 10 CKIHYEHHHMX €JIEMEHTIB 3a
TOBIIUHOIO, APYyruii map — Ha 20 eneMeHTiB, Tperii — Ha 40 eIeMeHTIB 1
yerBepTHil — Ha 40 eJeMeHTIB.

Po3B’s3anHst  piBHSIHB TeruionpoBigHOCTI  [4,6], BUKOHAaHO METOIOM
CKIHUEHHHUX €JIEMEHTIB JUIsl IPSAMOJIHIHHOTO JOpOXKHBOro moKpuTTs [4 ,11, 12].
Marepianu mapiB, X TOBIIMHM i MEXaHIYHI BJIACTUBOCTI OOpaHi HACTYITHHMHU:

B _ Ou, 1 dug ou, .
(e ey =€ +te+e. ==+ i, [+ )  BH3HAYAIOTBCA  BCi

map 1 — acdanproderon apioHozepauctuit, #=0,05 M, E = 5-10°Ma, v=0,2;
map 2 — achanbToO0CTOH MOpHCTHH  KpynHO3epHHCTHH, h=0,1 M,
E=1,4-10° Tla, v=0,25; map 3 — me6inp, £1=0,2 M, E=0,4-10°Tla, v=03;
map 4 — micoxk, h=02 M, E=01-10° a, v=03; IpyHT — h=25 M,
E=0,1-10° ITa, v=035.

[Nokazano, mo ¢yHkist Temneparypu 7(y) Mae BUINILA KpaoBOro e(ekxry.
Posnopin i€l gpyHkii, 37€01Ib110T0, peanizyeThesl B TPAHMIIX MEPILIOTO 1 piJie,
B IPAHUIIX MEPIIOTO 1 APYroro IapiB, MPUUOMY BOHA Ma€ BUIIIST Maibke TPsIMOi
minii. OCKIJIBKM HAaC IIKaBUTh TYT TOJIOBHMM YHHOM SIBHIIE pO3ILIapyBaHHI,
IpHUMEMoO, 110 TeMIIepaTypa Ha MOBEepXHi mepiioro mapy piaa 7' =-20°C i gami
MOITMPIOETHCS JIIHIMHO B TPAHMILIX MEPIIOro ado MepInoro i Apyroro mapis. Jaii
METOJIOM CKiHYEHHHUX EJIEMEHTIB MiJPaxOBYIOTHCS 3a Jonomoror dopmyn (1) —
(3) nmepemileHHs y BCIX eJIeMeHTaX i 3 AormoMoror GopMyi (5) o04YHCITIOIOTECS
Bci HanpyxeHHsl. OCKUIbKM, SIK 1 B IHIIMX BHIIaJKax, (YHKIS TeMIepaTypH
LIBHJKO 3MIHIOETHCS 32 TOBHIMHOIO (32 KOOPAWHATOIO F ), TO IOJNS HAaIpyXEHb
BiJIPI3HSAIOTHCS BETUKOIO HEPIBHOMIPHICTIO 1 BEIMKMMU 3HAYESHHSIMH.

[pu npoMy HaWOIIBIINIA iIHTEPEC MPEACTABISAIOTH BUAN (YHKIIIH HANpyKEeHb
Ha TOBEPXHIX KOHTAKTY MIXX MEPIIUM 1 IPYTHM IIapaMH, OCKUIBKU caMe Ha HUX
JIOCSITAIOTHCSl HAWOLIbII 3HAYECHHsI TpajieHTiB (QYHKIIT TeMIepaTypu i camMe Ha
HUX Bi/IOYBa€ThCs po3LIapyBaHHsI KOHCTPYKIIII.

Ha puc.3 mnokasani rpadiku ¢ynxuii o,.(l), ocy4(), o.(), o,,() B
3aleXHOCTi Bif 3MiHHOI R-0=[ nmus Bumagky R=9745 M, L=39 M npu
PI3HHULI BUCOT B LIEHTPI 1 Ha KiHIsix A = 0,18 M B Tiji nepmioro mapy Ha MOBEpXHi
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KOHTaKTy IepIioro Imapy 3 apyruM. lLlefi BUMamok BimoBimae HaWMEHIIN
KpPHMBU3HI JIOPOTH, TIPOTE BXKE 1 TYT MOXKHA BiI3HAYMTH JEsIKi OCOOJHMBOCTI, SIKi
NpUTaMaHHi  KpUBOMiHIMHINA gopo3i. [lo-mepuie, piskile MOPOSBISIOTHCS
BJIACTUBOCTI KOHIIEHTpAIl BCIX HANpPYXXEHb B 30HAX, SKi MPUISATAIOTH 10 KiHIIB
noporu. Ilpudomy, sIKIIO Uit MPSMONIHIMHUX JOpIr HOpPMallbHI J0 IOBEPXHI
KOHTAaKTy HAIPYKEHHs O, Jyke Mali (NPakTW4HO PIBHI HYJIO), TO TyT

HOpMaJIbHI HalpyXeHHS o, Oinbll noMiTHI. IIpuuoMy BOHM BiIMiHHI Bifl HyJs He
TUIBKU B TIPUKPAHOBIH 30HI 1 TOMY pa3oM 3 CYTTEBUMH JIOTHYHHUMHU HATIPY>KEHHSIM
7,9 (puc. 3 (T)) CIpHAIOTh PO3LIAPYBAHHIO KOHCTPYKIIIi.

o,,klla oy, klla
10 400
] -0,024

0,756 133,195

0

10

40

—48,537

I

] , A
) 1
-20 -400
-30 -910
-800
— 43,766

150

o, klla

20 30

(2)

149,654

>
1

40

1200 +——F———7——7—
10

=3

7,9, Klla

1307 110994

100 100

50
50

—64,737 0]

-50 -1 100 —119.166

-150 —r 7 LM
20 30 40 0 10 20 30

(8) (r)

Puc. 3. I'padiku pynkuiit o, (a), 6,(6), 0,(B) i 7,,(r) B TixNi Nepimoro mapy Ha HOBepxHi Horo

-100 — T T T T T 1 L

KOHTAKTY 3 APYTrUM mapom (Bunagok R=974,5 m, L=39 M, H=0,18 M)

PesynbTaTi po3B’sA3aHHA, SAKI TpPEACTaBICHI Ha puc. 4, BiIoOpa)xkaroTh
XapakTep PpO3MOALTY HOPMAJIbHUX HANPY)KEHb Y BEPTHKAJIBHOMY Iepepisi

JIOpOTH B ii IEHTpalbHiil YaCTHHI, KOJH TeMmIeparypa 3minroBanacs Big —20°C
Ha BEpXHil MOBEPXHI i BHHU3 JIHIKHHO /0 HYJIS TUIONIMHU KOHTaKTy JAPYToro i
TpeTboro mapis. JloTHYHI HampyXeHHS B IbOMY Tepepi3i JOPIBHIOIOTh HYJIIO B
CHITy YMOB cuMeTpii. SIk BUIHO, B TaHOMY BUIIaKy BHHUKIIM, XO4a 1 HEBEJIHKI,
panianbHi HANPY)KEHHS, SKi CIPHAIOTH PO3LIAPYBAHHIO KOHCTPYKIIIT.

Pe3ynpraTi po3paxyHKiB ISl JAOPOXHBOTO TOKPUTTS BEIUKOI KPUBH3HH
(R=189,5 ™M, L=39 M, H=094 M) npu niHiiiHOMY pO3MOIiII B TPAHHUIIIX

TLTBKH Tiepiioro mapy (nounHatoun 3 —20° C) npe/cTaBieHi Ha puc. 5.
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02~0,,klla 30001 T g, KIla 10004 O, Klla
013 _
1 2983,301 3015.67
3000
0,1 2000 |
1 2000
0 1000 g
i 1000
-0,1 0 |
0=
~0,1753 1 j
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Puc. 4. I'padpiku pyukuiit o,(r), oy(r), o,(r) B 3aNeKHOCTI BiJ pajianbHOI KOOPAUHATH 7 B

LIEHTPaJbHOMY BEepTHKAIBHOMY Iepepisi goporu (Bunagok R=9745 M, L=39 M, H=0,18 M)

20 o,,klla 400 0y, xlla
134,4287

i 0,808 0,254 - /_K

0 Ar 0
20 -400

917,973
401 53877 -800-]

60 — 1 L 1500 — 1 L
0 10 20 30 40 0 10 20 30 40
(@) (6)

15010,,xlla 80 7,4.511a
53,402
149,937 1
100
40
501
0-
0
2h03 -55,173
) 40
50
100+——T——1——T1—— LM 80 — 11— L
0 10 20 30 40 0 10 20 30 40
(8) ()

Puc. 5. I'padixu pynkuiit o, (a), 6,(6), 0,(B) i 7,,(r) B TixNi Nepioro mapy Ha HOBEpXHi Horo

KOHTAKTY 3 ApYyruM (Bunagok R=189,5 m, L=39 M, H=094 m)

Sk BUAHO, 13 3OUIBIICHHSAM KPHUBH3HHM BimOyJacs Jeska HECyTTeBa
nepeOymoBa BCiX (YHKIH HampykeHb. lle MOXXKHA TOSCHHTH THM, IO IIi
¢GyHKIIT MOOy/I0BaHI Ha TOBEPXHI KOHTAKTY MEPILOro i JPYroro Imapis, Ha SKii
3a3Ha€ PO3pUB (YHKIIS MOAYJS TMPYKHOCTI F£ KOHTAKTYyHOUMX MaTepiaiB.
Tomy Tyt Bci (yHKLIT HanpykeHb € MIBUAKO 3MIHHHMH 33 BEPTUKALIIO (32
3MiHHOIO 7). OfHAK CTajJo MOMITHO, IO 30UIblIEHe 3HAYEHHS HOPMAJIbHOTO
PO3TATYIOUOro HampyxeHHA o, >700 H crano nepeBakaTu 1o BCilf OBXKHHI
JIOPOTH, TPUBOASYM THM CaMHM JI0 BEJIMKOI HWMOBIPHOCTI BiIpHBY MHEPIIOTO
Iapy BiJ Ipyroro.
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Ha puc. 6 mokazani ¢yHKUii po3mofily HampyXeHb B HEHTPAILHOMY
BEPTUKAJIBHOMY Iepepi3i KOHCTPYKII{ Ui bOr0 BHUIAJKY, aje MpU YMOBI, IO
TeMIlepaTypa 3MIHIOEThCS 3a JIHIHHMM 3aKOHOM B JIBOX BEpXHIX IIapax
KOHCTPYKIIi. Ik BUJHO, TYT HANPY>KEHHSI TIOMITHO 301JIBIINIIUCE.

o, xlla oy klla o, klla
0,87 0,7709 3000} 40007 *
2985,738 3016,151
3000
0,67 2000
1 2000
0,4 1000
| 0.46653 1000
0.2 0 |
0,02478 g
I ILm Im
0 T T T 1 -1000 T T T 1 -1000 T T T 1
0 04 0.8 12 1.6 0 04 0.8 12 16 0 0.4 08 12 16
(@) (6) (8)

Puc. 6. I'padpiku pyukuiit o,.(r), oy(r), 0,(r) B 3aNeKHOCTI BiJj pajiaibHOI KOOPAUHATH 7 B
LCHTPAJIbHOMY BEPTUKAIIBHOMY Iepepisi qoporu (Bunagok R=189,5 m, L=39 m, H=094 ™,
TeMIlepaTypa JiHii{HO 3MIHIOEThCS B TPAHHULIX JBOX BEPXHIX IIapiB)

Puc. 7 sBigmoBimae Bumagky R=975 M, L=39wm, H=19wm Tyr
TeMIlepaTypa JIHIHHO PO3MOUISETHCS 32 TOBIIMHOK B TPAHUIIX IEPIIOTO
mapy. Mo)kHa 6a4yuTH, IO MOMITHO 3pOCIH HalpykeHHA o, (a) 1 7,y (T), AKi

BiJIMIOBIIAIOTh 32 PO3LIAPYBaHHS KOHCTPYKLIi 1 BiAPWUB MeEpIIOro Iapy Bix
JIPYroro, 1o BiOyBa€eThes (SIK 1 B IHIIMX BUIAKAX) B KIHIEBUX 30HAX JIOPOTH.

o,,xlla oy, klla
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0,702 0,7785 137688
0 / ] /[
1 0
-10
20 4004
0 ] 913177
1 -40399 -40,552 -800
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=50 — 11— 5™ _1200 — M
0 10 20 30 40 0 10 20 30 40
(@) )
7,9, klla
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| 150693 | 109086
150 100

100 50
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5312 =507
1 -109066
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—bM s ———— L
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Puc. 7. I'padixu pynkuiit o, (a), 0,(6), 0,(B) i 7,,(r) B TizNi Nepioro mapy Ha NoBepxHi Horo

KOHTAKTY 3 APYTrUM (Bunagok R=975 M, L=39 M, H =189 m)
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Skuro mopora mpsAMoIiHIWHA 1 Ma€ JiHIAHY noBXkHHY L =15 M, T0 QyHKii
pO3IIOALTy HOPMaJBHHX 1 JOTHYHHX HAIlPY)KEHb BIiIYYyBarOTh CYTTEBI
nepeOyJqOBH 1 3MiHM CBOIX 3HaueHb. Ha puc. 8 mnpencrasieni rpadiku
HOPMaJIbHUX [I0 TOBEPXHi 0pOrM Hampyxenb o, (a) i 7,, (6) wni BUmagky

L=15 ™, xonu Temneparypa JiHIHHO 3MiHIOBajlacs B TPAHUIAX IEPUIOTO i
JIPYroro mapiB. AHaJI3 IIMX Pe3yJbTATIB J03BOJISIE 3pOOUTH BHCHOBOK, IO JJIS
pPO3TIISTHYTOI  CHCTEMH JIOTUYHI  HAINPY)KEHHS CYTTEBO 3pPOCIH, OJHAK
BEPTUKAJIbHE HAIPY)KEHHS NPH [bOMY BHSBWIOCS NPAKTHYHO PIBHUM HYIIO
(KpiM KpaloBHX 30H), 3MEHIIUBIIM MHMOBIPHICTH pO3IMIAPYBaHHS CHCTEMHU
MIOPIBHSHO 3 BUIAJKOM KPHBOJIIHIHHOI JOPOTH.

2 T xlla 1205 xlla
8,383
801
40
4 8 12 16
0-.7,,,..,,1,-“
40
] —88383
/ -804
s LM
0 4 8 12 16 -120-
(a) (6)

Puc. 8. I'padixu Qynxuiii o, (a)i 7., (6) B TiNi nepLIOro wapy Ha N0BEPXHi KOHTAKTY

3 APYrUM 1apoM (npsimosniniiina gopora, L =15 M, remriepaTypa JiHIiHO 3MiHIOETHCSI
B IPaHHIIX IIEPIIOTO 1 APYroro mapis)
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Gaidaichuk V.V., Gustieliev O.0., Radkevich A.V., Shevchuk L.V., Shlyun, N.V.
THERMAL ELASTIC DEFORMATION OF THE LAYERED COVERING ON THE
CONCAVE PART OF A ROAD

The problem on numerical investigation of thermo-elastic deformation of a layered coating on
the concave and rectilinear road parts is stated. The constitutive equations are formulated, their finite-
element analogues are constructed. The load versions at different values of geometric, structural, and
temperature parameters are taken into account.

The influence of the door curvature on redistribution of the stress fields under action of thermal
perturbations are analysed. As in a uniform heating (or cooling) the curvilinear layers change their
lengths in different manure, then it can be supposed that even under small concentration in all
direction of the road body are exhibited. At that, for the rectilinear segments of the roads, the stress,
normal to the road surface, practically are equal to zero. With the curvature enlargement, the
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enlargement of tensile normal stress throughout the road length is observed. This lead to enlargement
of the probability of the breakaway of the first layer from the second one.

It is shown by numerous calculations that the peak values of the longitudinal ensile forces in the
top layer and shear forces localized between the first and second layers can be a cause of the initial
road destruction observed in practice and formation of transversal cracks.

Keywords: automobile road, road coating structure, transport loads, stress field, thermo elastic
state.

Tatioaiiuyk B.B., ['ycmenes A.A., Paokesuy A.B., llleguyx JI.B., [LLnons H.B.
TEPMOYIIPYTI'OE JE®OPMUPOBAHHUE CJOUCTOI'O INIOKPUTHUS HA BOTHYTOM
YYACTKE JOPOI'H

IocraBiiena 3aa4a O YMCIEHHOM HCCIEIOBAHUM TEPMOYIPYroro aAehOpMUPOBAHUS TTOKPBITHS
Ha BOTHYTOM M NPSIMOJIMHEHHOM ydacTkax goporu. ChopMyImpoBaHsl pa3pellaroluecs ypaBHeHUs,
HOCTPOEHHBI UX KOHEYHO-3JIEMEHTHBIE aHAJIOru. PacCMOTpPEHBI Cllydan Harpy3oK IpH Pa3IMYHbIX
3HAYEHUSAX I€OMETPUUECKUX, KOHCTPYKTUBHBIX U TEMIIEPATYPHbIX apaMeTPOB.

[Ipoananu3npoBaHO BIMSHUE UCKPUBJIEHUS JOPOTH Ha NEpepacipeesieHUe MoJel HarpsHKeHu i
IpH  BO3JEHCTBMM TEMIIEPATYPHbIX BO3MYyLIEHHH. IlOCKOJIbKY NpM paBHOMEPHOM Harpese
(OXJ1aXJ€HUH) KPUBOJIMHEHHBIE CIION YIUIMHAOTCS 10-Pa3HOMY, TO MOXKHO CJ€JIaTh BBIBOJL, YTO JaXKe
Ipu MasieifieM n3rube JOpPOrd MPOSIBIIIOTCS CBOWCTBA KOHLIGHTPALMK BCEX HAIPSDKCHUI B 30HAX,
HPHIIETalOUX K KOHLAM Jopory. [Ipudem, aist mpsMOJIMHEHHBIX JOPOr HOPMaJIbHbIE K IIOBEPXHOCTH
KOHTAKTa HaNpsHKEHUs IIPAKTUYECKU PaBHbI HYJIIO.

KiioueBble c10Ba: aBTOMOOMIIbHAs 0pOra, JOPOXKHOE ITOKPBITHE, TPAHCIIOPTHBIC HArpPy3KH,
T0JIE HAaNPSDKEHUH, TEPMOHAIPSHKEHHOE COCTOSTHHUE.

VK 539.3

TIanoaiiyyx B.B., I'vcmenes O.0., Paokesuu A.B., llesuyx JI.B., Ilnons H.B. Tepmomnpy:xHe
nedopMyBaHHS IIAPOBATOr0 MOKPUTTS Ha BrHYTIiH AiistHui xoporn // Omip Marepiaiis i Teopis
crniopy: Hayk.-tex. 30ipauk. — K.: KHYBA, 2019. — Bun. 102. — C. 180-190.

Ilocmasnena 3ad0aua npo uucenvhe OOCHIONHCEHHS MEPMONPYIHCHO20 OePOPMYSAHHI WAPYBATNO20
noxkpumms 00pocu Ha it 62HYMUX Ma APSIMOLIHIUHUX OUISHKAX.
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The problem on numerical investigation of thermo-elastic deformation of a layered coating on the
concave and rectilinear road parts is stated.
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YK 539.3

HAIIPYKEHO-JTE®OPMOBAHWI CTAH 3AMKHEHUX KOHIYHHX
OBOJIOHOK ITPHU CKJIAJHOMY OBEPTAHHI

ILIIL. JlizyHoB,
II-p TEXH. HAyK

E.3. KpukcyHos,
KaHJ. TeXH. HayK

O.M. ®ecamn,
KaHI. TEXH. HAYK

KuiBebkuii nayionanonuil ynisepcumem 6yoisHuymea i apximexmypiu,
Kuis, Ilosimpognomcokuii npocn., 31, m. Kuis. 03037

DOI: 10.32347/2410-2547.2019.102.191-198

B naniif po6oTi HaBeneHi CIIBBITHOIICHHS, IO BH3HAYAIOTh HAINPYXCHO-Ae)OPMOBAHHIl CTaH
CHCTEMH ABOX 3aMKHEHHX KOHIYHHX O0OJIOHOK, 3’€IHAHHMX LEHTPAIHHOI )KOPCTKOIO BCTABKOIO, SIKI
00epTAIOTHCS 3 MOCTIMHOK KYTOBOK IIBHAKICTIO HABKOJIO OCi CUMETPil CHCTEMH, LIEHTP Mac SIKOI
3[IHCHIOE PYX B LICHTPAJILHOMY CHIIOBOMY IIOJI.

Kiaro4oBi ci1oBa: HanpyxeHo-1eGOpMOBaHUii CTaH, 3aMKHEHI KOHIUHI 000JIOHKH, 00epTaIbHH
PYyX, LICHTPAJIbHE CUIIOBE IIOJIE.

Beryn. B OyniBenbHiH  TexHili, MammHOOyIyBaHHi, aBiaOyqyBaHHI,
KOCMIYHIH TEXHII[l Ta IHIIUX Tay3sX HAPOMHOTO TOCIOJAPCTBA BHHUKAIOTH
3a/1adi JOCTIKEHHS HAIPY)KeHO-Ie(OpMOBAHOTO CTaHy IUIACTHH, MEMOpaH Ta
000JI0HOK, 110 00epTatoThcst. OCHOBHUM HAaBaHTAXKEHHSIM, SIKE JIi€ Ha EIEMEHTH
TaKUX CHCTEM, € 3HauHl BIiJIIEHTPOBI CHJIM iHEPIil, SKi iCTOTHO BIUTMBAIOTh Ha
MIIHICHI XapaKTepPUCTUKU KOHCTPYKIIiH.

B Oaratbox BuUMagkax Bich O0EpTaHHA MEXaHIYHMX CHCTEM MOXe
3IIHCHIOBATH IIOBOPOT, 1110 MPU3BOJUTH JI0 BHHUKHEHHSI HE TUTBKH MEPEHOCHUX 1
BiTHOCHUX, @ 1 KOpIOJICOBMX CHJI iHEpIii, 0 3MIHIOIOTHCS IEPiOTUYHO 3a
yacoM. ['ipockoriyHa B3aeMOIisi Mix 00epTaIbHUM IIEPEHOCHUM PYXOM CHCTEMH
i BIJHOCHHMH INIPY)XKHUMH KOJIMBAHHSIMH €JIEMEHTIB € JDKEpenoM 30yIKeHHs
NpereciiHuX KOJIWBaHb, SIKI MOXYTh HOCHTH pPE30HAHCHUH abo HecTiikwii
xapakTep. BUHMKaOUMi TpH 3MiHI OCi Opi€HTalii CHCTEMH TipOCKOMIYHHMA
MOMEHT BHUKJIMKA€E TIOSIBY 3HAKO3MIHHUX HANpYKeHb, SIKi iICTOTHO BIUIMBAIOTH Ha
MIIHICTh Ta HAJIHHICTh CJIEMEHTIB KOHCTPYKITIi.

B poborax [1, 3-10] mocmimkeHo HanpykeHo-AehOPMOBAHMI CTaH 1 KOJIUBAHHS
MeMOpaH, IUIACTHUH Ta 00OJIOHOK, 110 3/IMCHIOIOTh CKIIAJHUN PYX B IIEHTPAIEHOMY
CWwiIoBOMYy Tonmi. B jmaHii poOOTI BHKOHAHO MAaTEMAaTHYHE MOJICITIOBAHHS
HarpyXeHo-1e()OpMOBaHOT'O CTaHy CHCTEMH JIBOX CKJIaJICHHX KOHIYHUX OOOJIOHOK 3
LEHTPATHHOIO YKOPCTKOIO BCTABKOIO NIPH CKJIQIHOMY OOEpTaHHi.

1. Po3risiHeMo cucreMy JIBOX 3aMKHEHMX KOHIYHHMX OOOJIOHOK, 3’€IHaHUX
LEHTPAIBHOIO JKOPCTKOIO BCTaBKOK, IO O0OEpTAarOThCS B MPOTHIICKHUX
HanpsIMax B IEHTPAJIbHOMY CHJIOBOMY ITOJIi 3 TIOCTIHHOI KYTOBOIO HIBHIKICTIO
® HaBkomo oci cumerpii OZ cucremu. Ha eneMeHT 0OOJOHKH i€
HaBaHTa)XEHHS, 110 CKIAJAa€ThCsl 3 TPaBITAIHUX Ta IHEPIIHHUX CHII, aje MpH
BEIMKUX 3HAYEHHSX KYyTOBOI IIBHIKOCTI BJACHOIO OOEPTAaHHS CHCTEMH

© Jlisynos ILIL., Kpuxcyros E.3., ®ecan O.M.
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IpaBiTAI[ifHIMU HABAaHTA)XCHHAMH MOJXKHAa 3HEXTyBaTH. ToJi IHTCHCHUBHICTH
IHEpIiHHOTO HABAHTAKCHHS Ha €JIEMEHT 000JIOHKH BU3HAYAETHCA 32 (HOPMYIIOF0:
_] ~ ~ ~

G =-ph(@®+a" +a‘), (1.1)

ne a®,a’,a® - BEKTOpUM TIEPEHOCHOrO, BiIHOCHOrO Ta KOPIOIiCOBOrO

IPUCKOPEHb el1eMeHTa 000IOHKH. BEKTOp nepeHoCHOro MpUCKOPEHHS el1eMeHTa
KOHIYHOI OOOJIOHKH, sIka 00€pTaeThCS 3 KYTOBOIO IIBHIKICTIO () HAaBKOJIO OCI
cUMeTpii, BU3HAYAETHCS (HOPMYIIOIO:

@ =g+ EXF+ QX (QXF), (1.2)
1€ d - BEKTOp IPUCKOPECHHS LIEHTPY Mac CUCTeMHU. BekTopHuil 100yTOK € X7

B Oasuci (i,j,k) cucremu koopaumHaT OXYZ 3 mOYaTKOM B LIEHTPI Mac
CHCTEMH Ma€ BUTIISIL

i J k
0w, 0 0 |=
(R—xcosa)cosT (R—x;cosx)sinT x; sin¢

oY
X
N
Il

= f'O—](a)a)Oxl sin a)+l€a)a)0 (R—x cosx)sin 7, (1.3)

e 7= wt+x, - Ga3oBa KOOpAUHATA.

Jlist BUu3sHAYCHHS £2 X (.é X F) pO3KpUEMO HOOYTOK
i b k
Qx7F= 0 o 0 |=ilwyx;sina—
(R—x cosax)cos T (R—x;cosor)sin T x; sin ¢

—(R — x; c0s &) sin 7]+ j (R — x; cos &) cos T + Ig[—wo (R—xjcosx)cos 7. (1.4)
Tomi

i b k
OQX(2xF)= 0 0N w =
Wy x; sSinot—W(R—x; cosax)sinT w(R—x,coscr)cosT @, (x; cosa—R)cos

—i(R—x, cosa)cosT(a)g +0? )+]’[a)a)0x1 sina—w? (R—xcosx)sin7]—
—k[a)gxl sinor—wwy (R—x, cosa)sin T]. (1.5)
Homaroun Bupazu (1.3) ta (1.5), OTpUMyeMO CKIIAJOBi IMEPEHOCHOTO
MIPUCKOPEHHS B CHCTEeMI koopauHat OXYZ :
a% = —(0f + *)(R - x, cos 00) cos T,
af =—w*(R-x, cosa)sin 7, (1.6)
a$ = -3 x sin o+ 20w, (R — x, cos &) sin 7.
CKJ1aJioBi BEKTOpa MEPEHOCHOrO MPUCKOPCHHS eleMeHTa OOONOHKH B

HamnpsiMi KOOPJMHATHUX JMiHIA X;,X,,X; MalOTh BUIJIS;

e ___e e . e
axl =—ay COSQCOST—ay CoOsSSINT+a, sIo=



ISSN 2410-2547 193
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2019. Ne 102

= (a)é +o’ )(R—x; cosa)cos acos® T+w? (R—x cos)cos asin? 7—
—ngl sin” ar+ 2wy (R—x; cosor)sinasin 7= w? (R—xcosx)cosor+
+2wwy (R—x cosa)sinasin 7+ w§ [(R—x cosoc)cosowos2 T—X sin® o],
ay, =—aysint+ay cos7=(3 +®? )(R—x, cosa)sin 7cos T—
—* (R-x, cosa)sin Tcosrzwg(R—xl COS(r)sinTcosT,
ay, =—aysinocosT—aysinasint—a; cosor=(] +w* )(R—x, cosar)sinarcos® 7+
+o® (R—x; cos)sin asin’® 7+ a)%xl sinacosor—2way (R—x| cosx)cosasin 7=
=0’ (R—x; cos)sinor—2wwy (R—x cosr)sinasin T+
+a)§ sinof (R—x; cosot)cos2 T+x, cosc]. (1.7)

Cki1aJIoBi BeKTOpa BiHOCHOrO NMPHUCKOPEHHsSI d’ B HAIPSIMI KOOPAMHATHHX
TiHIH X{,X,,X; KPUBOMiHIHHOI CHCTEMM KOOpDAMHAT, MOB’SA3aHOI 3 EIEMEHTOM
00OJIOHKH, JOPIBHIOIOTH BiTIOBIIHO

e
ay =il a,,

e
=0; a, =0, (1.8)
Ie U,V, - NepeMIILEHHs eJIeMEeHTa O0O0JIOHKU B HAIIPsMi KOOPIMHATHUX JIiHIH
X15X9, x?’ .
KopiomicoBe mpuckopeHHS BH3HAUMMO B Oasuci (i, ji, & CHUCTEMU
1> J1> K
KOOpAMHAT X, X, X3!

L i Ji ky
a“=2(Q2xV")=2|wsino—w,cosasinT @,cosT —wcosa—w,sinasint|=
u 0 @

=2{i W, cos T+ D(wcosa + @, sinasin T)] — jy [W(wsina — @, cosasinT) +
+u(wcos o+ wy sin asin T)] + lgl [O(wsin & — @, cos asin T) —uw, cos 7]}. (1.9)

Honaroun Bupasu (1.7), (1.8) Ta (1.9), oTpumaeMo CKIamOBi BEKTOPY
a0COJIIOTHOTO IIPUCKOPEHHS B CUCTEMI KOOPJIMHAT X{X,X3

ay, =@’ (R—x; cosax)coso+2wwy (R—x; cosoc)sinocsin1+w5 [(R—x cosax)x
XCOSCOS” T—X sin? o i+ 2[ wwy cosT+HV(wcosa+wy sinasinT)],
ay, = a)g (R—x, cosor)sinTcos T+ U—-2[ w(@wsino—w, cosorsinT)+
+u(wcosa+wysivasinT)],
a,, =@’ (R—x; cosa)sina—2wwy (R—x, cosa)cosasin1+w§ [(R—x cos.oc)(cos.2 )X
Xcos> T+ x) cos o]+ w+2[v(wsin & — w, cosasin T) —uwy cos 7). (1.10)

Y BuUmaaky, KOJM KyTOBa IIBUJAKICTH BIIACHOTO OOEpTaHHS OOOJOHKH
HaOaraTto OiIbllle KYTOBOi IIBHIKOCTI OOEpTaHHS UEHTPY Mac CHCTEMH
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(w >> ), BUpa3 i1t NpoeKIii iHepIifHOro HaBaHTAXKEHHs, 110 Ji€ Ha KOHIYHY
000JIOHKY, Oy/Ic MaTH BUTJISII
qx =—,uhax1 =—,uh{a)2 (R—xj cos)cosa+2mww, (R—x cosor)sinasin T+ii+
+2[Wa)0 cosT+U(wsinosin7)]},
qy, =—,uhax2 =—,uh{i)—2[W(a)sin o—w, cososin T+i(wcosa+wy sinasin )]},
Y =—,uhax3 =—,uh{a)2 (R—x cos@)sinT—2ww, (R—x cosa)cos asin T+ v+

+2[1')(a)sina— W, cososinT) —uw, cos T} (1.11)

2. JudepeHuiliHi piBHSHHSA pPyXy O€3MOMEHTHOI KOHIYHOi OOOJIOHKH B
KPUBOiHiHHI} cHCTeMi KOOPANHAT X{,X,,X3 MAlOTh BUITIAA [2]:

ONy, 1 ON,

x| X, cos¢ oOx,

oN|y s 1 Ny 2

+-=N;, +q, =0 2.1
ax1 X1 coso axZ X1 12 qXZ ’ ( )

Nyjky + Nysky +4,, =0,

1
+— (N1 =Np)+q, =0,
X

* * . .
e k=k—®; ky=ky—®,; k,k, - KpUBHHH CepeIUHHOI IIOBEPXHIi
ob6omnoHkH 10 aedopmanii; &, &, - 3MiHI KPUBHH.
PaniasnbHi, OpyXHi 1 TOTHYHI 3yCHILIsI BU3HAYAIOTHCST POPMYIIaMu:

Eh Eh Eh
Ny = &y +VE ), Njp =—F———E€
11 -2 l—vz( 2 TVE), Npp 2(1—v) 12
OOunciumo  nedopmarnii cepeMHHOT TMOBEPXHI Ta MapaMeTpu 3MiHH
KPUBHU3HU, BpaxoBytouu, mo k; =0, k, =tgo/ x;:

(&1 +vEp), Ny = (2.2)

_ du 1 dv, wigo 1 du_ dv 23
R T T 8_ L. @23
X1 X1 coso %) .xl X1 X1 cosax Xn X1 X1
Tyr u,v,w - HepeMillleHHA TOYOK CEPEAUHHOI MOBEpPXHI B HampsAMi
KOOPJMHATHUX JiHIA X;,X,,X3.
3MiHHM KPUBHH BU3HAYUMO 32 (POPMYIaMU:
0w
2 =-2, (2.4)
axl
2 tgor

xtcos’a dxa %1 0% x7cosa 9%
Bupasu st 3ycuiib 3 ypaxyBaHHIM CITIBBiTHOIICHS (2.3) HAOYIYyTh BUTIIAAY:

Eh | du 1 Jv
= 4 — +
Nl] 1—V2 |:ax1 X1 (COSO( axl “- wtga):|

Eh | 1 1 dv du
= — + +v=—
N22 1—V2 |: X1 (COSO( axZ “- wtga) v axl :|
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Ny, =—Eh (—1 a—“+@—£j. (2.6)

21+v)\ x;cosax dx,  dx; X
Toni
ONy,  En bzu v( 1 Jdv, \,v( 1 9%v , du ow,
ox; _1—v2|_8x12 xfkcosa&xz i tha)'xlkcosa&qaxz "ox; ox '8
Ny, ok 1 ﬂ+ v 1 dv
ox, 2(1+v)| x cos o g2 0x10xy X, 0xy |

2.7)

N __Eh |Pv_1( 1 ou_ | 1 1 u _ov
oxp  2(1+v)| o2 x? \ cosex dx, X, coso dx;dx, Ox
Ny _ Eh | 1] 1 *v, du_ow Q’u
axZ _1—V2 ; cosax ax22+ax2 axZ tga +vaxlaX2 '

3 ypaxyBaHHSIM CITiBBigHOLIEHb (2.6), (2.7) cucrema (2.1) HaOyzne Bursy:

n (9%, 1[0u 1, , 3-v v
— 2 laxlz I le X1 xlk 2C05aaxZ tha *

1 1+v 2% awj 1-v  9%u
Y 10, Al P L L S A
(2(:03“ axl axZ axl 2x12 COSZ o ax% M
Eh fl—vazz): 1 1+v 0% 1-vov l-v,,
1_‘;21 2 axlz x1 chosaaxlaxZ 2 axl 2x1
2.8)
2
L1 (3—\/ Ju , 1 9%v tga,aw qxz_o’

' xlcosak 2 dx, cosa X2

Eh f8u|: 9*w
1-? laxl

2 tgo
(1 dv, wiger | v 8 w 1 tgor 1 _Jdw dw,  ®Z Jv g, =0.
X CosaaxZ xl 1L xlcoszaasz axl xlcosaaX2 3
BucnoBku. J[ludepenuiiini piBHsHHA (2.8) BH3HAYAIOTh HANPYXEHO-
nedopMoBaHHil CTaH CUCTEMH JIBOX 3aMKHEHUX KOHIYHHUX OOOJIOHOK, 3’€JHAHUX
LEHTPAIBHOIO JKOPCTKOIO BCTaBKOIO, SIKI 00EPTAIOTHCS 3 MOCTIHHOK KYTOBOIO

LIBHJKICTIO HAaBKOJIO OCI CHMETpii CUCTEMH, IIEHTP Mac SIKOi 3JiHCHIOE pyX B
LEHTPAJIbHOMY CHJIOBOMY IIOJI.

,V{t 1 8w 8w tgo 81))
gor
ax1 2X1 X1 X COS o axz axl X1Co8Cx 8x2
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Lizunov P.P., Kriksunov E.Z., Fesan O.M.
STRESS-STRAIN STATE OF CLOSED CONICAL SHELLS UNDER COMPLEX ROTATION

In construction machinery, engineering, aircraft engineering, space technology and other
branches of the national economy there are problems of studying the stress-strain state of plates,
membranes and rotating membranes. The main load on the elements of such systems is the
significant centrifugal forces of inertia, which significantly affect the strength characteristics of
structures.

In many cases, the axis of rotation of mechanical systems can make a turn, which leads to the
emergence of not only portable and relative, but also coriolis forces of inertia, which change
periodically over time. The gyroscopic interaction between the rotational motion of the system and
the relative elastic oscillations of the elements is a source of excitation of precessional oscillations
that can be resonant or unstable. As a result of changing the orientation axis of the system, the
gyroscopic moment causes the appearance of alternating stresses, which significantly affect the
strength and reliability of the structural elements.

In the works [1, 3-10] the stress-strain state and oscillations of membranes, plates and shells
carrying complex motion in the central force field are investigated. In this paper, the relations that
determine the stress-deformed state of the system of two closed conical shells connected by a central
rigid insert, which rotates with a constant angular velocity around the axis of symmetry of the
system, whose center of mass moves in the central force field are given.

Key words: stress-strain state, closed conical shells, rotational motion, central force field.

Jluzynoe ILI1., Kpukcynoe 2.3. @ecan A.H.
HANIPSI’)KEHHO-AE®OPMUPOBAHHOE COCTOSIHUE 3AMKHY ThIX KOHHYECKHUX
OBOJIOYEK ITPU CJIO)KHOM BPALLLEHUSL

B naHHO# paboTe NpUBEACHBI COOTHOIICHHS, OMPEACIIIOIINE HANPSKEHHO-Ie()OpMUPOBAHHOE
COCTOSIHUE CUCTEMBI JIBYX 3aMKHYTBIX KOHUYECKUX 000JI0UEK, COCMHEHHbBIX LIEHTPAJIbHON KEeCTKON
BCTaBKOH, BPAILIAIOIIMXCS C MOCTOSHHOM YIJIOBOM CKOPOCTBIO BOKPYI OCH CHMMETPUU CHCTEMBI,
LIEHTP Macc KOTOPOM OCYILECTBIISET JABU)KEHUE B LIEHTPAJIBHOM CHIIOBOM I10JIE.

KiioueBble ci10Ba: HanpsDKEHHO-Ie()OPMUPOBAHHOE COCTOSHHE, 3aMKHYTBIC KOHHUYECKHE
000J104KH, BPAILATEIbHOE ABIKEHHE, LICHTPAIbHOE CHIIOBOE I1OJIE.

YK 539.3

Jlisynos I111, Kpukcynos E.3., ®ecan O.M. HanpyxkeHo-a1e)opMOBaHUH CTaH 3aMKHEHHX
KOHIYHMX 000JIOHOK NMpPH CKJIaTHOMY o0epTaHHi // Omnip MarepiaiiB i Teopis Copya: HayK.-TeX.
36ipuuk. — K.: KHYBA, 2019. — Bumn. 102. — C. 191-198.

Hasedeni cniggioHOwleHHsl, WO BUSHAYAIOMb HANPYHCEHO-0ePOPMOBAHUL CIMAH CUCTEMU 080X
3AMKHEHUX KOHIYHUX 0OOJOHOK, 3 COHANUX YEHMPATLHOIO HCOPCIKOIO 6CMABKOIO, SKI 00epmalomscs
3 HOCMILIHOIO KYMOBO10 WEUOKICIIO HABKOI0 OCI CUMEmpIi cucmemu, YyeHmp Mac sikoi 30ilCHIOE pyX 6
YEeHMPanbHOMY CUNOBOMY HOJI.
bibmniorp. 10 Hass.

UDC 539.3
Lizunov P.P., Kryksunov E.Z., Fesan O.M. Stress-strain state of closed conical shells under
complex rotation // Strength of Materials and Theory of Structures: Scientific and technical
collected articles. - Kyiv: KNUBA, 2019. - Issue 102. - P. 191-198.

The relations that determine the stress-strain state of the system of two closed conical shells
connected by a central rigid insert, which are rotated with a constant angular velocity around the

axis of symmetry of the system, whose center of mass moves in the central force field, are given.
Ref. 10.



198 ISSN 2410-2547
Omip marepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

YK 539.3

Jlusynoe ILI1., Kpuxcynoe 3.3., ®ecan A.H. HanpsixxeHHo-nepopMHpPOBAHHOE COCTOSIHHE

3aMKHYTBIX KOHHYECKHX 000JI049eK NMPHU CJI0KHOM BpaueHun // COnpoTHBICHHE MaTepPUAsOB U

TEOpHs COOpY)KeHHil: HayaHO-TexX. coopHuk. - K .: KHYBA, 2019. - Bein. 102. - C. 191-198.
Ilpusedenvi  coomnoutenus, onpedensiowue HANPSINCEHHO-0ePOPMUPOBAHHOE — COCMOSIHUE

cucmemvl 08YX 3AMKHYMBIX KOHUYECKUX 00010YeK, COCOUHEHHBIX YEeHMPATbHOU HCeCMKOU 6CMABKOI,

KOmopwle 8paujaiomest ¢ NOCMOSIHHOU Y2060t CKOPOCMbIO BOKPY2 OCU CUMMEMPUL CUCIEMbL, YeHMpP

MAcc KOMopou 0Cyuwecmensen OBUNCEHUE 68 YEHMPALbHOM CULOBOM NOJIe.

bubmuorp. 10 Hass.
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YK 539.3

YACTOTHHMI AHAJI3 BIIT'YKY OJJHOIIOJIOI'O I'MEPEOJIOITIA
HA NEPIOIMYHE ITIOB3I0B’)KHE HABAHTAKEHHS

O.M. auniii,
CTapluuii BUKJIaaa4y

0.0. JIyk’siH4eHKo,
KaHJI. TeXH. HAYK, JOLCHT

Kuisckuil nayionanvnuil ynieepcumem 0yoignuymea i apximexkmypu
Iosimpogromcokuii npocn., 31, m. Kuis. 03680; (044) 2415420 e-mail:paliy.oxana@gmail.com

DOI: 10.32347/2410-2547.2019.102.199-206

BHKOHAHO YaCTOTHHMIT aHAJII3 yCTANICHUX BUMYILCHHX KOIMBAHb TOHKOI 00OO0JIOHKH Bin’eMHOI ["aycoBoi
KPUBH3HM BHY OIHOIIOJOro rimepbosoina mpu Aii MEpiOAMYHOrO IO3IO0BXKHBOIO HABAaHTAKECHHS. 3a
JIOLOMOTOI0 NIPOrPAMHOTO  KOMIIJIEKCY ~CKIHYCHHOGNIEMEHTHOIO aHaji3y MoOy/[oBaHa pO3paxyHKOBa
MOJIC)Ib OOOJIOHKH y BHIJISIII CYKYITHOCTI TUIOCKMX HPSIMOKYTHHUX OOOJIOHKOBHMX €JIEMEHTIB 3i LIiCThOMa
CTEIeHsIMU BUIBHOCTI y By3JaX. BHKOHAHO MOIaNbHUIA aHasi3 00OIOHKH B JIiHIIHII TOCTAHOBLI METOZOM
Jlannoma. Bu3HaueHo BiiacHi 4acToTi i GOpPMH KOJIMBaHb B HEINHINHINA MOCTAHOBLI /Il OOOJIOHKH, Ha
BEPXHIO KPOMKY SIKOI MONEpeAHBO MpPHKJIAJCHA CTaTHYHA OChOBAa JOKPUTHYHA cuima. Ui mboro
HOCIIZIOBHO PO3B’si3aHi HeiHiHA 3ajaya CTaTWKW MoaudikoBanuMm MeromoM HptoToHa-Padcona Ta
3a/]a4a Ha BJIACHI 3Ha4eHHs MeToxoM Jlanmoma. MerogamMu IpssMOro Ta MOJAJIBHOIO YaCTOTHOIO AHATI3Y
OTPUMAHO YCTAJIICHHI BIAYK OOOJIOHKM Ha MEPIOJMYHE MOB30BKHE HABAHTAXKCHHs. Binryku 00OJIOHKH
THOJIAHO Y BUIJISLI 3aJIKHOCTEH MAaKCHMAIBHHIX [TEPEMIILICHb BY3J1iB MOZIEI Bijl 4YaCTOTH 30ypEHHSI.

Kiro4oBi cjioBa: ycrasieHi BAMYIIEHI KOJIMBAHHSI, YaCTOTHHUIM aHaJli3, METO/ CKIHUCHHHMX CJICMEHTIB,
TOHKa 00O0JIOHKA, OIHOIOJINIA TiepOoIIoL, MOB3I0BKHE HABAHTAXKCHHSI.

Beryn. T'inep06osoin BiqHOCHUTHCS 10 MOJOTMX OOOJMOHOK Bix eMHOI ['aycoBoi
KPHUBU3HU Ta BUKOPHUCTOBYETHCS SIK €JIEMEHT 0araThbox OY/IIBEJIBHHX KOHCTPYKITIM.
KisbKicTh poOiT, sika MPUCBSYEHA JOCTIPKCHHIO CTATHYHOI 1 TUHAMIYHOI TTOBE/IHKA
OIIHONOJNIOr0  TinmepOosyoifa 3 TOHKOK CTIHKOI, TMOPIBHSHO Majo. AHami3
BUMYIIGHUX KOJNWBaHb IOJOIMX OOOJNIOHOK BII'EMHOI TaycoBOI KPHBH3HH
3aJUIIAETHCS BOYKIIMBUM CepeJl IMHAMIYHUX 3aBaHb Teopii I1acTuH i 000IOHOK [ 1-
9]. OcoOMUBICTIO YCTATICHUX BUMYIIICHUX KOJUBAHb € T€, 1[0 BOHU HE 3aTyXaroTh 3
yacoM. IX BIACTHBOCTI 3aleXkaTh He TUIBKM BiJl JMHAMIYHMX XapaKTEpPUCTHK
00OJIOHOK, aJie 1 BiJ aMIUNTYIM 1 YacTOTH 3OBHIIIHBOTO HABaHTAXEHHsA. Taki
KOIMBAaHHS MOXYTh OyTH iHILIMOBaHI CIJIOBUM TMEPIOMYHUM 33 YacoM
HaBaHTKEHHSM. J{OCIiPKEHHSI BIATYKIB OOOMIOHOK Ha 30BHIIIHE HABAaHTAXKEHHS
MO)ke OyTH MPOBENEHO SK B YaCOBOMY TaK 1 YaCTOTHOMY MpocTopi. SIKicHa OIliHKa
BITYKY HA TICPIOJMYHI HABaHTA)KCHHS BHMAara€ 3HAHHA TPO JHHAMIYHI
XapaKTepUCTHUKKA OOOJIOHOK, TOOTO iX BilacHi yactotd i ¢opmu KonuBaHb. [Ipu
JOCHI/PKEHHI  YCTAIEHMX BHUMYILIEHMX KOJIMBaHb YypaxyBaHHs IIONEPEIHHOrO
CTaTUYHOTO HABaHT)KEHHS Ha OOOJIOHKW JO3BOJISIE OLIHUTH HOro BIUIMB Ha iX
aMILTITYIHO-4aCTOTHI XapaKTePUCTHKH.

B crarri 3a nomomMoror0 MeTtomy CKiHUEHHHX EJIEMEHTIB, IO peani3oBaHi B
nporpamMHomy komiuiekci NASTRAN [10] moOynoBaHa po3paxyHKOBa MOJETH
TOHKOi OOOJIOHKH BiJ’€MHOI TraycOBOI KPHUBHM3HH BHJy OJIHOIIOJIOrO Tirepoonoina.
BukoHaHO MoOJaIBHMI aHaJi3 TOHKOI OOOJIOHKHM B JIiHIKHIA mocraHoBii (Normal
Modes) metomom JlaHmorma. Y HeNiHIHHIA MOCTAHOBII BU3HAYCHI BJIACHI YaCTOTH 1

© TManiit 0.M., Jlyx’snuenko O.0.
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(opMU KONHMBaHb OOOJIOHKHM TIPY CTATHYHINA Jii TOB3JOBXXHHOIO HABAaHTAXKCHHS
(Nonlinear Static, Modes Param). JlocmipkeHO ycTalleHi BUMYIICHI KOJHMBaHHS
OOOJIOHKM TIpW  [ii TEepiONMYHOro 3a 4YacoM PIBHOMIPHO PO3MOJJIEHOTO
TIOB3/IOBKHBOr'0 HaBaHTa)keHHsI 3a jormomororo npsmoro (Direct Frequency) i
MopanbeHOro vacrotHoro wMeroaiB (Modal Frequency), ski peanmizoBaHi B
MpOrpaMHOMY ~ KOMIDIEKCl. OTpuUMaHi aMIUTITY[IHO-YaCTOTHI  XapaKTCPHCTHKU
YCTAJICHUX BIATYKIB TOHKOI OOOJOHKM 0€3 1 3 ypaxyBaHHSIM IIONEPEAHbOI JIii
CTaTUYHOT'O JIOKPUTUYHOTO MOB3/I0BKHHOI'0 HABAHTAXKEHHSI.

IMo6ynoBa ckinueHHoesleMeHTOI Momedi TOHKOI 00010HKH. B poborti
pO3IIISIAETBCS  cTayjeBa  OOOJIOHKA — BUILY
OIHOIOJIOrO TinmepOoNoiga 3 TOBIIMHOK CTiHKU
h=0,002 ™M, okpyxHumH pagiycamu R=0,20 M Ta
r=0,15 M, Bucororo H=0,48 m. ®iznuHi napamerpu
obononku: koedimient Ilyacona p=0,3, momynb
npyxuocti £=2,06-10"" H/M*. T'panmusi ymoBu:
Ha OTHOMY KiHIII 0OOJIOHKA JKOPCTKO 3aKpiIlICHA,
a Ha IHIIOMY KiHII 33JaHO KOB3HE KPIIUICHHS
B3JI0BK TBipHOi. CKIHYCHHOEJICMEHTHA MOJCIh
00010HKH TO0OYyJOBaHA y BHIVISAI CYKYHHOCTI
= IUIOCKUX MPSMOKYTHUX OOOJIOHKOBHX €JIEMEHTIB

Puc. 1. Ckinuenno- 31 [ICThOMAa CTENCHSAMU BUTBHOCTI Yy BYy3Jax.
€IIEMEHTHA MOJIeITh Mopnenp Mictuth 6480 By3miB Ta 6400 eneMeHTIB

OJIHOIIOJIOTO Tinepdosoina (puc. 1)

MartemaTH4Ha MoJedb BHMYIIEHHX KOJHBaHb 000JIOHKH. [lHamiuHa
KpaiioBa 3amaua (OpMYIIOETHCS 3TiHO BapiamiiiHoro npuHimny Jlarpamka y
BUTJLSINI  cHCTeMU  Au(epeHLlialbHUX  pIBHSHb,  CKIHYCHHOENIEMEHTHa
anpOKCUMAIlis SIKOT B MATPUUHIH (OpMi Mae BUTIIS

Mii(7)+Ca+Ku(t)=P(7), (1)
ne M — marpuigt mac, C — matpuns nemngipysanss, K — maTpuis sxopcTkocTi,
P(t)=POsin0)t —  BEKTOp  3OBHIIIHBOTO  IEPIOMUYHOTO  IOB3JIOBXKHE
HaBaHTa>XCHHA, PO Ta ® — aMrmiTyz[a Ta prl"OBa qacTtoTta 3OBHiIJ_IHI>OFO

30ypeHHs, u(f) — HEBIIOMUI BEKTOp MEPEeMIlllCHHS BY3JIiB CKIHUEHHEIEMEHTHOT
MOJIENTi, IKUH 3aJICXKHTh BiJ yacy. B cTaTTi MaTpuilsd Mac HOpMOBaHa IO BJIACHUX
¢bopMax KOMUBaHb i Ma€ BUA OMUHWYHOI JiarOHAJBHOI MaTpuili. MaTpurs
JKOPCTKOCTI € TaKOX JiarOHAJBHOIO 31 WICHAMH, IIIO JTOPIBHIOIOTH KBaJpaTaM
BJIACHUX YacTOT KOJHMBaHb. Y BHUIAAKy BpaxyBaHHA il CTaTUYHOrO
HaBaHTa)XEHHS 110 JiHIHHOT MaTpuIli xopctkocti K momaerscs reomerpuuna K.
B mocnmikeHHSAX BHUMYIICHHX KOJHMBAaHb OOOJOHKH BpPaxOBaHO BHYTPIIIHE
nemrndipyBanns Perest, sike J03BOJISIE MPEACTABUTH MATPHUITIO AeMI(IpyBaHHA y
BHUIJIA/II J1arOHAJILHOI.

MopajabHui aHAJII3 000JI0HKH B JIiHiliHIi mocTanoBui. MojganpHuii aHasi3
00OJIOHKA BHKOHAHO 3a JOTIOMOI'OI0 OOYHCIIOBAIBHOI MPOICTYPH PO3B’A3aHHS
3anaui Ha BiacHi 3Ha4eHHst (Normal Modes) merogom Jlanmoma. Iepii wotupu
BilacHi (OpMH KOJHMBaHb OOOJIOHKM B MEpUAIaIBHOMY Ta padialbHOMY
HaNpsIMKax i BiZIMOBiHI BJIaCHI YaCTOTH KOJMBaHb MOJAHO Ha pHC. 2.
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v,=669,3232 I'ng vo=709,2944 I'y

v3=761,7425 I'n v4=953,0676 I'y

Puc. 2. Ilepiui yotupu BiacHi popmu Ta yactoTn KosuBaub obononku (Normal Modes)

Bauumo, 10 KUIBKICTH MIBXBWJIb B MEPHIIAIBHOMY 1 pagiaJbHOMY
HanpsIMKax ~ 3MiHIOETbcs.  CIOCTepiraroThCst  SIK  CUMETpPUYHI  Tak 1
KOCOCUMETPUYHI BacHI (OpMH KOJIMBaHb OOOIOHKH.

MopanbHmii aHani3 000J0HKM 3 ypaxXyBaHHSIM NonepeIHbOI Aii 0CHOBOI0
JOKPUTHYHOro HaBaHTa:keHHsl. OIHEHO BIUIMB Ha BJIACHY YacTOTY KOJIWBaHb
CTaTUYHOTO 0CBOBOT'O

HABaHTAKCHHS Q, sIKe v.ru
NpUKIagagocs 10  BYIIB
BEPXHBOI KPOMKH OOOJIOHKH.
HarmouaTky BHUKOHAHO
HEJTIHIMHNA CTATHYHUI aHai3
Merorom  Herotona-Padcona
(Nonlinear Static), a norim 3a
JoroMororo Metona Jlanomnra
BU3HAYCHI BJIACHI 3HAYCHHA

4actor 1 (opM  KOIMBaHb o ) . . 5 Qei0’Hieys

obononkn (Modes Param).

Jliama3oH 3Ha4YeHb CTATHYHOTO Puc. 3. BnummB cTaTHYHOr0 0CHOBOI0 HABAHTAXKEHHS Ha

HaBaHTaXECHHA JIEKUTH B BJIACHY YacTOTY KOJMBaHb: 1—nepury, 2-aApyry, 3-TpeTTio,

JOKpUTHYHIK 30HI. OTprMaHi 4-uctepty, S-Aty

Ppe3yNbTaTH NPECTABIIEH] Ha prc. 3 Ta B Ta0. 1.
TaGmuns 1
3ajeXHICTh BJIACHOI YaCTOTH BiJl CTATUYHOTO OCHOBOI'O HABAHTAKEHHS

Howmep

3
Crarnyne ocboBe HaBaHTaxeHHs, O-10° H/By30n
YaCTOTH

0 5 7 8 8.1 8.2 8.3 831 8.315
669.32 471.15 1 308.04 | 151.32 | 125.13 [ 91.72 | 34.06 | 20.84 | 8.45
709.29 486.60 | 360.34 | 288.74 | 280.55 | 272.11 | 263.40 | 262.51 | 262.06
761.74 615.23 1 490.06 [ 373.90 | 360.12 | 345.77 | 330.78 | 329.24 | 328.47
953.06 660.98 | 572.75 [ 550.15 | 547.84 | 545.51 | 543.17 [ 542.94 | 542.82
1008.08 | 916.35 | 770.55 | 683.77 | 674.38 [ 664.84 | 655.15 [ 654.17 | 653.68

(920 >N JUNY | SO) T




202 ISSN 2410-2547
Omip marepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102

[Ipu 30inbIICHHI HABAaHTAXXCHHS BJIACHI YaCTOTH KOJHMBAaHb OOOJOHKH 3MCH-
mryroThest. Ilepmia BiacHa dYacToTa CTa€ HY/JIbOBOKO, IO BiAMOBINAE BTpaTi
CTIMKOCTI OOOJIOHKHM IO TiepIuiid GpopMi KONWBaHb, MPH YyTOYHEHOMY 3HAYEHHI
0CHOBOI'0 HaBaHTAKEHHS ch1=8.315985'103 H/By3051.

YacroTHHii aHami3 BiIryky o0onoHkH. Po3missHyTOo OOWH 3  BHIIB
JUHAMIYHOTO aHajli3y, SKHH CIyXHTh €()EeKTHBHHM METOJOM 3HaXO/LKEHHS
YCTaJICHOTO BIATYKY (TIepeMillleHb, HATIPYKCHb Ta IHIIL ) B 3aJIC)KHOCTI BiJl YaCTOTH
nepiognaHoro 30ypenHst (1). 3acTocoBaHO JBa METOIM PO3B’sI3aHHS 3ajadi:
MPsSIMOTO YaCTOTHOTO aHaJ3y YCTAJCHOrO BIATYKY Ha MepiogndHe 30ypeHHS
(Direct Frequency), B SKOMYy HaBaHTa)XEHHS € CHHYCOIJaJIbHOIO XBWJICIO 3
BIZIOMUMH aMIUTITYZ0I0, (a30i0 1 4acTOTOI; MOJAIBHOTO YaCTOTHOTO aHallizy
(Modal Frequency), sIKWii aHAJOTIYHHIA TOMEPEIHHOMY, alic 3 BUKOPHCTAHHSIM
YTPUMaHHHX B pO3paxyHKax ()OpM i 4aCTOT KOJIMBaHb OOOJIOHKH.

B craTTi po3misHyTO Aiana3oHHM BIACHUX YacTOT KOJHMBAaHb OOOJOHKH, SIKi
HaBeneHi B Tabm. 1 (mpu (O=0, O=8100 H/By3), ammutiTyai NHepioAWYHOrO
30ypenns P,= 1000 H/By3 Ta Hy/TbOBOMY 3HAauYeHHI MOYATKOBOI (ha3U KOJIHMBAHb.
Ha puc. 4 HaBesieHi KpHBI 3aJI€)KHOCTEH MaKCUMaJIbHUX PafialbHUX IIePEMIiIleHb
(MM) By3ma 2596 — B310BXK OCi X Ta By3jga 69 — B310BX oci y Bin yacrotu (I'm)
MEepiOANYHOTO0 HABAaHTAXKEHHs, SKI OTPUMaHO METOJNOM ImpsiMoro (a) i
MoJabpHOro (0) YacToTHOrO anamizy npu O=0.

1.2684€ - 1.2684€ -

1.1608E - ﬁ'T\ 1.1608E - ﬁ\

1.0532E / \ 1.0532E i : \

' i\ ' 1\

9.4556E - /p- + !\ 9.45569E - f - ,\

£.3798E - /f ! \ £.3798E - / L \

7304 94 1 730308 34 .

; i h 4 HERY
5.2272E ; \ 5.2272E 2 \
&
5.1510E - '% s \ 5.1510E - : - \
— N
40748 - —t = 40748 - —
W ~ N L N

2.9986E 2. 996E - g

1.8224€ - ] 1.5224E o]
BABIBE- R v B4G1EE [

B024  BEEB 72 86 01 10 1108 024 BGEB 7712 8HE Sl 104 1109
SetValue Setalue

1: T1 Translation, Node 2536 1: T1 Translation, Node 2636

2 T2 Transiation, Nede 69 2 T2 Translation, Node 63

Direct Frequency Modal Frequency

(@) (6)
Puc. 4. 3anexHicTh MaKCUMaJIbHUX PajlialIbHUX IEPEMILLEHb (BICh OPJIMHAT) BY3J1iB MOJEI]
000JIOHKH Bifl 4aCTOTH HEPiOJUIHOr0 HaBaHTaXeHHs (Bick abcuuc) mpu O=0.

Baunmo, mio npu HaOnmkeHHI yacToTH 30ypeHHs [0 TMepuIoi BIacHOI
YaCTOTH KOJIMBaHb OOOJIOHKH BiJOYBa€Thcsl 30UIBIICHHS MEPEMIlIeHb Y ABYX
By3JlaX MOJEJi, NpH HAOMIKEHHI JO TpeTrboi — 30ULIBIIYETHCS JIMIIE
nepeMinieHHs By3na 69. OTpuMaHO aHaJOTiYHI Pe3YJAbTAaTH IOCTIHKEHHS MpU
BHUKOPHCTaHHI JIBOX PI3HUX METOJIB p03’si3aHHS 33a4i.

Ha puc. 5 mpencraBiieHi KpHBi 3aJeKHOCTEH MaKCHMAaJbHHX pPajlialbHUX
nepeMinieHs (MM) Byssia 1526 — B310BXk OCi X Ta By3ja 67 — B3JOBX OCi Y BifJ
yactotu (I'11) mepiogMYHOro0 HaBaHTAXKEHHSI, SIKI OTPUMAaHO METOAMH IIPSIMOrO
(a) Ta MopmanpHOro (0) YAaCTOTHOTO aHANi3y NMPHU ypaxyBaHHI MOMEPETHBOI il
CTaTUYHOTO OCHOBOTO JIOKpUTHYHOro HaBaHTakeHHs (=8100 H/By3. Ilpu
HaOJIMKEHHI YaCTOTH 30BHILIHBOTO MEPIOAMYHOr0 30ypeHHs 10 MEpIIoi BIACHOT
YaCcTOTH KOJIMBaHb OOOJIOHKM BiJOYBA€THCS pi3Ke 3pOCTaHHS NEPEMIlIEHHS Yy
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IBYX By3nax mojedii. [Tpu HabmmwKkeHHi 10 Ipyroi BiOyBaeThcsl HACTYITHUH eTar
3pOCTaHHS Ta B HE3HAYHill Mipi 70 4YeTBepToi Ta I'ATOI BIACHHX YacCTOT
KonuBaHb. [Ipu BUKOHaHHI NpsiMOro (a) Ta MoAaidbHOro (0) YaCTOTHOTO aHaNi3y
pe3yNbTaTh IOCHIPKEHHS aHAJIOT14HI.

2.1545E 2.1545E

1.9510E- 1.9510E-
1.7476E 4 1.7476E 4
15447 15447
1.3407E r 1.3407E
11372E 4 ; 11372E 4
8.3378E-7—r 9.3378E-7-
730327 \ ]\ 730327 5 \
5, 2687E 7 ! % 5, 2687E 7 N -t
J2MET \JA 32327 \:A
a
1.1996E-7 e ey ey 1.1996E-7 S — o
-5.3492E 4 -5.3492E 4
a7 1966 313 4272 542 B EG73 7733 a7 1966 313 4272 542 B EG73 7733
Set Walue Set Walue
1: T1 Translation, Mode 1526 1: T1 Translation, Mode 1526
2: T2 Translation, Mode B7 2: T2 Translation, Mode B7
Direct Frequency Modal Frequency
(a) ©)

Puc. 5. 3anexHIiCTh MAKCHMAJIBHUX aMILIITYA pajialbHUX IepeMilleHb (BiCh OpAMHAT) BY3JIiB
Mojesti 000JIOHKH BiJl YaCTOTH IEPIOAMYHOr0 HaBaHTaXKeHHsI (Bick abcuuc) npu O=8100 H/By3

YacToTHUMIT aHAN 13 yCTaJeHMX BIATYKIB OJHOIIONOrO TinepOooina rmoxasas,
0 WOro YyTJIMBICTH Ha TIEPIOJWYHE IIOB3/IOBKHE HABAHTAKEHHS IIPH
ypaxyBaHHI IONEpeNHbOI Aii CTATUYHOrO OCHOBOTO HaBaHTaKEHHsS (pHcC. 5) €
3HAYHO OLJIBIIOIO, HiXk 0e3 ypaxyBaHHs (puc. 4).

BucnoBok. [IpsMuii Ta MonaipHUH YacTOTHI aHANI3M YCTAJEHUX BIATYKIB
OJTHOIIOJIOrO Tirep0osIoina Ha MepioAuyHe MOB3I0BKHE HABAHTA)KEHHs TIOKa3ally,
IO ITOIIEPEe/IHE CTATUYHE NOKPUTHYHE HABAHTA)KEHHS 3MEHIIIYE BJIACHI YaCTOTH
KOJIIBaHb OOOJIOHKH 1 3HAYHO BIUTUBAE Ha Ti TUHAMIYHY [TOBEIHKY.
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Paliy O.M., Lukianchenko O.O.
FREQUENCY ANALYSIS OF THE RESPONSE OF A ONE-SHEET HYPERBOLOID TO
PERIODIC LONGITUDINAL LOADING

The frequency analysis of the steady state forced vibrations of a thin shell of negative Gaussian
curvature is performed. The one-sheet hyperboloid shell is subjected to the action of the periodic
longitudinal load. The finite element model for the shell is built using flat quadrilateral shell elements
with six degrees of freedom per node. The modal analysis of the shell is performed by the Lanczos
method using linear formulation of the problems. Eigenfrequencies and eigenmodes of the shell are
also defined using nonlinear formulation of the problems that takes into account the effect of a
longitudinal under critical static force preliminary applied to the top edge of the shell. For this
purpose the nonlinear statics problems and the natural vibration problems are sequentially solved by
the modified Newton-Raphson method and Lanczos method respectively. A modal analysis showes
that dependence of the shell eigenfrequencies on the static longitudinal loading is nonlinear. The
steady state response of the shell to the periodic longitudinal loading is obtained both by means of
direct and modal frequency analysis. It turned out that sensitivity of the hyperboloid of one sheet to
the periodic longitudinal loading considerably increases when the static under critical longitudinal
loading is taken into account. The responses of the shell are presented in the form of amplitude
frequency dependences of the finite element model nodes.

Keywords: forced vibrations, frequency analysis, finite element method, thin shell, one-sheet
hyperboloid, longitudinal loading.
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Hanuit O.H., Jlykesnuenxo O.A.
YACTOTHBIN AHAJIM3 OTKJIUKA OJHOIIOJIOCHOI'O T'MIIEPBOJIOUJIA HA
NEPUOANYECKYIO NTPOJOJIBHYIO HAT'PY3KY

BbINoJHEH 4YacTOTHBIA aHAIM3 YCTAaHOBMBIUMXCS BbIHYXKJICHHBIX KOJIEOAaHUII TOHKOH 000JI0YKH
oTpunatesibHo  ['ayccoBOM  KpMBHM3HBI  BHJA  OJHOMNOJIOCHOTO —TUIEpOONonaa TpH  JACHCTBHH
HEPUOANYECKON TPOJOIBbHON Harpy3ku. C IMOMOIIBIO MPOrpaMMHOIO KOMILJIEKCA KOHEUHOETIEMEHTHOIO
aHQIM3a IIOCTPOCHA pacyeTHasi MOAEIb OOOJOYKM B BHIE COBOKYITHOCTH IUIOCKHX MPSMOYIOJBHBIX
000JIOYCUHBIX 3JIEMEHTOB C IIECTBIO CTCHCHSIMH CBOOOIBI B y3jaX. BBINONHEH MOIAIBHBIA aHAaIH3
000J104KN B JIMHEHHOW mocraHoBke MeToxoM Jlanmoma. OmnpenesieHbl COOCTBEHHBIE YaCTOThI U (HOPMBI
KoJIcOAHMH B HEJMHEHHOM MOCTAHOBKE JUIsi OOOJIOYKH, HAa BEPXHIOK KPOMKY KOTOPOW MPEIBAPHTEIIHLHO
TPUJIOJKEHA CTATUYECKast OCeBast JOKPUTHYECKast CUiIa. J{jist 3TOro 1ocieoBaTenbHO PEIeHbl HeJMHEHHAs
3a/[a4a CTATHKH MOAM(HIMPOBAHHBIM MeTooM HbroroHa-Padcona 1 3amaya Ha COOCTBEHHBIC 3HAYCHH S
MerooM Jlanroma. MofanbHbIii aHAIU3 1MOKa3ajl, YTO 3aBHCUMOCTh COOCTBEHHBIX YacTOT OOOJIOUKHA OT
CTATUYECKOI OCEBOM HArpy3KH HENMHEHHAa. MeromaMH MpsMOro M MOJAJIbHOTO YaCTOTHOI'O aHaJM3a
THOJTydeH YCTAaHOBUBLIMIICS OTKJIMK OOOTOYKH HA TIEPUOJUUYECKYIO TIPOAONIBbHYIO HAarpys3ky. HccienoBanus
TOKA3aJi, YTO YYBCTBUTEIHHOCTb OIHOIOJIOCHOTO THIIEPOOJOMAA HA IEPUOAUYECKYIO HPOIOJIBHYIO
HarpysKy pH ydere JIeHCTBUS CTATHUECKOH OCEBOH JIOKPUTUYECKON HArpy3KU 3HAYUTEIBHO OOJIbILE, YEM
6e3 ee yuyera. OTKIIMKH OOOJIOYKH TIPEICTABICHBI B BHIE 3aBHCHMOCTEH MaKCHMaJIbHBIX TTEpEeMEILCHHUI
Y3J10B MOJIEJH OT YaCTOThI BO3MYLLEHHUS.

KiroueBble €J10Ba: yCTAaHOBMBIIMECS BBIHY)KICHHBIC KOJeOaHMs, YaCTOTHBIH aHaIM3, METOJ
KOHEUYHBIX JJIEMEHTOB, TOHKas 000JI0YKa, OHOIOIOCHON THIePOOIION, TPOI0JIbHAS HAarpy3Ka.

VK 539.3

Ianii O.M., Jlyx’snuenko O.0O. YacToTHMIl aHaJi3 BiAryKy ojHomosioro rinepoosioina Ha
nepioMYHe MOB3/I0BKHE HaBaHTaxeHHs / Omip MarepiaiiB i Teopis cropyn: Hayk.-TeX. 30ipH. —
K.: KHVYBA, 2019. — Bum. 102. — C. 199-206.

Buxonano wacmommuii amaniz yCmManieHux GUMYWEHUX KOIUSAHb MOHKOI 0OOIOHKU GUOY
00HONO020 2inepbonoioa npu Oii nepioOUYHO20 NOB3006IHCHLOCO HABAHMAICEHHS I3 3ACMOCYBAHHAM
npoyeoyp NpocpamHo20 KOMHAEKCY CKIHYeHHOeleMeHmHo2o auanizy. Memodamu npsamozo i
MOOANLHO20 YACMOMHO20 AHANI3Y OOCTIONCEHO GIO2YK 000N0HKU Oe3 i 3 Yypaxy8aHHIM CMAMUYHO20
0Cb08020 OOKPUMUYHO20 HABAHINAIICEHHSI.

Tab6u. 1. . 5. Bi6miorp. 10 Ha3s.

UDC 539.3

Paliy O.M., Lukianchenko O.O. Frequency analysis of the response of a one-sheet hyperboloid to
periodic longitudinal loading / Strength of Materials and the Theory of Structures. — 2019. — Issue
102. — P. 199-206.

The frequency analysis of the steady state forced vibrations of a thin shell of negative Gaussian
curvature is performed. The one-sheet hyperboloid shell is subjected to the action of the periodic
longitudinal load. The shell response is investigated using both the direct and modal frequency
analysis without and taking into account a static longitudinal loading.

Tab. 1. Fig. 5. References 10 items.
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Ianui O.H., Jlykeanuenxko O.A. YacTOTHBIH aHAIN3 OTKJIUKA OJHOINOJIOCHOTO T'UIepdosIonia Ha
MEePHOAMYECKYI0 MPOI0JILHYI Harpy3ky / CONpoTHBIEHHE MATEPUAIOB M TEOPHUS COOPYKCHHIA:
Hay4d.-TeX. cOopH. — K.: KHYCA, 2019. — Beimn. 102. — C. 199-206. — Ykp.

Buvinonnen wacmommbwlii aHanu3 YCMaHoGUGUXCST GLIHYICOCHHBIX KOICOAHUT MOHKOU 000104KU
6UOa 0OHONOIOCHO20 2UNepOOIOUOA NPU OetiCMEUY NePUOOULECKOT NPOOOILHOU HAZPY3KU ¢ NOMOUWbIO
npoyeoyp NPOSPAMMHO20 KOMNIEKCA KOHEUHOINEMEHmMHo20 ananuza. Memodamu npsamozo u
MOOANbHO2O HACMOMHO20 AHANU3A UCCIEO08AH OMKIUK 0D0N0UKU 6e3 U ¢ YYemom CImamuieckou
0CeBoll OOKPUMUYECKOU HACPY3KIU.

Tab6n. 1. Y. 5. bubmuorp. 10 Hass.
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MOJIEJII B3AEMO/II BACOKOIBUJIKICHOT'O YIAPHUKA 3
3AXUCHHUMMU NEPEHIKOJAMMU

A.B. KoBTyH,
KaHUIAT TEXHIYHHX HAyK, TOLCHT'

B.O. Tadynenko,
KaHU/IaT TEXHIYHUX HAyK, LlOl.leHTl

C.I. Hectepenko,
KaHU/IaT TEXHIYHUX HayK, LlOl.leHTz

Hayionanvna axademis Hayionanonoi eeapdii’ Yrpainu,
Xapxie, maiioan 3axucnuxie Yxpainu 3, m. Xapxkis, 61001

2 . v . . . . . o« . .y o
Hayionanennit aepoxocmiunuil ynisepcumem im. M. €. JKykoscvkozo «Xapkiscokuil agiayitinuil
incmumymny,Xapxie, ¢yauys Yrxanoea 17, m. Xapxie, 61070
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B naHiii po6OTI pO3risIHYTO MpPOLEC B3a€EMOJIT BUCOKOIIBH/IKICHOIO YIapHUKA 3 3aXHCHUMH
HepelIKoaMid TPAAUIIMHOrO Ta HOBOro TUIIB. JIOCHI/XKEHO MexaHi3M MpPOOMBAHHS 3aXMCHHX
nepemkon. Hasenmeni ¢opmynn ains BHU3HAYCHHsS TINIMOMHM NPOHUKHEHHS YIApHHKA B 3aXHCHY
HEePelIKOAy TPAAULIMHOrO THUIy. 3arpolOHOBaHI MOJeNi BHU3HAYCHHS TIJIIMOWHHM TNPOHUKHCHHS
yoapHHKa B IIEPEIIKOAY Yy BHIJiAl Habopy mycroTimux wwiiHapis. Hasemeni pesymbTaTu
PO3paxyHKiB Ta MOPIBHIHHS iX 3 pe3yJibTaTaMK eKCIiepuMeHTiB. [Tofabiii JoCiKeHHs 0B’ s3aHi 3
BpaxyBaHHSM IMOPYIICHHS KOHCTPYKTHBHOI I[IJICHOCTI KyJIi 31 CTaJIeBUM CEPACYHHUKOM 1 CBHHIIEBOT
000JIOHKH, MOXJIMBICTb SIKOT HEOOXITHO BpaXOBYBATH IIPU MPOEKTYBaHHI 3aXHCHUX KOHCTPYKIIiH.

KimrouoBi ciioBa: Monens, OpOHbOBHI 3aXHCT, BHCOKOIUBHAKICHHH yOAapHHUK, 3aXHCHa
nepeukoa, aepopmarisi, MyCTOTIIMN WHTHAIP.

IMocranoBka mpob6iaemu. He 3Baxkaroun Ha po3poOKy 30poi Ha HOBHUX
¢GI3MYHUX  TpPUHIMIAX, HAa O030pOEHHI CYYaCHHMX apMiil  3HaAXOIITHCS
yIOCKOHAJIEH] TpaJuIiliHI BUAM 3aCO0IB ypa)KeHHs BiiCbK MPOTHBHUKA, IO, B
CBOIO Yepry, BUKJIMKAE MPOIOBKEHHS PO3POOOK CyJacCHHUX 3ac00iB OPOHBOBOIO
3aXHCTY.

CyuacHi 3aco0HM 3axXHCTy MaloTh HIapyBaTy KOHCTpYKLito. OAHUM 3 IIapiB
3ac00iB 3aXUCTy € CTiliKa /10 BHCOKOCHEPIeTHYHOMY yJapy TKaHWHA, 1HIIUM,
map, IOi0 aMOpTU3YE JMil0 BpaKarouux eneMeHTiB. OnmHAaK, OCHOBHUH ynap
BHCOKOIIBHU/IKICHUX BPa)KalOUHX €IEMEHTIB CHIPUIMAIOTh dKOPCTKI IUIACTHHH.

VY 3B’s3Ky 31 CKIagHiCTIO (i3UYHHMX TPOIECiB, MO BiAOYBAIOTHCSA MpPH
yoapHii Jii B KOHCTPYKIII 3aco0iB 3axHCTy, poO3poOKa 3aJOBIIBHUX
MaTeMaTUYHUX MOJielield, SKi BPaxOBYIOTh Xoua O OCHOBHI XapaKTEpHI pUCH
MIPOLIECIB, IO PO3IIISAAIOTHCS, MPEACTABISE CKIAHY MPOOJIeMY, PIICHHS SKOi
MOKY OTPUMAHO JIUIIE JUIsl HAHOLIBII IPOCTUX BUIAJIKIB.

ToMmy axTyaJbHUMH 3aMIIAIOTHCS 3a/4adi PO3POOKM CydacHUX 3acoliB
OpPOHBOBOT'O 3aXHCTY.

AHaJi3 ocTaHHiX AociaimKeHb i myOmikamiii. Y HaykoBill itTepaTypi,
HaWOINbIIa yBara NPUIUIAETHCS BU3HAYCHHIO MOTPIOHOI TOBIIMHU 3aXHCHOL
nepemkoau [1-5]. TIpu 11bOMY HArOJIOIIYETHCS, IO NPU B3aEMOJIi yIapHUKA 3
MEPENIKOOI0 3 MaJUMH IIBUIKOCTSIMU 1HEPIIHHI CHIH JTyXKe Maji B TIOpiBHSIHHI
3 XapaKTePUCTHKAMH MIITHOCTI elleMeHTIB. JleopMyBaHHS OXOIUTIOE BCHO

© Kostyn A.B., Tabynenko B.O., Hecrepenko C.1.
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KOHCTPYKIIIO 1 B OCHOBHOMY HOCHUTh TPYXHUH Xapakrtep. [lpum cepemHix
LIBHIKOCTSIX yIapy CWIIM iHeplii MO)KHa MOPIBHATH 31 CTaTUYHHM OIIOPOM
NPOHUKHEHHIO,  JeopMyBaHHS  HOCHTh  JIOKaJbHUM  Xapakrep 1
XapaKTepU3YeThCS BHUCOKMMHU 3HAuUCHHAMH IUIacTHYHOI nedopmartii 1 11
mBuAKOCTI. [IpM BHCOKMX MIBHAKOCTSX yaapy IepeBa)kaloUuMH CTaloTh
IHEepIiHI CHJIM, Teya Marepialy B3a€MOIIIOYMX EJIEMEHTIB HaOJKAEThCS 10
TiAPOAMHAMIYHOI.

IpakTika 3actocyBaHHs 30poi Mokaszye, IIO MPOLECH, SIKI MPOXOIATh MU
NpOOMBaHHI MEPENIKO, BiAPI3HAIOTHCS BEIIMKUM Pi3HOMAHITTAM 1 3aJIeKaTh Bij
Oaratbox (haxTopiB. OCHOBHUMH 3 HUX €: IIBUIIKICTh | HAPSIMOK yIapy, PO3MIipH
i (hopMa ynapHUKIB, KOHCTPYKIIisl i TEXHOJIOT1sI BUTOTOBJICHHS 3aXHCHUX 3aCO0IB,
¢i3n4Hi 1 MeXaHIYHI BIACTUBOCTI MaTepiajiiB yAapHHUKIB 1 3aXUCHHUX IEPEIIKO/I.
SIkicHMiA aHai3, 10 MTPOBEJEHUH B poOOTi [6], IOKa3aB, IO OAHUM 3 HAHOLIbII
Ba)XJTUBHX 3 ITPAKTUYHOI TOYKH 30pY 1 B TOH ke 4ac HaHOLIbII CKIa HUM 1 crabo
BUBYEHHM, 3QJIMIIAETHCS NPOLIEC TPOHUKAHHS yIAPHHUKIB B IIEPEIIKOIY KiHIIEBOT
TOBLII B fiama3oHi mBuakocteid B3aemomii 500-2000 m/c. B npomy amianasoni
LIBHAKOCTEH HEOOXiJHO BPaxOBYBaTH CHPOTHB JAe(OPMYBAHHIO, SIKHI
00yMOBJIEHO OaraTbMa HeNliHIMHUMY edexTaMu, 1MoB’I3aHUMU 3 JiepopManiiHuM
1 IIBUAKICHUM 3MiIHEHHSM, (Da30BUMH II€PETBOPEHHIMH, JIOKIIi3aIli€ro
nedopmartii, MONIKOKEHHM 1 pyHHYBaHHSIM MaTepially IepenKo/u.

JIOoCTOBIpHICT TMPOTHO3Y pE3yNbTAaTiB yAapHOI B3aeMoAii ygapHHKa 3
MEPEeNIKOAOI0  MiBUILYETHCS ITIOPIBHSHHSAM  pe3y/IbTaTiB  aHATITHYHOIO 1
YHCENIbHOTO MOJENIOBAHHSA, a TaKOX [aHUMH HaTypHUX BHUIPOOyBaHb. 3a
pe3y/ibTaTaMi TaKOrO TIOPIBHSHHS YTOYHSIOTHCS METOIMKH MOZCITIOBAaHHS,
MOJIETl TOBENIHKM MaTepiasy Ta B3aemofii enemeHtiB. KomruiekcHe
eKCIIEPUMEHTAIIbHO-PO3PAaXyHKOBE  JOCTIDKEHHsT  OCOONMMBOCTEH  B3aemomii
yOApHHKIB 3 TEPEUIKOIaMHU € HANHBaXKITUBIIIOK YMOBOIO HAIiHHOTO TPOTHO3Y
pe3yNbTaTiB B3a€EMO[Il €IEMEHTIB 1 MOXE CYTTEBO MiJBUIINTUA €()EKTHBHICTH
PO3pO0OK KOHCTPYKTHBHHUX pillleHb. Taka cXema JOCHi/PKeHb (BHBYECHHS
TOBE/IiIHKM €JIEMEHTIB KOHCTPYKILIH TpH pealbHUX YMOBaX JHHAMIYHOTO
HABaHTA)XEHHS, 4YHCENbHE 1 EKCHepHUMEHTAIbHE MOJIEIIOBAHHS) J03BOJISIE
CTBOPIOBATH OCHOBW JUII PO3pOOKM Ta OOIPYHTYBaHHS pPEKOMEHJAIi Mo
pallioHATEHOMY KOHCTPYIOBaHHIO, i BUOOPY MaTtepiaiiB, iX CTPYKTYpHOr'O CTaHy,
110 3a0e3neuye miIBUILeHHS e()eKTHBHOCTI X BUKOPUCTAHHS B KOHCTPYKIIISIX.

PisHuMu mociigHukaMu OyiaM OTPUMaHi Pi3HI eMIIpHYHI (QOPMYJIH, IO
BpaxoBYyIOTh OCHOBHI mapamerpu yaapy [1] (¢popmymu Ilerpi, Hobine, Ciauui i
Kpymma, T'aBpa, Tommncona, /[leBica, bepesaHchka Ta iH.), 3acCHOBaHI Ha
EKCIIEPUMEHTAJIbHUX JTAHUX, OTPUMaHHUX IPU OOCTPiJi JIUCTIB OPOHI MpH Pi3HUX
YMOBaXx, 110 3BY)KY€ IX 00JaCTh 3aCTOCYBaHHSI.

IIpu upomy, B OLIBIIOCTI JOCTIMKEHb 3BEPTAETHCS yBara Ha MeXaHIuHi
XapaKTEepUCTUKUA MaTepialiB i, B Ha0araTo MEHIIOMY CTYIICHi, OIliHIOIOTHCS
KOHCTPYKTHBHI TapaMeTpH MEpelIKo. 3arajbHUM y BiIOMUX JIOCHIKEHHSX €
Te, IO 3axWCHAa IIEPeIIKoJa MPEJCTaBlIeHa y BHUIJIAAI IUIACTHHU (HAOOpY
IUTACTHH), TOJI K OJHA 13 CKJIaJOBUX YACTHH CTPIJICIBKOi 30poi SBIIsE COOOI0
MEXaHIYHY CUCTEMY, IO CKJIAAETHCS 3 yAapHHUKa (KyJIi) 1 CTBOITY (00OJIOHKH).
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Hapenmeni nmami cBimyaTh mpo Te, MO TEOPis MEXaHIYHOIO B3AEMOMIT
yOApHHUKIB 3 TIIEPEelIKOJaMH pI3HMX BHIIB HE OTpUMalla CBOTO ITOBHOTO
3aBEpIICHHS, MPOIECH, IO BiAOYBAIOTHCS INpU YAApHIN B3aeMopii eleMEeHTIB
MEXaHIYHUX CHUCTeM JI0 KIiHIl HEe BUBYEHI, a 3aCTOCOBYBaHI MOJeli i METoau
PO3paxyHKIB 3ajieaTh BiJ HEOOXiTHOI TOYHOCTI OTpUMaHHX pe3yJbTaTiB, MPH
LIOMY HE OIIHIOIOTHCS KOHCTPYKTHBHI Iapamerpu nepemikox. llomambmre
BJIOCKOHAJICHHS 3aC00IB 1HAMBIAYaJIbHOTO OPOHE3aXHUCTY MOXKE OYTH JOCSITHYTO
LIJISIXOM 3aCTOCYBAaHHS ONTUMAJIBHOTO MTOEHAHHS HOBUX MaTepiajiB i CydacHUX
KOHCTPYKTUBHO-CXEMHHX PillICHb.

HaykoBor0 OCHOBOIO JIOCHIJDKEHb IIPOLIECY TNPOOHMBaHHS MEPELIKO[
BHCOKOIIBHJKICHUMH YIapHUKaMH €: Teopil NPYKHOCTI, IUIACTUYHOCTI 1
MIIIHOCTI MarepiaiiB, TEOPETUYHI OCHOBU 3a0e3NeueHHs] KUBYIOCTI 0COOOBOrO
CKJIany MiAPO3AUIIB TpU BeNeHHI OOHOBUX Miif, Teopis HAIIMHOCTI 3pa3KiB
030pO€HHS,  MaTeMaTH4YHE  MOJENIOBAHHS, MaTeMaTHyHe  I[UIaHYBaHHs
EKCIICPUMEHTIB.

MeTta cTaTTi - JOCHIANTH TPOIEC B3AEMOIIT BUCOKONIBHAKICHOTO yIapHUKA
i3 3aXMCHOIO IEPEIIKOOI0 TPAJIHUIIHHOTO0 THUIy Ta IEPEUIKOAOK Yy BHIJISII
Ha0Opy MyCTOTUINX LMITIHPIB.

OcHoBumii martepian. [Iponec NpPOHWKHEHHS YAAapHUKAa B TpPaAMLiiHI
3axMCHI Meperkoay o0'eHye Kilbka (i3UYHUX MexaHi3MiB. B 1ipomy BUmaaky
MPUCYTHI SIK CTajisl MOB'SA3aHa 3 PO3CYBAHHSAM MaTepially MepelIkoay, Tak i
cTajlis BUOMBAHHS MPOOKH (BiIKOM).

[Ipu ymapi yaapHHKa MO MEPEHIKOAl TPamuIiifHOro THMYy (IDIACTHHI) B Hii
BUHHMKA€E KUTbKa THIIB XBWIIb 30ypeHb, IO
TIOIIUPIOIOTECS 3 PI3HUMHU HIBUAKOCTSMH
[1]. i 30ypeHHs  BUKIMKAIOTH B
KOHCTPYKIIi CKIaJHUN HAINpy>KeHU# CTaH,
IHTEHCHUBHICTB SIKOT'O IIBUJIKO 3HWKYETHCS 3
gacoMm (puc. 1).

[TouaTkoBa cTafis MIPOHUKHEHHS
yOapHUKa B TIIEPEIIKONYy BHU3HAYAETHCS
MOMEHTOM 4acy, B IIepeOdiry sSIKoro yajapHUK
NPOHUKHE B TEpEelIKoAy Ha TIHOMHY
ONMM3bKO JIBOX cBOIiX aiamerpiB. IIporsirom
IBOro Iepiogy musi  HeaeGOopMOBaHOTO (7
yIApHUKAa 3 KOHYCOMOAIOHOI T'OJOBHOIO
YaCTHHOIO 3MIHIOETBCS XapakTep pyxy I
HanpyXeHo-1epopMoBaHUl CTaH Marepi-
aly TEepemiKoad, a 3yCWUIA NPOHMKHEHHS JOCSATa€ CTaJoro 3HAYEHHS, Bif-
MIHHOTO BiJ 3yCWJIIS B IOBepXHeBUX Imapax. (B pasi B3aemonii ymapHuka 3
MOPIBHSHO MIIHOIO TMEPEeNIKOJ00 Ha I[OYaTKOBOMY eTami  BijOyBaeThCs
iHTeHCHBHE Je(OPMYBaHHS TOJIOBHOI YaCTUHU yIapHHMKA 1 yTBOPEHHs Ii HOBOI
¢dopmn).

[licns  nmocsirHeHHST NEAKOi KPUTHUYHOI TJIMOMHU TIPOHMKHEHHS pPO3Mip
Kparepa Iiepectae 3MIHIOBAaTHCS 1 TO4YMHAEe (opMyBaTHCS OCHOBHHWII KaHal
kaBepHU. KiHIEBOIO cTajmi€ero NMpOOMBaHHS ITIEPENIKOAM BBAXKAETHCS YACTHUHA
npoliecy NpoOUBaHHS, KA MOYMHAETHCS 3 MOMEHTY HAONMKEHHS yAapHHUKA JI0

Puc. 1. KaptuHa nommpeHHs XBUIb
HANpY)KeHb B [IEPELIKOAI IPU yaapi
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TUIILHOI ITOBEPXHI MEPEeIIKOIM Ha AESKYy KPUTHUYHY BiJCTaHb 1 3aKiHYYETHCS
BHXOJIOM yAapHHUKa 3 mepemkoaun. JlocsrHeHHs 3a3HaueHoi BiJiCTaHi, OB'sI3aHe 3
BUXOJIOM Ha THWIBHY IIOBEPXHIO 30HM IUIACTUYHOCTI, BHKIHMKAE 3MiHY
HaInpyxeHo-71e(h)OpMOBAaHOIO CTaHY B3a€EMOJAIIOUUX €IEMEHTIB.

Ilpu HaOmwkeHHI ynapHUKa IO THJIBHOI TIOBEPXHI IEPelIKoAd, B Hil
BUHHMKA€E 30Ha PO3TATYIOYMX paTialibHUX 1 TAaHTEHHIaIbHUX HANpPYXeHb Y
BUTJISIIII PO3UIMPIOBAHOI KOHIYHOI BOPOHKH. B pe3ynbTati nii 1IUX HampyXeHb B
MaTepiaji MOXYTh BUHHMKHYTH IONIKODKEHHs abo Tpimunu. [lomanemmii pyx
yIapHHUKa IPU3BOAMTH JO BUJIOMY YaCTUHH Matepiaiy nepemKoan (puc. 2).

y

N

A
WA
v

4
L
() (6)

Puc. 2. IIpouec npoHNUKHEHHS yapHUKA B IIEPEIIKOAY

HJocnigxennss mpouecy yaapHoi B3aeMoili yJapHUKIB 3 3aXHCHHUMU
nepelmKkoiaMu TpaaumiliHoro Tumy. He nuBisumch Ha Te, MI0 B Haml 4ac
LIBHJIKO PO3BUBAIOTHCS aHAJITUYHI Ta YHCENbHI METOJM JOCHIDKEHHS MPOIIECiB
MPOHUKAHHS YNApHUKIB B 3aXWCHI IEpPEeIIKOIM, EMIIpUYHI MOJeni Bce X
3aJIMIIAI0THCS HAHOUTBII PO3ITOBCIOIKEHUMH.

[Tpu TakoMy migxofi 0 pillIeHHS 3a/1a4 NPOOMBaHHS YIAPHUKOM 3aXHUCHUX
MepenKofl, 3BHYAWHO 30CEPEeKYIOTh yBary Ha sKOMY-HeOyOb OJHOMY,
HAKOUIBII BXKITUBOMY acriekTi 3aqadi. [Ipu nboMy BBOASTHCS MPHUITYLIEHHS, 110
OOJIETIIYIOTh OTPUMAaHHS PILIEHHs B 3aMKHYTOMY BUDIIAAi. B ocHOBHOMY i
METOIM PO3POOJATHCS 3 TPUITYHIEHHSM, IO YAAPHUK € Hele(OPMOBAHUM.
OCHOBOIO CITY>KaTh 3aKOH 30epeKeHHs eHeprii abo 3aKOH 30epeKeHHS KIIBKOCTI
pyxy. IlpakTiyHO BCi METOAM BUMAraroTh BBEIEHHS EMITIPUYHUX KOHCTAHT.
ToMy /711 OLIHKK MOKJIMBOCTI 3aCTOCYBAHHS Ti€l YM 1HIIIOI MOZENI IPOHUKAHHS,
HEOoOXiTHO MpOBeCTH ii KPUTWYHHUHA aHai3 1 TOPIBHSHHSI, OTPUMaHUX Ha ii
OCHOBI PE3yJbTATIB, 3 BIIOMUMH NPEJICTABICHHSAMH PO JOCTIHKYBaHE SIBHIIIE.
B poGori [6] BigmivaeTbcs, IO EMIipHYHI MIIXOAM 1O aHaJi3y IPOIECIB
MIPOHUKAHHS 1 TPOOMBAHHS BiJIPI3HAIOTHCS BEIHMKOIO Pi3HOOAPBHICTIO, 1 MUIs iX
KOPEKTHOIO BHUKOPUCTaHHS HEOOXITHO BHIUIUTH OCHOBHI OOMEXKEHHS 1
HAKpPECIUTH 00J1aCTh iX 3aCTOCYBaHHSI.

B mpaktuni mnepeBakae eMIipHYHUE MiAXiln, SKAH JO3BOJSIE HAa OCHOBI
CTaTUCTUYHOI OOpPOOKM €KCHEepHUMEHTAIbHUX JaHUX OTPUMATd TPOCTi 1
JIOCTaTHBO HAIMHI pO3PaxyHKOBI 3aJI€KHOCTI.

PizHuMu pocmigHuKaMu Oynu OTpHMaHi pi3HI emmipu4Hi (OpMyIH, M0
BpPaxoBYIOTh OCHOBHiI mapamerpu yaapy. OIHa 3 BIIOMHUX 3aJIeKHOCTEH JUIst
BH3HAYEHHS IIMOWHM BIPOBAPKEHHS YIapHUKA /i B Iepenikoay, Mae Bua [1]:

G
h=10kxd—2V0, (1)
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ne k - koedimieHt, w0 Xapakrepusye (i3MKO-MEXaHIYHI BJIACTUBOCTI
nepemKoan; A - KoedimieHT, MmO 3aJeXHUTh Bil (OPMH TOJOBHOI YaCTUHU
ynapHuka; G - Bara yIapHUKa; d - JiaMeTp yAapHUKa; Vj - IBUIKICTh yAapHUKA.

B HauionansHoMy 060opoHHOMY nociiaauibkomy komiteTi CIIIA orpumani,
Ha OCHOBI aHANI3y Pe3yJIbTaTiB MPOBEICHHS BEIUKOI KiJIBKOCTI CKCIIEPHMEHTIB,
HactymHi Gopmynu [1]:

h= \/4k7‘Gd(1ogﬁ)l’8 s gs 2, )
y 1,8
h= ka(mO%d] +d zumgzz. 3)

3araJibHUM ~ HENONIKOM  HaBeJeHUX QopMyn € TpyOe BpaxyBaHHS
BJIACTHBOCTEH Tmepemkoan (IUIACTHHU) €IUHUM KoedilieHToM. Y  BCiX
HaBeJeHUX (QOopMysax He BUTPHUMYETHCS CITiBBIIHOIIEHHS PO3MIPHOCTEH, Y IIUX
CHiBBI/IHOIIEHHSX BiJCYTHS (pi3MYHA OCHOBA.

Binemr TouyHoro € ¢opmyna TomcoHa. 3riHO 3 HEO, IMOBHA EHEPIisd,
TIOTJIMHEHA IIACTHHOIO B TIpoleci ii mmactuyHoi aedopMariii npu po3MUpeHH]
OTBOpPY, BU3HAYAETHCSI HACTYITHUM YHHOM:

Ey = Tl:th(%G + p(%)), 4

ne R — xamiOp Kyumi, M; A— TOBIIMHA IIApy MEPEHIKOAU, IO IPOOUBAETHCS, M;
[c]-rpannune HanpyxeHHs koHcTpykuii, MIla; p — miinpHICTE MaTepiany
MIEePEIIKOH, Kr/M’; V- WBHAKICTH Ky, M/C; L— TOBXKUHA KyIIi, M. 3BIAKH:
Ly
nR2 [0 +p( -SR]

3a pmomomororo 3anexxHocti (5) TpoBeIeMO pO3paxyHOK —TOBIIUHH
HACKPI3HOTO TMPOOWBAHHS METAJIEBOi MEPENIKOAM 31 CTalli, CTAIBLHOI KYJE
R=0,00273 M, mo pyxaerscs 3i mBHaKicTio V=600 m/c; L = 0,012 M; y craneBy
nepemkony 3 mapamerpamu o= 1200 MITa; p= 7800 kr/m’.

BBaxkaemo, 1m0 TOBHAa €HEpris, MOINIMHEHA IUIACTUHOIO B Ipoueci i
IUIACTUYHOI AedopMalii npu po3mupenHi oreopy Ey= 2700 Ix.

[pu npx BuXigHuX AaHux orpumaemo: ©=0,19 m.

Haii6inpin moBHa KapTHUHA MPOTIKaHHS MPOILECY NMPOHWKHEHHS yIapHHKa B
3aXMCHY NMEPEIKOAY 3 ypaxyBaHHIM B’S3KO IUIACTHYHUX e(eKTiB, 00yMOBIEHUX
BHCOKOIO MBHIKICTIO nedopmanii, HaBeneHa B poOoti [6]. B miii pobori
OTPUMaHO BUpa3 JJIsl BU3HAYCHHS TIHMOMHU IPOHUKAaHHS YAapHUKa B B’S3KO
miactTuyHe cepenoBuile. Llei Bupa3 Mae HACTYITHUNA BUTIIS;

h= (5)

dpV? . J, I
h=——[1-"LIn(1+=2)], (6)

Iy Iy st
ne d - aiaMeTp ymapHWKa, M; p - IIUIBHICTH MaTepiany yaapHHKa, KI/M’; Jat -
TBEPIiCTh Matepialy mnepemkoau, Ila; f, :%; [ - KoeQillieHT B’S3KOCTI,

Ila-c.
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3a pmoromororo Bupasy (6) BH3HAYMMO TOBIIMHY HACKPI3HOTO MPOOUTTS
IUIACTUHM 13 CTail Kynew 3i cranbHUM cepaedHukoM d =0,00545 M, 1o

pyxaerbes 31 mBuakictio V=600 m/c;  p=7800 Kkr/™m; Jat =17-10° IIa;

£, =1,8-10°Ia.

BBaxaemo, 1110 MOBHA €HEpris, MOTJIMHEHa IuacTuHo Ey= 2700 [Ix.

B pesynbraTi po3paxyHky orpumaemo: 2 = 0,08 m.

AHani3 pe3ynabTaTiB po3paxyHKIiB J03BOJISE€ 3pOOUTH BHUCHOBOK IIPO T€, IO
XapaxkTep NpOOMBaHHS 3aJIEKUTHh BiJ psay (axkTopiB i, B Iepury 4epry, Bia
IIBUJKOCTI B MOMEHT yapy.

ExcniepuMeHTanbHi JOCTIDKEHHS. O IPOOUTTIO METaleBUX IUIACTUH 3
aBromara AK-74 (3 Bigcrani 10 M) noka3zanu, 1o riiuOMHa MPOHUKHEHHS KYJI B
nepemkony i3 cram 3, cxiagae h=0.021£0.001 M, P=0,95 (puc. 3). Ilpu

IIbOMY, pEe3yJIbTaTH EKCIEPUMEHTAJIbHUX JOCHI[DKEHh HE CIIBIAJAalTh 3
pe3ynbTaTaMy po3paxyHKiB, 110 BUKOHAHI 3a BIIOMUME (POPMYIIaMHu.

Puc. 3. Pe3yibTaTi eKCHEPUMEHTAIBHHIX JOCIIKEHb [0 IPOOHTTIO METAICBUX IUIACTHH
3 Matepiany Ct.3

Bu3sHayeHHs IIHOMHH NPOHMKHEHHS YIAPHUKA B 3aXHCHY MePelIKoay Yy
BUIUISIAI HA0Opy MycTOTIIMX HWJIIHAPIB. XapakTep MPOHUKAHHSA YAapHHUKA B
HEPeIIKOJy MOXKEe 3MIHUTUCA, SKIO YOApHUK 1
HepeKoaa OynyTh NPE/ICTaBIIATU BKJIAJICHY
KOHCTpyKUito [7]. PosrmsHemMo mpomec B3aemomii
yIapHUKa 3 MEPELIKOOI0 Y BUITIAAl HAOOpy IyCTOTiNMX
IMUTIHAPIB, 1IN0 MAalTh  BEPXHIO  YacTHHY, fKa
PO3LIMPIOETHCS, 1 HWIIHAPUYHY YaCTUHY 3 JiaMeTpoM
s MEHIIHUM JliaMeTpa yrapHuka (Kyimi) puc. 4.

[lpn KoHTakTi yJapHUWKa 13 30BHINIHIM IIApoM
HEPEIIKOH, 32 PaXyHOK HasBHOCTI BEPXHbOI YaCTUHH,
II0 PO3LIUPIOEThCS, YAAPHHUK IIONaja€ B IIyCTOTIIMH
LWWTHIP, SKUH [IJIBHO o0yisirae OOKOBY TOBEPXHIO
yOapHUKA, SKUH PyXaeTbCs B3HOBXK IIIHAPA, [0

% CTBOPIOE CIPOTUB HOTO pyXy.
a [lpn KoHTakTi yJapHUWKa 13 30BHIIIHIM IIApOM
HEPEIIKOH, 32 PaXyHOK HasBHOCTI BEPXHbOI YaCTUHH,
Puc. 4. Cxema II0 PO3LIUPIOETHCS, YAAPHHUK IIONaja€ B IIyCTOTIIMI
B3aemoii kysi 3 LWWTHIP, SKUH [IJIBHO o0yisirae OOKOBY TOBEPXHIO

TyCTOTiNM yOapHUKA, SKUH PyXaeTbCs B3HOBXK IIIHAPA, [0
LITIHIPOM
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CTBOpIOE CHpoOTHB #oro pyxy. [Ipum pyci ynmapHuka B IWUTIHAPI NPOXOIHTH
NIepeTBOPEHHS KIHETHYHOI eHeprii ynapHuKa B eHeprito nedopmarii mutisgpa Ta
3IiHCHEHHST pOOOTH 1O TIepedopi CHiu TepTsl.

Buznaunumo rimmOuHY NpOHUKAHHS yJapHHUKa B LIIIHAP Ul Pi3HUX MOJeen
yIapHOI B3aEMOJIi1 TAKUX KOHCTPYKIIiH.

Jlis BU3HAYEHHS MIMOWHY NPOHUKAHHS YIapHUKA B IWIIHAP BUKOPHCTAEMO
pimienns 3amaygi Jlame [8-11].

Jlis BUNaaKy, KOMM TOBCTOCTIHHHMN ILMJIIHIP 3HAXOMUTHCS TUIBKU MiX Ji€I0
BHYTPILIIHBOIO THUCKYy pp = p, 30BHIHIA Tuck ppy =0, pagianeHi G, 1

TaHTEHINIAJIbHI G HAMPY)KCHHS BU3HAYAIOThCS 33 hopmymamu [11]:

2 2 2 2
PB B Ut P8 Ut

Gr=ﬁ'(1__2)a Ge=ﬁ'(1+—2a (7
FH—I‘B r rH—rB r

Je 7g - BHYTpIIIHIN paaiyc IMIiHApa, 7y - 30BHILIHIN pamiyc nwiiHgpa, r -
HOTOYHHMH pajiyc HuIiHIpa.
Ilpn r=ny 6, =0,ampu r=13 6, =—p.

2 2
“H R
o =281+, ®)
K — 13 r
2,.2 2
(3 +1 2-pH
Ipu r=ry Ge:w, ampu r=ry (59=%. )
K — 13 "=
[Tpu BHKOHaHHI PO3PaxyHKiB 3a 3-1o0 Teopiero MirHocTi [11]:
2-p-r2
6o =—— <[o], (10)
K1

ne [O] - rpaHuYHA MIIHICTh MaTepiany HUIiHIpa.

I'paHruHe 3HAYEHHS BHYTPILIHBOIO THCKY Ppay > HPH YMOBI, IO 7y —> oo
[o]
P IpaH. = 7 (l 1)
Cuny, nin niero sikoi Kyias Oyae pyxaTucsl B3JIOBX BHYTPIIIHBOI ITOBEPXHI
LMWTIHAPA, BU3HAYUMO 3a TOITOMOroro (opmynu [11]:

F=f pgx-n-D-I, (12)
ne f - koediieHT TepTs MiX KyJelo 1 BHYTPIIIHBOIO IOBEPXHEIO IIWIIHAPA; Py
- KOHTaKTHUU THCK, [la; D - BHYTpilIHIA qiaMeTp MWIiHApa, M; [ - JOBXKHHA
Ky, M.

S-F
==, 13
Pk 2D (13)
ne 8 - HaTAr, M; E — MoIynb npyxHocTi, [1a.
I'muOuHy NpOHUKHEHHS KyJIi B IMTIHAP BU3HAYMUMO 33 BUPA30M:
E
z
h=—=. 14
2 (14)
3a gomomorow 3anexHocted (12-14) mpoBemeMo po3paxyHOK ILIAXY
MIPOHUKHEHHSI KyJli B IMJTIHAP 31 cTaii, cranbHa Kyast D = 0,005 M, mo pyxaerbes
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31 mBuakictio V=600 m/c; L=0,02 m; & =0,0002 M, /=0,3, y cTaneBy NepemKkosy

3 mapameTrpamu £ =21 10° MITa, [c]=1,6- 10° MITa.

BBaxxaemo, 1m0 TOBHAa eHepris, MOIIMHEHA LWIIHAPOM B MpoLeci Horo
nedopmariii npu posumpenHi otBopy Es= 2700 Jx.

[Mpu nmx BuXigHux aanux, orpumaemo: i = 0,006 m.

Aue ipu ibomy, ymoBa (10) He BUKOHYeThCsl. HanpyxeHHst

Go =2-10°MIla >[c].
ExcriepuMeHTanbHi  AOCTIHKEHHST TO TPOOWTTIO TEPEIIKOAN y BUTIISII

MyCTOTUIMX HwiiHApiB 3 aBromara AK-74 (3 Biacrani 10 M) nokasanu, o npu
MIPOHUKHEHHS KyJli B LIIIHIp, LMTIHAP MOB3JIOBXKHE po3pHBaBcs. Pe3ymbratu

EKCIIepUMEHTIB HaBeJIeHi Ha pHC. 5.
LITHIPI HE MOXKE IEPEeBUIYBaTH
Tomy wmartepian  30BHIIIHIX  IIApiB  MWIIHAPA  BUKOPUCTOBYETHCS
RII
G I
P g P
RFI

ExcriepuMenTanbHi AOCTIKEHHS MiATBEPPKYIOTh, 10 MILHICTh HWIIHADPA,

MeBHOI BENMYMHU. Buxomsum 3

Hee(eKTHBHO. PO3BaHTa)XUTH BHYTPIIIHI IIapy MOXHA 3a PaxyHOK OUIBII
Puc. 6. CkpimieHi nuiinapu

IO TMpalfoe TpPH BHYTPILIHBOMY
. . TUCKY, 31 30UTBIICHHAM TOBIIMHU
’ 3 CTIHKM 3pOCTa€ TUIBKH IO TIEBHOI
MEXi, OCKUIBKM  HaBiTb  TIpH

[}

L
pO3paxyHKy Ha  MIIHICTh  IIO
Puc. 5.Pe3yapTaTn €KCepuMEHTaIbHUX H.aprB.l, mo HOHyCK:aeTBCH’ . 1
JIOCJILIKEHB 10 MIPOOUTTIO TIEPEIIKOAN Y BUIJIsL BLATIOBIAHO OO0 TpPETHO1l TEOPIEIO
MyCTOTINMX LMITiHAPIB MilHOCTI ~ Oynmb-sike  30iIbLICHHS
IHTEHCHBHOTO HaBaHTa)KEHHS 30BHILIHIX ImapiB. s 1pboro mutiHAp MOTpiOHO
BUKOHATU CKJIaJOBUM, HaJiBIIM OAWH IWJIIHAP HA IHMIWK 3 HATATOM. Y TaKuX
LWITHIpaX BeJIMYMHA TPAHUYHOTO BHYTPIIIHBOTO THUCKY MOXE OYTH 3Ha4HO
Oinble, HiX B imicHOMY IotiHapi. [Tpu mocanii oqHOro HMiIiHApa Ha THIIHHN 3

HECKIHYEHHO BEJIMKOMY 30BHIIIHBO-
My paziyci BHYTPIIIHIH THCK B
TOBUIMHU  CTIHKM IWIIHApa He
JIO3BOJIUTH IOMY YTPUMYBATH THUCK OiJIblle, HiXK BU3HaUeHUI 3a Bupa3om (10).
HATATOM OKPYXHI HampyKeHHs Yy BHYTPIIIHbOMY LWIIHAPI  CTalOTh
CTHCKAIOUUMH , 2 B 30BHIITHBOMY — PO3TATYIOUUMHU (puc. 6).
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Jlis BU3HAYEHHS MIMOWHY NPOHUKAHHS Y/IapHUKA B IWIIHAP BUKOPHCTAEMO
pitnenns 3amayi ['amomina [11].

[Tpn HaBaHTa)kKEeHHI CKJIAJIEHOTO IMITIHAPa BHYTPIIIHIM THCKOM OOWIBI HOro
YaCTHHU OyIyTh MPAIFOBATH SIK OJHE LIJIE 1 B CKJIQJACHOMY LMJIIHIPI BUHUKHYTh
HaNpYyXeHHs, SKi TMOBMHHI OyTH anreOpaiyHO miJCyMOBaHI 3 IONEPEIHIMU
HaNpYXEHHSAMHU HATATY. Y BHYTPIIIHIX, HAWOUIBII HANPY)KEHUX TOYKaX podoui
HaNpY)XEHHS 1 HAaNpYXXEHHsI HATSATy MalOTh Pi3Hi 3HaKW. TakkuM YMHOM, CyMapHe
HANPY)KEHHS 3HWKYETHCSA 1 CKIQJOBHHA INUTIHAP 3MaTHHA BUTPUMATH OUTBIINN
TucK. OIHaK BHACIIZOK HATSTY 30UIBINYIOTHCS HAIPY)KEHHSI B 30HI KOHTaKTy Y
30BHIIIHBOIO HWIiHApPa. TOMy HaTAr O MOBHHEH MiAOMpaThCS AJs 3aJaHOro
poboyoro THCKYy p Tak, o0 Oyma 3a0e3leyeHa MIIHICTE HE TIIBKU
BHYTPINIHBOTO, a i 30BHIIIHBOTO HUIIIH/PA.

[Ticns mocaJKy OMHOTO IMIIIHAPA HA IHIIHMH 30BHINIHIH pajiyc BHYTPIIIHLOT'O
LWWTIHIpa 1 BHYTPIMIHIA paliyc 30BHINIHBOI'O CTAlOTh OJHAKOBUMH, a CyMa
a0CONIIOTHUX BEIMYHMH paliajbHUX IMEepPeMilllcHh 000X IMIIHAPIB MO pamiycy
MOBEPXHi KOHTAKTY MiJI €10 KOHTAKTHOTO THCKY JOPiBHIOE ITOJIOBUHI HATSATY.

KoHrakTHWiT THCK Oyzne 30BHIIIHIM [y BHYTPINIHBOTO LWJIIHApA 1
BHYTPIIIHIM JUIs 30BHIIIHBOTO LIMITIHIPA.

VY BIAINOBIZHOCTI 3 TPETHOIO TEOPI€I0 MIIHOCTI €KBIBaJEHTHI HAIPYXCHHS y
CKJIaJIOBOMY IIMITIHJPI BU3HAYAIOTHCS HACTYITHUM YiHOM [11]:

2
2~I’H2 1
OgkB = P~ 2 2 [1_ P P ]a (15)
I’HZ —I’Hl I’HZ I’Hl

2 2 2 2
I’HZ —I’Hl I’Hl —I”Bl

nie rle - BHYTPILIHIN pajiiyc BHYTPIIIHBOTO IMJIIH/pA, ”1—211 - 30BHILIHIN pajiyc

BHYTPIIIHBOTO HWIIH/PA, rl_zl2 - 30BHILIHIN paJiiyc 30BHIIIHBOTO IHIIHIpa.
YmoBam ["afjonina BiIIOBIIAIOTh HACTYIHI 3HAUYEHHS HATATY Ta KOHTAKTHOTO
THCKy [11]:
_ 2-p- ",
—5
2 .2 2 2
5. (i, =) (ig, =)

Px = 3 2 2 . (17)
4'""]_]1 er —I"Bl

§ (16)

3a pomomororo 3anexxHocreid  (12), (14)-(17)
MPOBEAEMO  pO3pPaxyHOK  HUIAXY  hIpOHUKHEHHS
cranpHOi  kynmi  D=0,00545Mm, mo pyxaersca 3i
mBuakictio V=600 m/c; [=0,02M; y craneBuit
CKJIaicHUH IIWIIHAP 3 MapaMeTpaMu B, =0,0025Mm,

iy, = 0,0035 M, i, = 0,005m, 06=0,0005 m, f=0,3,

s iwusnaseuwy N

E =2,1-10° MIla, [6]=1,6-10° MIIa (puc. 7). Pric. 7. Cxewa p3aeonit

BBakaeMo, 10 TOBHAa CHEPTis, IOTJIMHEHA KyJ1i i3 CKiIazieHuM
CKIIAICHUM IWIHIAPOM B IpoLeci Horo aedopmariii mpu HHIHAPOM
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posumpeHHi otBopy Ey= 2700 Ix.
[Mpu upx BuXigHUX AaHux, orpumaemo: 1=0,06 m.

[Ipu LBOMY, yMOBa (10) BUKOHYETHCSA (Hanpy>XeHHs
6o = 0,85-10*MITa < [0]).
BucHoBkn

1.JJocmimkeHo mpoiec B3a€EMOJIl BUCOKOIIBUAKICHOTO yaapHHKa (Kymi) i3
3aXMCHUMH TEPELIKOIaMH TPAJULIIHOTO TUITY Ta Y BUIJISAI HA00OPY MyCTOTLINX
LWTHIPIB (OAWHOYHOT'O Ta CKPIILIEHOTO0).

2.3anponoHoBaHa MOJIENb BHU3HAYCHHS TITUOWHU MIPOHUKAHHS
BHCOKOIIBH/IKICHOTO yIapHUKa (KyJi) B IIyCTOTUIl IMNIHAPH (OXUHOYHHMNA Ta
CKpIiIUICHHH).

3.IlpoBemeHi po3paxyHKH TJIMOMHM TPOHUKAHHA Kyl 31 CTaJeBUM
cepiedHUKOM i3 aBromarta KamammwnkoBa (AK-74) B craneBy IulacTuHy Ta B
cTajeBi wwiiHApu (OAMHOYHUEH Ta CKpiluleHui). Pe3ynmbratm po3paxyHKiB
TniepeBipeHi 3a I0NOMOT0I0 HATYPHHUX €KCIIEPUMEHTIB.

4.Tloganpie BAOCKOHAJICHHS 3aCO0IB 1HAWBIAYaJIbHOTO OPOHE3aXHCTY MOXKE
OyTH IOCSATHYTO UDISIXOM 3aCTOCYBAaHHS ONTHMAJIBHOTO IOEJHAHHS HOBHX
MaTepiaiiB i CydaCHUX KOHCTPYKTHBHO-CXEMHHUX PillIEHb.
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Kovtun A., Tabunenko V., Nesterenko S.
MODELS OF ENGAGEMENT BETWEEN A HIGH-SPEED FIRING PIN AND
PROTECTIVE OBSTACLES

The article is devoted to the process of engagement of a high-speed firing pin and protective
obstacles of both — traditional and new types. It analyzes the mechanism of punching the protective
obstacles. The article presents the formulas of determining the depth of penetration of a firing pin
into a protective obstacle of the traditional type. It proposes the models of determining the depth of
penetration of a firing pin into an obstacle in the form of a set of empty cylinders. The article
highlights the results of calculations and their comparing with the results of experiments. The author
determines the further researches to be related to the violation of the structural integrity of the bullet
with a steel core and a lead shell, the possibility of which must be taken into account while designing
protective structures.

The scientific basis of the research of the process of breaking the obstacles by high-speed firing
pins is based on the theory of elasticity, plasticity and strength of materials, the theoretical basis of
ensuring the survivability of personnel in the process of carrying out combat operations, the theory of
reliability of weapons, mathematical modeling, mathematical planning of experiments.

The aim of the article is to investigate the process of engagement between a high-speed firing pin
and a protective obstacle of the traditional type and an obstacle in the form of a set of empty
cylinders.

In the process of writing the article there was used the theory of the elastically deformed state of
thick-walled membranes, the theory of the strength of thick-walled membranes and the method of
Gadolin.The author has come to the following conclusions:

1. The article analyzed the process of engagement between high-speed firing pin (bullet) and
protective obstacles of the traditional type and in the form of a set of empty cylinders (single and
combined).

2. The article proposed the model for determining the depth of penetration of a high-speed firing
pin (bullet) into empty cylinders (single and combined).
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3. The article highlighted the results of calculations of the depth of penetration of a bullet with a
steel core from a Kalashnikov (AK-74) gun-machine into a steel plate and steel cylinders (single and
combined). The results of the calculations were verified using practical experiments.

4. The article set out that the further researches would be related to the violation of the structural
integrity of the bullet with a steel core and a lead shell, the possibility of which would be taken into
account in the process of designing protective structures.

Keywords: model, armor protection, high-speed firing pin, protective obstacle, deformation,
empty cylinder.

Koemyn A.B., Tabyuenxo B.O., Hecmepenko C.I.
MOJEJI B3AEMO/IIi BACOKOIIBUIKICHOI'O YIAPHUKA 3 3AXUCHUMHA
NEPEHIKOJAMHU

PosrisiHyTOo mporec B3aeMozil BHCOKOLIBUAKICHOrO YIApHHKA 3 3aXUCHHMH IEPELIKOAaMU
TPAAUIIIHHOrO Ta HOBOrO TUIIB. JIOCIIIPKEHO MeXaHi3M MpoOMBaHHs 3aXUCHUX Iepemkoa. HaBeneni
opmynH A1 BU3HAYCHHS TIMOMHU NPOHMKHEHHS YJapHUKA B 3aXMCHY IEPEIIKOAY TpaJHULiiHOro
THITY. 3aIPONTOHOBAHI MOJIeJIi BU3HAUCHHS TIMOMHH NPOHUKHCHHS YIapHUKA B IEPEIIKOAY Y BUIJIAAI
Habopy MyCTOTINMNX WTiHApPIB. HaBeneHi pe3ynbTaTi po3paxyHKiB Ta MOPIBHAHHA 1X 3 Pe3yJIbTaTaMH
excrepuMeHTiB. [lomanpini TOCTI/UKEHHS MOB’A3aHi 3 BPaXyBaHHAM IOPYLICHHS KOHCTPYKTHUBHOL
LUTICHOCTI KyJli 31 CTaJeBUM CEPACYHHUKOM i CBHUHIICBOI OOOJOHKH, MOXKJIMBICTH KO HEOOXiJHO
BPaxOBYBATHU IIPH HPOCKTYBAHHI 3aXUCHUX KOHCTPYKIIIH.

HaykoBOIO OCHOBOIO JOCHI/UKCHb IIPOLECY NPOOMBAHHS IEPELIKOJ BHCOKOIIBHIKICHUMU
yIapHUKaMH €: TeOopii MPYXKHOCTI, IJIACTHYHOCTI 1 MIIHOCTI MaTepiajiiB, TEOPETHYHI OCHOBU
3a0e3MeyeHHs] JKMBYYOCTI OCOOOBOro CKiIaxy MHigpO3AiNiB NMpH BedeHHI OoHoBUX iif, Teopis
HaIiMHOCTI 3pa3KiB  O030pO€HHS, MAaTeMaTHYHE MOJCIIFOBAHHS, MAaTeMaTHYHEe I[UIAaHYBaHHS
EKCIIEPUMEHTIB.

Mertoto ctarTi 6ys10 AOCHIAUTH MPOLEC B3aEMOJI] BUCOKOIIBUAKICHOTO yAAapHHKA i3 3aXHCHOIO
HEPEIIKOJ0I0 TPAIMULIIHHOr0 THITY Ta IEePEIIKOIO0I0 y BUIIIII HAOOPY IMYCTOTIINX LIMIIIHAPIB.

Ilpu HanucaHHi cTaTTi OyJO BHKOPHCTAHO TEOpis IMPYKHO-Ae)OPMOBAHOTO CTaHY
TOBCTOCTIHHUX 00OJIOHOK, TEOPist MIiLJHOCTI TOBCTOCTIHHUX 000JIOHOK, MeTo ["aoniHa.

3po0JIeHO BUCHOBKH:

1. JlocmipkeHO mpolec B3aeMOAil BHCOKOIIBHAKICHOrO yaapHuka (Kyii) i3 3aXMCHUMHU
HepeIKOaMH TPAAULIHHOIO THIY Ta Y BHUIJILAI HaOOpy MyCTOTUIMX LWIHAPIB (OOMHOYHOrO Ta
CKPIMIEHOr0).

2. 3anpornoHOBaHa MOJENb BH3HAYCHHS IJIMOMHU IPOHUKAHHS BHCOKOLIBUAKICHOTO yIapHHKa
(kyJ1i) B ITyCTOTLNI WMTHAPY (OAMHOYHHHN Ta CKPIIUICHUIH).

3. IlpoBeeHi po3paxyHKH INIMOMHU MPOHUKAHHS KyJii 31 CTAJICBUM CEPACYHUKOM i3 aBTOMATa
KanamuukoBa (AK-74) B cTaneBy miacTHHy Ta B CTajaeBi WWIIHAPH (OXMHOYHUN Ta CKPIILICHHH).
Pe3ynbTaTi po3paxyHKiB IepeBipeHi 3a JOMOMOr0I0 HATYPHUX SKCIIEPHMEHTIB.

4. Iopanpiui JOCTIKEHHS MOB’s13aHi 3 BPaXyBaHHSAM [OPYLICHHS KOHCTPYKTHBHOI LiNiCHOCTI
KyJIi 31 CTaJIeBUM CEPACYHHUKOM 1 CBHHICBOI OOOJIOHKH, MOXKJIMBICTH SIKOI HEOOXiJHO BPaxOBYBaTH
IPH IPOEKTYBaHHI 3aXMCHUX KOHCTPYKIIH.

KimrouoBi ciioBa: Mopenb, OpOHBOBHH 3aXHCT, BHCOKOIIBHAKICHHH YHApHUK, 3aXHCHa
nepeuko/a, aepopmaris, yCTOTIIMA LHITIHAP.

Koemyn A.B., Tabynenxo B.A., Hecmepenko C.H.
MOJEJH B3AUMOJEACTBUSA BBICOKOCKOPOCTHOI'O YAAPHHUKA C
SAIIMTHBIMHU NPEISITCTBUSIMUA

B nanHO# paboTe paccCMOTpEeH MNpoLecC B3aMMOJACHCTBHS BBICOKOCKOPOCTHOIO YAApHHUKA C
3alMATHBIMUA NPEHATCTBUAMA TPAJUITHUOHHOIO U HOBOI'O THIIOB. HCCJ’ICL[OB&H MEXaHU3M l'lpOGHBKM
3aIUTHBIX NpENmATCTBUH. IlpuBeqeHbl (OpMyIbl Ul ONpEICTICHUS] TIyOWHBI MPOHMKHOBEHHS
yIOapHHKa B 3aLIUTHYIO Hperpaay TPaJULMOHHOrOo THma. [IpeqioeHHble MOIEIN ONpEAC/ICHHS
Fﬂyﬁl/lel IPOHUKHOBCHHUA YAapHUKAa B MNPEHNATCTBUEC B BUIC Ha60pa IIYCTOTEJIBIX LUIUHAPOB.
IIpuBeneHHble pe3ysbTAaThl PacyeTOB M CPaBHEHMS MX C pe3ysibTaTaMM 3KcHepuMeHToB. [lpu
HAIMCAHUU CTaThd OBUIM MCIIOJB30BAHBl TEOPHS HANPSKEHHO-Ie(OPMHPOBAHHOTO COCTOSHHS
TOJICTOCTEHHBIX ~ O0OJIOYEK,  TEOpUsl  IPOYHOCTH  TOJCTOCTEHHBIX  00OJOYEK,  METOX
lagonuua.JlanpHelne MCCIENOBaHUS  CBA3aHbl C  y4ETOM HApyLIEHUs KOHCTPYKTHBHOM
LEJIOCTHOCTU MYJIM CO CTaJbHBIM CEPJCYHUKOM M CBHHLIOBOH O00OJOYKH, BO3MOXXHOCTb KOTOPOM
HEOOXOJMMO YIHUTHIBATS NIPU HPOCKTHPOBAHMHU OIPAXKIAIONINX KOHCTPYKLIHUH.

KaroueBble cjioBa: Mojenb, OpoHeBas 3allUTa, BBICOKOCKOPOCTHOHM YyNAapHUK, 3alUUTHOE
HPEMsTCTBUE, Ne(opMaliis, IyCTOTENbIH IHINHAP.
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MeTo rpaHHYHUX EIEMEHTIB BUKOPHCTOBYETHCS U1 DOCTIKECHHS 3B SI3aHUX TEPMOIPYIKHUX
TPUBUMIPHHX TapMOHIYHMX KOJMBAHb MACHBHHX TiN. [l OOYMCICHHS CHHTYJSIPHHX IHTErpajiB
3amporoHoBaHi aBa migxonu. Ilepruuii miaxin 6a3yeTbest Ha PO3BHHEHHI sEp IHTErPAIbHUX PIBHSIHD
B CTCNEHEBHIl Psifl, TOMI K APYTHH MiAXIA MOB’A3aHUH 3 aHATITHYHUM OOYUCICHHSM IHTErpaiB 110
IJIOCKOMY KPYTy 3 LIEHTPOM B MOJIOCI.

KimrouoBi  cioBa:  3B’s3aHa  TEPMOIPY)XKHICTH, TPaHMYHI  IHTErpajbHi  pIBHSAHHI,
(yHIaMEHTaIBHUH PO3B 30K, CHHTYIISIPHICTD, CTEIICHEBHH PSA.

Beryn. IloennaHHsl iHTEHCUBHUX CHJIOBUX 1 TEMIEpAaTypHHUX HaBaHTaKEHb
Ha TPYXKHI €JIEMEHTH JOCHTh YacTO 3YCTPiYaeTbCid TIPHU  EKCIUTyaTamii
OyImiBeNbHUX 1 MAIIMHOOYMIBHMX KOHCTPYKLIH. Y THUX BUNAAKax, KOJIU
MPOMIXKOK 4acy, BIIPOJIOBX SKOTO BiIOYBAa€ThCsS HArpiB YW OXOJOIPKEHHS, €
CYBUMIpHHMM 13 TEpIOZOM BJIACHUX KOJMBaHb 3a IEpIIO0 (OPMOIO, BUHHKAE
CyTT€BA B3AEMOJISl TEMIIEPAaTYpPHHX 1 CHIJIOBHX IIOJiB, IIO 3yMOBIIOE
HEeOOXiTHICTh PO3B’sI3yBaTH 3B’s3aHy 3aJady TEPMOIPYKHOCTI. JlocmimKeHHs
3B’3aHUX XBWJIBOBUX TIPOIECIB Yy TEPMONPYXKHHUX TiNaX Hapasi CTaHOBUTH
3HAYHUHA IHTEpeC Uil IH)KEHEPHOI MNpaKTUKH. 3ajadi 1po TEePMOIPYKHI
KOJIMBaHHSI MAaCHBHHX TiJI 3arajbHOIO BHIJISIY MOXYTh OyTH pPO3B’s3aHi, 3a
PILAKMMY BHKJIIOUEHHSIMH, TUIBKM 4ucelbHO. Cepen YMCEIbHUX METOMIB, SIKi
3aCTOCOBYIOThCS JUISi TakMX 3ajqad, YWIbHE Miclue 3aiiMae TOTYXHHH 1
YHIBEpCAJIbHUH METOJl CKIHUEHHUX EJIEMEHTIB, pi3HI aCleKTH BHUKOPUCTaHHS
SIKOTO JUIsl JIOCITI/DKEHHSI 3B SI3HUX 1 HE3B’SI3HUX TEPMOIPY)KHHUX KOJIVBAHb
BHUCBITIIOEThCS B poboTax [1-5]. B GaraThox BUmaakax Juisi po3B’si3aHHS 3a/1a4
PO KOJMBAHHS TEPMOMNPYKHUX T YCIIIIHO MOXe OyTH 3aCTOCOBaHHH METOJ
rpannuHux enemenTiB (MI'E). Binpmicte pobiT B HbOMY HampsIMKy MaroTh
cripaBy i3 pO3B’SI3aHHSAM HE3B’si3aHOI 3ajavi [6-8], ajme Takox icCHye 3Ha4yHa
KUJIBKICTh CTaTel, B SIKUX PO3IIIAIAIOTHCS 3B’s13aHI TEpPMONPYXHI KOJIMBaHHI. B
JIesKUX 3 TaKhX poOIT TeMmeparypHe HaBaHTaKEHHS PO3TISIAEThCS SIK
posmoniicHe Mo 00’eMy, a 00YHCICHHS 00 €MHHX IHTErpajiB 3MIHCHIOEThCS 3a
BiJJOMHMH TPOLIEAYPAaMH JBOICTOrO B3a€EMHOTO METOIY TPAaHHMYHUX €JIEMEHTIB,
Bimomoro sik DRBEM [9-10], a6o Omm3pkoro mo Heoro RIBEM [11]. Taki
MPOLIEAAYPH, 3 OAHOrO OOKY, 3HAYHO CIIPOIIYIOTh MaTeMaTWU4HI BUpa3d, a 3
IHIIOrO, BHOCATH JIONATKOBI MOXMOKM ampokcumanii. Pazom 3 THM icCHYIOTBH
pobotu, B sikuX Uit po3B’s3aHHs 32 MI'E BHKOpHCTOBYIOThCS (hyHIAMEHTAIIbHI
po3B’si3ku 3B’s13aHOi 3ajavi [12-15]. BapTo migxpeciauTH, MI0 BHPa3H TAaKHUX
(yHIaMeHTaIbHUX PO3B’SI3KiB, oTpuMaHi B [16] st TpuBuMipHOi 3aaa4i i B [17]

© Bopona 10.B., Kapa [./I.
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UL IBOBUMIPHOi, MICTSATh B 3HaMEHHHKY BiJICTAHb MIX JDKEPEJIOM 1 TOYKOIO
CIIOCTEPE)KEHHS y BHCOKOMY crymeHi. Ll oOcTaBMHa 3Ha4YHO YCKJIaIHIOE
OOYMCIIEHHSI BIJNOBIMHUX CHHTYISpHHUX iHTerpaniB. Jlam B mpeacTaBieHin
CTaTTi PO3pOOIISAIOTHCS MiIXOAH VISl TIOOJaHHS BKa3aHOI MEPEIIKOIH.

1. OcHoBHi cniBBinHOmenHsi. CucreMa TpaHUYHHUX IHTETPAIBHUX PiBHSHB,
SIKI BIJIIOBIJIAIOTh 3a/la4i TPUBUMIPHUX TapMOHIYHUX 3B’S3aHUX TEPMOMNPYKHUX
KOJIUBaHb [ 1 8] Ma€ BUIIALL
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:#De(g) 4"8(’1 Q) j (Q)U4k(P,Q)dF},],k=1,2,3, (1)

.[9 8U44(P Q) dr- J. 89(Q) Uy (P,Q)dI

=%{ [u;(O)T;4(P,O)YAT - [t,(Q)U ;4(P, Q)df} : )
I I

JIe U, — aMIDTITYIHE 3HAYCHHS KOMIIOHCHTH BEKTOpa IEPEMIIICHb; M — KOJOBa

qacToTa; O — ammuitTyga Temneparypu; y=3Ko,, o~ Koedilli€eHT TemnaoBoro

3A+2u
3

posumpeHHs, K — MOayab 00’€MHOTO CTUCHEHHS (K = ), K — Koe(ilieHT

. . vT; .
TEMIICPATYPOIIPOBIAHOCTI, n=TO . T() — TEMIICpaTypa B HCHAIIPpYKCHOMY CTaHl1,
0

Ao — KoeiLli€HT TEerIonpoBiAHOCTI; /" — IpaHuLs Tija.

Martpunst pyHIaMeHTanbHUX pO3B’s3KIB cucTeMH piBHsAHB (1), (2) Moxe
Oyrn mmojaHa y BUIJIIAI CYKYNHOCTI YOTHPHOX YACTHH, SIKI 3alUCYIOTHCS
HACTYITHUM YHHOM.

— IlepemileHHs] TOYOK MPYKHOTIO MPOCTOPY B HANPSIMI OCI X BiJ i1 OIMHAYHOL
30CepeKEHOI CUITH, IPUKIIAIEHOI 10 KapKacy i CIpsIMOBAHOI B3IOBXK OCi X;:

S iA3(@)r 3
U (r, w)— ki eT_z a, (co)[SijO (ro,m)+r,; 7, U, (r,co,m)], 3)

m=l

ik (@)
Uy (r,0,m)y=5—— [ih,, (@)r—1], 4)
m (@)
Uz(r,(o,m)——[3 3ik,, (©)r A2 (0)r ] (5)
r

Jie ¥ — BiJICTaHb MK TOYKOIO (, B sIKiii BU3HAYAETHCS MMEPEMIIICHHS, Ta TOYKOIO
P, 10 K01 pUKIIaZicHa 30CepeKeHa CHJIa,

A2 —k? K —\? 1
(1] ((D)z 2 1 1 1

B (04 W)= B )
4mp* (A3 -A}) (0= po (M -A7) GO e

2
_ 2 _pw
1( )= 7”_2 k3(®)—_u 5
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2 .42 ROR iony 2.2 ®  i®
A +AS= LS = o)
k+2p K A+2u’ A2 K
A 1 1 — koHCTaHTH Jlame, p — TyCTHHA MaTepiaiy.
— Temmnepatypa TOUOK HPYKHOTO ITPOCTOPY BiJ Aii OAMHUYHOI 30CepeKEHOT
CHITH, CIIPSIMOBAHOI B3JJ0BXK OCi X;:

iy
U4j (7’, 0)): 2 zn
4n(A A7) (h+2u)
— IlepemimeHHs Bif Jil 30CepeKEHOT0 TEIIOBOTO JPKEpera, IHTCHCUBHICTD

SIKOrO W IOpIBHIOE 3a BETHMYUHOIO KOC(IIIEHTY TEIUIONPOBITHOCTI Ay, TaK IO
BemuuHa W/l HOPIBHIOE OJVHUIL:

B

ro (U (r,0,2)-U, (r,0,1)] . (6)

Uya(r,0)= 4n(x§—x?)(x+2u) r, U )-Up(ro,2)]. (1)
— PO3HOI[iJ'I B HpOCTOpi TEMIICpATYpH, AKa CIIpUINHCHA [[16}0 BHUIIIC3TaJaHOI' O
30CCPEIKECHOr0 TCIJIOBOT'O JIXKEpEIa:
Ups(r0)=——5 [ 3 -AD)e™ O —(0F k)™ . ()
An (A5 —A;)-r
Kopucryrouncs (GopMyiiorn Ajs Hapy»KeHb Ha TUIOMIUHIN 3 KOMIIOHEHTAMH
HOpMaJti n;:
Oy = Oy (Mt =¥O) + Uy, j 1t )
OTPUMYEMO:
— HaIlpy)KCHHA Ha IUIOHIMHINlI 3 HOPMaJUIIO }’lj Bl O11 OAUHHUYHOIL
30CCPEIKEHO1 CUJIN, CIPSIMOBAHO1 B3JOBK OC1 Xy

1 3
Ty (r’“))zﬁ[sjk gr tmr; +%njr,k }Uo(”‘s)+ Y (M0, —

m=1

3
—ia)'m[}m)njr’krUO(r,km)—Eu{z OLm( Jkg +mr i+, rk)iUz(r,Xn1)+

m=]

3
+Zo¢ rka T(r?x, )} k,j=1,2,3, )
m=1
ik,
Ty (ro.m) = <[ + 6027 +15i,,r 15 (10)
r

— HANpYKEHHs, 10 BUHUKAIOTH BHACIHIZOK il 30CEpeKEHOr0 TEIIOBOIO
JoKepena

Do
Tj4 (r, 0)) = 21t(7»% - klz Y2 {nj [TO (r,u),2) =T, (r,co,l)] +

+I"j g_;’;[UZ(r,U),l)_UZ(rswsz)]}’ (12)
ik,
To(r,m,m)26r3 (pz(":l r —}\,27‘2_1}\, I"+1] (13)

— TEIUIOBUH IMOTIK, CIPUYMHEHHUN JI€10 30CEPEIKCHOr0 Kepea;
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8U44 1

on  4r (A2-A2) "on
2. ITonaHHA KOMIIOHEHT sJep BiApi3koM cTeneHeBoro psaay. CtannapTHUHA
aJrOPUTM METONY TPAaHHUYHUX CIEMCHTIB 0a3yeTbcs Ha 3aMiHI IIOBEpXHI
po3paxyHkoBoi o0iacti I' cykymHicTio N eeMeHTIB A, i3 3a1aHOI0 TeOMETPIEIO,
JIOCTaTHHO MAaJMX Ul TOrO, MO0 B MeXKaxX KOXHOTO 3 HUX BBaXKAaTH IIyKaHi

(YHKIIT TAKUMH, 110 3MIHIOIOTHCS 32 Harepe/] 3aJaHUM 3aKOHOM.
Ilpu Q¢A, iHTerpamu, ski BXOAATh A0 cuUcTeMH piBHAHB (1), (2) €

IOk (0.2~ (3~ (r0.D)]. (14)

pETYISIpHUMH 1 MOXYTh OyTH oOuMcieHI 3a KyOarypHHUMHU (QoOpMyIaMu.
Bonnouac, ockinbku kommoneHtd U,, U, , Ty, T3 MICTATh y 3HaAMCHHHUKaX
BETHYMHU  Ta 7*, TO Ge3mocepeaHe uncebHe iHTerpyBaHns Bupasis (4), (5),
(10), (13) Ta Bupazy

A, (@)

U "
=2 (r,0,m) = er—4[3—3ixm(co)r—xfn (@) ] (15)

[0 TPAaHUYHUM EJIEMEHTaM, JIe PO3TAIlIOBaHUH IMOJIOC, € HeMoxiuBuM. 11100
MOAONIATH IO IMEPEIIKOy, BUKOPUCTAEMO PO3BHHEHHS JIaHUX BEIHYHH B Pl
MakiopeHa. B pe3ynbrari orpumMmyemMo:

N
Uy (r,0,m)= S Y, (i?»m (0)))

(s p- /"2

R (D! (16)
3 (@ X (n+3) el
Uz(i",(,l),m)zr—3+T+nZ=“l(l7\,m((D)) m, (17)

A2 nt (n-2
(o)== 5152 (@, o) GRS

N N n—1
_ 1 P ntl n=2 n P nr
To(r,m,m)——r3+2(l7um) r v +1)'+0 SX{ +n§1(l7»m) — } (19)

n=1
Possunenns (16)-(18) ouikyBaHO MiCTSTb Y 3HAMEHHHMKAX BETHUMHH 1~ Ta 1,
ajie OCKiJbKH KOXKHE 3 HUX MHOXHUTBCA Ha BiAmoBigue o, (), m=1,2,3, 1 Bci
TPH IOOYTKU CKIAJAlOThCA, IPUUOMY O, +0l,+0; =0, To B pe3yabTaTi Oynemo
MaTu

3 3 N ntl . 2
%}am(m)UO(r, w,m) = %1 o, (w)n%(ikm (@)™ ’Zi’l:'l)! , (20)

3 3 N pl n-(n—2)-r""2
m%ocm (@)U, (r,0,m)= mZ:,locm ((o)n%(i?»m((o)) 1%, 21
U ()= ) Sy @)

—i ﬁ(x yrt e [5 Hn=2r 7y |- (22
m_lam(m)n_ll m(m) (+1)‘ kj (I’Z )r’jrak ( )

4nu -

3 AN (D). 9. 413
S 0, @3 (ro.m) = 3 (w)Z(m (o) R 23)

m=1 m=1
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Bupasu (20)-(22) MicTaTh y 3HAMEHHUKAX BEJTUYMHU 7' Y CTYIICHI, HE BULIOMY
3a mepumid, a Bupa3 (23) — y CTymeHi, He BHIIOMY 3a JAPYTUi, TOOTO
CHHTYIISIPHICTh IIMX BHpa3iB CIIBNAJAE 13 OCOONMBOCTSIMU BIANOBITHUX siziep
3aJlauy CTaTHKH, 1 OTXKe, IX IHTEerpyBaHHs HE CTAHOBUTH TPYIHOILIB.

B cBoto uepry, xoua po3BUHEHHS KOMITOHEHTH 7, MICTUTb y 3HAMEHHHKY
BenuunHy ° , ane y Bupas (12) Bxomuth He mpocto T, a pi3HHIA
To(r,®,2)-T,(r,®,1), po3sBUHEHHS SKOi Ma€ BUIIIA

N 2
Ty (r,,2) =Ty (r,0,1) = nzzl[(ixl(co))”“ —(Bo (@)™ |
2w 1.1
0.5 @)° Y, [ @ (©)" - iy @) [ (24)
n=I :

3
Pesynbratn 00YMCIIeHb Oe3pO3MIPHHX BelMHUHMH Wr Y. o, (@)U, (r,w,m),

m=l1
3 3
ury o, (W, (r,0,m), w?Y o, (o) (r,0,m), e [TO (r,0,2)-T, (r,co,l)]
m=1 m=1

3a ¢opmynamu (4), (5), (10), (13) Ta 3a momomoror HabmwxeHux Gopmyin (20),
(21), (23), (24) npu pi3HIA KUTBKOCTI WIEHIB pAAY 1 pI3HUX 3HAYCHHIX

0e3p03MIipHOro mapamMeTpa 4acTOTH %, ne C, =./Uu/p , HaBezeHi B TAOIUILIX
2

1-4. B mporeci 00YHMCICHh BHKOPUCTOBYBAJIMUCH TaKi 3Ha4YeHHS (i3HUKO-
MEXaHIYHHX XapaKTePUCTHK: 0,=1,2:10°K ", k:p:&lOlOHa, Kk=2-10" MZ/C ,
r=0.5M, Ay=30B1/(M:K), p=7800kr/n’ .

Tabnums 1

3
Pe3ysnbrati 0G4HCICHD BEMUUYUHH 21r Y, o, (), (r,,m) 3a hopmynamu (4) Ta (20)

m=1

oF JliticHa yacThHa VsBHa yacTuHa
~ (20) (20) (20) (20) (20) (20)
G ) M=4 M=8 M=12 ) M=4 M=8 M=12

04 ] 0.053 0.053 0.053 0.053 0.0086 | 0.0086 | 0.0086 | 0.0086

1.2 ] 0.047 0.047 0.047 0.047 0.025 0.026 0.025 0.025

2 0.037 0.036 0.037 0.037 0.038 0.043 0.038 0.038

2.8 1 0.023 0.019 0.023 0.023 0.048 0.06 0.048 0.048

3.6 ] 0.0063 | -0.004 | 0.0063 |0.0063 0.052 0.078 0.052 0.052

4 -0.002 | -0.018 | -0.002 |-0.002 0.0519 | 0.0862 | 0.0523 | 0.0519

441 -0.01 -0.032 | -0.011 -0.011 0.051 0.095 0.051 0.051

52] -0.025 | -0.067 | -0.026 | -0.025 0.044 0.112 0.047 0.044

6 | -0.037 | -0.106 -0.04 -0.037 0.033 0.129 0.04 0.033

6.8] -0.045 | -0.152 | -0.051 -0.045 0.019 0.147 0.035 0.019

7.6 ] -0.048 | -0.203 | -0.063 | -0.048 | 0.0037 0.164 0.038 0.0045

8 -0.047 | -0.231 -0.07 -0.048 | -0.004 0.172 0.044 | -0.0028
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3

Tabmuis 2

Pe3ysnbrati 0G4KCICHD BEMMYUHH 21r Y o, (), (r,®,m) 3a hopmynamu (5) a (21)

m=1

oF JliticHa yacThHa VsBHa yacTuHa
e 21 21 21 21 21 21
Gl oo [k v | © ] v | vk | e
0.4 -0.054 | -0.054 | -0.054 | -0.054 | -8.-10° | -8.-10° | -8.-10° | -8.-10°
1.2 -0.06 | -0.06 | -0.06 | -0.06 [-0.0021 | -0.0022 | -0.0021 | -0.0021
2 -0.068 | -0.071 | -0.068 | -0.068 | -0.0092 | -0.0096 | -0.0092 | -0.0092
2.8 -0.077 | -0.088 | -0.077 | -0.077 | -0.024 | -0.027 | -0.024 | -0.024
3.6 -0.082 | -0.111 | -0.082 [-0.082 -0.045 | -0.058 | -0.045 | -0.045
4 -0.081 | -0.125 | -0.082 |-0.081 -0.058 | -0.08 | -0.059 | -0.058
4.4 -0.079 | -0.14 | -0.08 | -0.079 | -0.073 | -0.106 | -0.073 | -0.073
5.2 -0.064 | -0.174 | -0.07 | -0.064 | -0.102 | -0.175 | -0.104 | -0.102
6 -0.038 | -0.213 | -0.05 | -0.038 | -0.128 | -0.269 | -0.134 | -0.128
6.8 6.610% | 0259 | -0.04 | 7.3-10* | -0.147 | 0391 | -0.164 | -0.147
7.6 0.047 | -0.31 | -0.054 | 0.045 | -0.151 | -0.547 | -0.197 | -0.152
8 0.072 | -0.338 | -0.078 | 0.068 | -0.148 | -0.637 | -022 | -0.149
TabGmuns 3

3
Pesyrnsrati 0G4KCIeH BeMuned 4ur” Y, o, (0)T, (r, @, m) 3a Gopmynamu (10) ta (23)

m=1

oF JliticHa yacTrHa VsBHa yacTuHa
A (23) | 23) | (23 (23) (23) (23)
G A0 1 Vza | m=s | M=12| (O M=4 M=8 M=12
0.4 032 | 032 | 032 ] 032 |-9.5107 | 2410 | -9.5-10”7 | -9.5-10”
1.2 0335 | -0334 | 0335 | 0335 | -2.3:10% | 7.1-10% | -2.3-10% | -2.3-107
2 0362 | -0.357 | 0362 | -0362 | -0.003 | 1.2:10™ | -0.003 | -0.003
2.8 041 | 039 | -041 | -041 | -0.014 | 1.710™ | -0.014 | -0.014
3.6 0479 | -0.436 | 0476 | -0.479 | -0.047 | 2.3-10™ | -0.046 0.047
4 052 | -0463 | 0513 | -0.52 | -0.0755 | 2.6:10™ | -0.0736 | -0.0755
4.4 0.564 | -0.493 | 055 | -0.564 | -0.116 | 2.9-10™ | -0.111 0.116
5.2 0.652 | -0.561 | -0.601 | -0.652 | -0238 | 3.6-10™ | -0.219 -0.238
6 0.718 | -0.641 | 0562 | -0.715 | -0.423 | 1.22:107 | -0.356 0.422
6.8 0.728 | -0.732 | -0.321 | -0.718 | -0.672 | 5.3-10™" | -0.471 0.668
7.6 0.648 | -0.834 | 0.299 | -0.609 | -0967 | 6.3-107 | -0.44 0.954
8 0564 | -0.89 | 0.829 | -0.493 | -1.121 | 1.73-107 | -0.301 -1.096
Tabmauns 4

Pe3ysnpraTn 004YHMCIEHb BETHIUHH r [To (r,0,)-T)(r,m, 2)] 3 BUKOPUCTAHHSAM
dbopmyin (13) ta (24)

oF JliticHa yacTrHa VsBHa yacTuHa

= (24) (24) (24) (24) (24) (24)
G (13) M=4 | M=§8 | M=12 (13) M=4 M=8 M=12
0.4 1.013 | 1.013 | 1.013 | 1.013 | 0.0013 | 0.0013 | 0.0013 | 0.0013
1.2 1.116 | 1.116 | 1.116 | 1.116 | 0.034 | 0.034 | 0.034 | 0.034
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2 1.296 | 1.297 | 1.296 | 1.296 | 0.154 | 0.154 | 0.154 | 0.154
2.8 1.507 | 1.507 | 1.507 | 1.507 | 0.405 | 0.405 | 0.404 | 0.404
3.6 1.686 | 1.726 | 1.686 | 1.686 | 0.807 | 0.815 | 0.807 | 0.807
4 1.741 | 1.816 | 1.742 | 1.741 1.066 | 1.084 | 1.066 | 1.066
4.4 1.762 | 1.892 | 1.762 | 1.762 | 1.361 1.395 1.361 1.361
5.2 1.663 | 2.011 | 1.664 | 1.663 | 2.036 | 2.145 | 2.037 | 2.036
6 1.328 | 2.128 | 1.333 | 1.328 | 2.777 | 3.068 | 2.778 | 2.777
6.8 0.715 | 2.362 | 0.732 | 0.715 | 3.501 | 4.186 | 3.505 | 3.501
7.6 -0.191 | 2.915 | -0.141 | -0.191 | 4.112 5.57 4.124 | 4.112
8 -0.75 | 3.401 | -0.668 | -0.75 | 4.341 6.405 | 4.363 | 4.341

3 TabaMIs BUIHO, 11O MPH 301IIBIIEHH] KUTBKOCTI WIEHIB psiay 10 8-u abo 12-
W 3HAYEHHs BWIICHABEJCHUX BEIMYMH, OTPUMaHi 3a JOIMOMOrOK BHpa3iB 3
BUKOPHCTaHHSIM PO3BUHEHHs B psii MakiopeHa, MalOTh XOpOILy 301KHICTB 3i
3HAYCHHSAMH, OTPHMMAaHUMH 3a jgomomororo Bupasie (4), (5), (10), (13). Ile
TOBOPHUTh TIPO HAJAIWHICTh OTPUMAHUX JaHUX Ta MOXIMUBICTD IOAAJBIIOT
noOyIOBH Ha 1iii OCHOBI €PEKTUBHOI METOIMKH YHCEILHOTO PO3PAXyHKY.

3. ®opmyan Aas O0YMCIEHHS] CHHTYJISIPHMX YacTHH iHTerpaiiB. Y
BUMAJKY, KOIM €NeMeHT A, € TIUIOCKMM, JUISi OOYMCIEHHS CHHTYISIPHHX
IHTErpaJliB MOYKHa OTPUMATHU JOCUTHh KOMIAKTHI BHpa3u. s 1iboro BBegeMo Ha
IUIONIMHI, B Kill J&XKUTh €1EMEHT A,, MIiCLIEBY CUCTEMY KOOPAUHAT M;,M;,,M;3
3 MOYaTKOM B Toulli P i MO3HauYuMO wYepe3
€;,¢,; HAmpsAMHI KOCHHYCH oced m;,M,
BIIHOCHO TIJI00aJbHOI CHCTEMH KOOpAWUHAT
X,Xy,X%; . Ilpm 1pOMy HampsaMOK OCi ™3
CHiBIaZae 3 HANPSIMKOM 30BHIIIHBOI HOpMai
no enementy A, . Ilonoxennsa toukun O B

obmacti A, Oynemo XapaKTepu3yBaTH pajiyc-

BEKTOPOM p 1 TMOJISIPHUM KYTOM @, BI/ITIK SKOTO
Puc. 1 3IIACHIOETRCS Big oci 1; (puc. 1).
Buninumo B obnacti A, kpyr C pangiycom R

1 PO3TJISIHEMO 1HTETpa
2n R

_[U (P,Q)dI = hmHU (P,Q)pdpdo ,

ne U 3anaersest BupasoM (3).

BukoHaBIm iHTETpyBaHHS, OTpI/IMa€MO

ilar
Cgr=2% (R, (25)
3
2n R on” ok eikms
iA,,r—1)rdrde=2n ,
[ a7

3aBJdKU YOMY
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za (m)j Uy (r,o,m)dl’= 2nza (@)[ —ixmj. (26)

m=]

TyT BUKOpHCTaHO Te, 1110

hmZoc

-0

A

me

3
=> a0k,
m=1
OCKIJIBKH
3
> o, (®)=0.
m=1

Jaumi, Bi3bMeMO 10 yBaru, 1o

_or_%(0)-x(P)

= oy p =€, CosP+e,; sing,

BHACIIIIOK YOI
2n

_[ Tyl d(p=7t(e]je]k +e) 6y )=7t(8jk —n;n).
0
Tenep nerxo OTpI/IMaTI/I

Z a (OD)IF,] 7o Uy (r,0,m)dl =

m=]

=n(8y — nnk)Zoc (m){

[Noemnyroun pe3ynbraTh iHTErpyBaHHs (25)-(27), OTpUMYEMO OCTATOYHO

(ih,,R=3)+2i\,, } (27)

U. P,0 dr:ai(efh’*—l)—
Jk

2iksp
ok ok
—nZoc (m){Sk “——(ir,,R-D)+n; n,{ (ih,, R=3)+2ik,, |¢. (28)
m=1
InterpyBanns mno obmacti A,—C, TOOTO MO pelITi TPaHUYHOTO €JIEMEHTa,
[0 MICTUTHh MONIOC P, JEerko Moke OyTM BHUKOHAHE Ha OCHOBI KyOaTypHUX

dbopmyt.
Bapro Bif3HAUMTH, 1[0 y BHIAIKY TIIOTETHYHOTO CEPEIOBHUINA, B SKOMY

BiJICYTHE TEMJIOBE pO3LIMPEHHS (KOoe(illieHT TEIIOBOro PpO3IIMPEHHS O,
JIOPIBHIOE HYJIIO), BUpa3 (28) HaOyBae Bnrnﬂz[y

{5,9 {211(2 (zk2R+1)—

£ Uy (P,Q)dF=4p0) (zk]R 1)}

GhR ohR .
+n {T(zk]R—B)— R ik, R-3)+2i(k,—ky) | ¢, (29)

2 2
! S\ A2 ky=hs \/ T

Jec
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Bupa3z (29) 3 TouHicTIO 10 MO3HAYeHb CHIBMAJa€ 3 aHAIOTIYHUM BHPA30M,
HaBeJeHUM B po0oTi [19] i mpu3HaueHUM /1t OOUUCIICHHS CUHTYJISIPHOT YaCTUHH
iHTEerpally BiA (QYHIAMEHTAJIbHOTO pO3B’SI3KY, KW BIANOBigae 3aaadi
TPUBUMIPHOI €J1aCTOANHAMIKH.

Posrnsinemo Temep iHTerpan mo kpyry C BiA y3araJbHEHOI MOXiZHOT
(hyHIaMEHTaILHOTO PO3B’SI3KY

2n R

I Ty (P.Q)dr =lim I I Ty (P,Q)pdpdo
me T; 3amaerbest BupasoM (9). Ban/IMo o Oynb-KUi TOJaHOK, 3 THX, IO

. or
BXOJUTh 10 cKiany T , MicTuTb 200 MHOKHUK E abo r,, 4u r, ; B IIEpIIOMY
n
or

cryneHi. OCKUIbKM Ha IUIONIMHI, SIKa MiCTHTh 00HMaBl Touku P i Q, ——=0 Ta

on

2n

Ir,]d(p I(e]] cos p+e; ; sin@)de=0, To
1, (P.0)Ar=0
c

3 Takol K MPUYHMHH JOPIBHIOIOTH HYJIIO IHTETPaJIM 10 KPYTy BiJi KOMIOHEHT

(ysmamentanbaoro poss’ssky Uy, (upas (6)), Uy, (upas (7)) ta WUy

on ’ o
3amaHa Bupazom (14).
JL1st CHHTYIISIDHHX IHTErpailiB 10 KPYry BiJl KOMIOHEHT T4 Ta s Oynu
OTpUMaHi BiJIIOBiTHO HACTYITHI BHUpa3H
21 R an
T.,(P,Q)dI'=lim T.,(P,Q)rdtdp=—————"—X
I (ro)ar=im [ 1 (P o)t~
R 2 42
. T, 1(0 5A5 7»)
xlim [Ty (7,0,1)~T, (r,®,2)[rdr=————~L——{ex R —_—
i 7o r0.1)T, (0.2 (xg_xf)(mm{ plil, )[ o
—exp(irR) {—+l(057;h—37“‘)}+0 5i kz (k——%j} (30)
1
U (P, Q) onzny
— oU,, (P,Q)rdrdo= m ||U,(r,»,2)—
T H 44 (P.Q)rdrdg 2(xg_m(mmwj[ 0(r.0.2)

ionn, [ exp(ik,R)—exp(ik, R)
202 -A2)(h+2u)L R

—Uy(r,0,1)]rdr —ik } (31)

4. BucnoBku. IIpencrasicHi B CTAaTTI pe3yabTaTH NPEICTABISAIOTH COOOIO
CHUCTEMY CIIBBIJHOIICHD I BU3HAYCHHS CHHTYJISIPHHUX YacCTHUH IHTErpaliB, 3a
JIOTTIOMOTOF0  SIKUX €(EKTUBHO OOYMCIIOIOTHCSA JIiarOHaJbHI KOMIIOHCHTH
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anreOpaiyHOrO aHauora CHCTEMH IHTerpajbHUX piBHSHB. [lo cyTi, HaBeneHi
CHIBBI/JIHOIIEHHSI CKJIQJAIOTh TOJIOBHY YacTHHY YHCEJIBHOI'O alTOPUTMY,
CHPSIMOBAHOTO Ha PO3B’S3aHHS 332 METOJIOM TPaHUYHHX EJIEMEHTIB 3aJadi mpo
3B’3aHI TPUBUMIPHI TapMOHIYHI TEPMOINPYKHI KOJMBAHHS MacCHBHHX
€JIEMEHTIB KOHCTPYKIIiH.
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Vorona Yu.V., Kara I.D.
EVALUATION OF THE SINGULAR INTEGRALS OF THE THREE-DIMENSIONAL
THERMOELASTICITY

The article deals with the solving of the problem of coupled thermoelastic vibrations of massive bodies.
Numerical solution is sought by the boundary integral equation method. The main attention is paid to the
definition of singular parts of integrals i.e. to integration along those boundary elements on which the pole is
located. Two approaches are proposed for evaluation of singular integrals. The first approach is based on the
expansion of integral equations kernels in a power series. For the realization of this approach, compact
expressions approximating all components of the kernels are obtained. The obtained expressions has weak
or strong singularities when the distance between the source point and integration point goes to zero similar
to the behaviour of the corresponding elastostatic expressions. Therefore, such expressions can be
successfully used for singular integrals evaluation. A number of numerical experiments have been
performed, which confirms the robustness of the approach in a wide frequency range and allows us to trace
the dependence between the number of retained members and the accuracy of the calculations. The second
approach is related to the analytical calculation of integrals over a flat circle with a centre at the pole. In this
paper the exact formulas were obtained that allow us to compute effectively the corresponding integrals
over the boundary elements on which the pole is located. Among other things, the obtained exact
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expressions prove the existence of corresponding singular integrals in the sense of the Cauchy principal
value. As a matter of a fact the above relations form the main part of a numerical algorithm aimed at solving
the problem of coupled three-dimensional harmonic thermoelastic vibrations of massive elements of
constructions using the of boundary element method.

Keywords: coupled thermoelasticity, boundary integral equations, fundamental solution, singularity,
power series.

Bopona FO.B., Kapa 1.]].
BBIYMCJIEHUE CUHTYJIAAPHBIX HHTETPAJIOB TPEXMEPHOM TEOPUU
TEPMOYIIPYI'OCTH

MeToa IpaHHYHBIX DJIEMEHTOB HCIIOAb3YeTCs ISl MCCICIOBAHUS CBSI3aHHBIX TEPMOYIPYTHX
TPEXMEPHBIX TapMOHHYECKHX KOJICOAaHHII MAcHBHBIX Tel. J[isi BBIYMCICHHS CHHIYJIPHBIX
MHTETPaJIOB IPEAJOKEHBl aBa moxaxoma. llepBblii moxxon Oasupyercss Ha pas3jokKCHHUH saep
MHTETPAJIbHBIX YPAaBHCHUH B CTENMEHHOH PsA, TOrJa Kak BTOPOW IOAXOA CBSI3aH C AHAIHUTHYCCKUM
BBIUHCIICHHEM HHTErPAJIOB I10 MIOCKOMY KPYTY € LICHTPOM B IOJIIOCE.

KiioueBble cjI0Ba: CBs3aHHAsT TEPMOYIPYrOCTb, TPAaHUYHbIC HHTErpPajbHbIC YPAaBHEHUS,
(dyHIaMEHTaIbHOE PELICHHE, CHHIYJSIPHOCTD, CTEIICHHOH Ps.
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The analysis of coupled thermoelastic three-dimensional harmonic vibrations of massive bodies is
performed using the boundary integral equations method. Two approaches have been developed for the
calculation of singular integrals.
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B po6oTi pO3MISHYTO CyHEepeleMeHTHHH MiAXix 10 (OpMyBaHHS PO3PaxXyHKOBHX PIBHSIHb
METO/Ia CKIHUCHHHX €JIEMEHTIB U1 [IapyBaTHX KOHCTPYKLIi. 3anponoHOBaHUI IAPYBATHIl €IEMEHT
JI03BOJISIE HA OCHOBI TPUBHMIPHOI IIOCTAHOBKH OTPUMATH PillICHHS 3B’s3aHOT 3a1a4i TEPMOMPYIKHOCTI
KOHCTPYKIIH 3 eJacTOMIpHHX KOMIO3UTiB. HaBeaeHO pe3ysibTaTH YHCEIbHUX JOCIHIIKCHB
HAJBEIMKOrabapuTHUX LINH.

KiarouoBi ciioBa: 6araromapoBuii CKIHYCHHUH €JIEMEHT, €JIacTOMIp, I'yMOKOPAHHI KOMIIO3HT,
TEPMOIPYKHICTb.

Beryn. KoHCTpykiiii 3 KOMIO3MIIHHHX MaTepialiB 3HAXOIATh IIHPOKE
3aCTOCYBAHHS Y PI3HHUX Taly3saX MPOMHCIOBOCTI. BUKOpHUCTaHHS KOHCTPYKIIIH 3
MOJTIMEPHUX KOMITO3UIIHNX MaTepiaiiB JO3BOJISE 3HM3UTH MATEpPialOMiCTKICTh
MAIIIMH 1 KOHCTPYKIIiH, CKOPOTHTH TEPMIHH BUPOOHHIITBA, MiABHIMTH KOPO3IHHY
CTiHiKicTh BHp0OiB. OMHUMU 3 IHPOKO BUKOPHUCTOBYBAHUX MaTepialliB € IapyBaTi
KOMITO3HIIIHHI MaTepialn 3 eIaCTOMIPHOIO MATPHIIEIO, 110 CKIAJal0ThCS 3 TOHKHMX
OIHOCTIPMOBAHO apMOBaHHMX IapiB, ab0 3 TMOYEPrOBHX OJHOCHPSIMOBAHO
apMOBaHUX Ta i30TponHuX mmapiB. Poboru [1-6, 8-13, 16-19, 23] mnpucesiueHo
JOCHTIDKEHHIO TPY)KHHX XapaKTePUCTHK INApyBaTHX KOMIIO3MTIB, 30KpeMa,
TYMOKOPJHOIO MaTepialy Ta CTBOPEHHIO MaTeMaTHYHHMX MOJENIEH Ha OCHOBI
METOAy CKIHYEHHHMX EJIEMCHTIB JUIS JOCTIDKEHHS Hampy:KeHO-Ie(GOpMOBaHOIO
CTaHy KOHCTPYKWIH 13 TyMmMokopmHMX MatepiamB [7,9,11,12]. Taxk,
EKCIIepUMEHTANIbHE JTOCHI/DKECHHS MPYXKHUX XapaKTEPUCTUK TEKCTHIBHUX KODPIIB
Ta BH3HAUCHHA e(EKTHBHUX XapaKTEPUCTHK TyMOKODPJHOIO MaTepiaay 3a
BIIOMHUMH 3aJICKHOCTSIMH TpencTaBicHo B podori [1, 8]. HaBeneno mimxomu 1o
BHU3HAYCHHS YKOPCTKICHUX XapaKTEPUCTHK CKJIATHUX aHI30TPOITHUX I'YMOKOPIHUX
MaTepiajiB, SKi BUKOPHCTOBYIOThCS y KapKkacax Ta Opekepax [2, 3] mHeBMaTHUHHUX
mmH.  [IpoTe TpuW BHU3HAYEHHI ©(PCKTHBHUX MPYKHHX XapaKTCPHUCTHK
TYMOKOPIHOIO MaTepialy IMO3JI0BKHIM Ta MONePeYHUI MO TIPYKHOCTI KOPITY
BBAXAJWCSA PIBHUMH, IO HE JUIA BCiX MaTepialiB BUKOHYETHCS 1 BiJIIOBIIHO,
00MEXye 3aCTOCYBaHHS HABEICHUX CIIBBITHOIICHh. MaTeMaTHYHYy MOICIh
pIBHOBaXHOI ~ KOH(Qirypaimii mnpo¢iio MHEBMATHYHOI IIWHA Yy BHDIALI
IHTErpaIbHOTO PiBHSHHS IIPEACTABIECHO B po0OoTi [3].

IMocTanoBka 3amayi Ta ii po3s’s3anns. KinbKicTh MIapiB B MaKeTi MaTepiany
MOJKE JIOCATATH JBO3HAYHHUX BEJTMUUH. 30KPEMa, BEITUKOraO0apUTHI IIMHUA MAaOTh
10 40 mapiB rymu Ta T'yMOKOpIY Ha OOKOBHHI Ta ¢ OiJIbIlie Ha OIrOBii YyacThH,

© Kosy6 10.T"., Cononeii L.
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SKIO, BPaXxOBYBaTH INapu Opekepy. 3acTOCYBaHHS NIApyBaTHX €JIEMEHTIB
KOHCTPYKIIIH OOyMOBJIEHE iX OUIBIIO €(EeKTHBHICTIO B TMOPIBHSAHHI 3
OTHOPIMHUMH JETAIAMH. 33 JOIMOMOIOIO IIAPYBATOCTI JOCATAETHCS ONTUMAJIBHE
CIIBBIIHOIIEHHS KOPCTKICTHMX 1 JeMI(yIOYMX XapaKTepUCTHK OaraTbox
CJIEMCHTIB BiOPOI30JIIOI0YMX CHUCTEM. Y CYYaCHHX IPOMHUCIOBHX KOHCTPYKIIiSX,
BHUT'OTOBJICHHX 3 INAPYBAaTHUX KOMIIO3UTHHX MaTepialiB, HPH EKCIUTyaTalliiHuX
HABaHTaKCHHSX BIAOYBA€ThCS 3HAUHHMU HarpiB. [Ipu I1[bOMY ICTOTHHI BIUIUB Ha
XapakTep HaMpyKeHO-1e(hOpMOBAHOI0 CTAHY JA€ 3AEKHICTE (i3HKO-MEXaHIYHUX
XapaKTEPUCTHK Bijl TEMIIEpaTypH, IO MPHUBOAUTH IO CYTTEBHUX 3MiH (OPMHU Ta B
PAAl BUMAIKIB IO PyHHYBaHHS.

B 3arampHOMYy BHNAAKy HEOOXIJHO BHPIIIYBATH 3B’s3aHy 3a4ady
TEPMOMPY>KHOCTI.

JIns  CKiHUEHHO-CIEMEHTHOTO PO3B’SI3aHHSA 3a/ladi TEPMOMNPYXKHOCTI  JUIS
MIPOCTOPOBUX IIAPYBATHX KOHCTPYKIIIH, 1[0 MAIOTh CKIaIHy T'e€OMETpUUHY (HhOopMy
BUKOPHCTOBYIOThCS ~ Pi3HI  MiJXOIH
[4,7,11, 12, 14-17, 19]. 2

PosrsiHeMo  cymepeneMeHTHUH
MAXIT 10 MOJENIOBAHHS ITOBEIIHKU
1IapyBaTol KOHCTPYKIIT 32 YMOBH Aii 5
ITOYaTKOBHX HaIpy»XeHb. y
3arajJbHOMY BHITIQJKYy TAKUH CJICMEHT
MOXe OyTH CKJIQJeHHH 3 n mapiB

A AL SIS IS SIS )

(eneMeHﬁB) (puc. 1). Komeg 3 TaKHX k-map &{{{{{%{{2{0\’{- 4
mapiB  Mae abo  aHI30TpOIHI
BIACTUBOCTI, abo i3oTponHi 0 1 3
BJIACTUBOCTI ~ Cab0  CTUCIUBOIO o
eIacToMIpy. Taxum YUHOM gl Z
[IapyBaTHH  CKIHYCHHHWH  €JIEMEHT Puc. 1

MOXKHA TIPEACTaBUTU SIK aHcamMOlb

CKIHYEHHHMX EJIEMEHTIB, MATpHUIli YKOPCTKOCTI SKHMX NOOYIOBaHO Ha OCHOBI
IHKpeMeTaJbHOI Teopii aeopMyBaHHsS 31 3aCTOCYBaHHSIM MOMEHTHOI CXeMHU
cKiHYeHHHX eneMeHTiB [20] y Burisimi [21]

[KS‘ +K§ ]{ut}: {PS }

ne K — iHKkpeMeHTaIbHA TEOMETPUYHA MATPHIIS JKOPCTKOCTI, 1[0 BPAXOBYE [it0
TorepeHIX HarpyxeHs [21].

Ipu Qopmysanni Marpumi K™ m1s c1aGo CTHCIMBOrO e1acTOMIpHOTrO Mapy
BUKOPHCTOBYETBCSI MOMEHTHAa CXeMa CKIHYCHHHMX €JIEMEHTIB 3 IOTPiHHOO
ANPOKCHMAIIIEIO TIOMIB TepeMillieHb, nedopMartiii Ta GyHKINi 3MiHeHHS 00’ eMy [22].

Ipu  ¢opmyBanHi MaTpumi skopctkocti K*  kommosutHOro mapy
BHUKOPHCTOBYIOTHCS TIPYXKHI XapaKTEePUCTUKU OJTHOCTIPSIMOBAHOTO
TYMOKOPJHOTO IIapy 3 ypaxyBaHHIM HaIlpsIMKy apMyBaHH [ 18].

KoMrioHeHTH TeH30py HAaIlpy)KEHb BH3HAYAIOTHCS 3aKOHOM TEPMOIMPYKHOCTI
Jroamens—Heiimana.
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ITpu nmoOynoBi cucreMu piBHSIHB Ui CYNEpENeMEHTHOI CXeMH HEeOoOXiJHO
nepei T 10 rIo0aNbHOT HyMepalii By3/IiB m' KOXKHOTO Iapy.
[Ticns KOMIIOHYBaHHSI OTPUMYEMO CHUCTEMY, IO CKiIagaeTbes 3 12(n+1)
PIBHSIHB (71 — KiJIBKICTh IIApPIB)
[KJuj={R}.

JIist BU3HAYCHHS TEPEMIlICHb IAKeTy HEOOXiMHO CHOYAaTKy BHU3HAYUTH
MepeMillleHHs] Ha 30BHINIHIA MOBEepXHI, a came BY3IiB j'=I1, 2, 3, 4, (4n+1),
(4n+2), (4nt3), (4nt4).

BeKTOp HepeMiH_leHB MOXHa BI/IpaBI/ITI/I y BI/II‘J’IHZ[i
T T T T

W=t o oF |,
T T T Tl

q; ={“(1) Up) Ug) “(4)} ’

T

T T T T

42 ={“<5) U@ - Udn-1) “(4n)} ’

T
T T T T
qs3 Z{u(4n+1) Uigy12) Wiant3) u(4n+4)} .

Bekrop y3arajibHEHHX BY3JIOBUX CHJI MOXKHA MPEACTABUTH Y aHAIOTTYHHMA
crioci6

T T ay
{R} = {Pl P, P } ,

T T T T [l

P = {R(l) Ra)  Rg R(4)}

T

T T T T
P2 = {R(S) R(6) voe R(4n_1) R(4n)} N

Py = {R(Tatnﬂ) Rgi2) Rignes) R(T4n+4)}T :
Tomi cucTeMy PiBHAHb MOYKHA TIPEICTABUTH Y BUIIISAI
Ky K K ffjag P,
Ky Ky Kypha =P
K3 K3 Kizlas Py

Bekrop mnepemimieHp “BHYTpimIHIX” BYy3JiB MOXKHa BHpPa3UTH uepe3
riepeMillieHHs “30BHINIHIX” BY3JIiB

-1 -1 q]
q; = Ky,P, K5, [K21 Kzs]{q },
3

_ q;
Kq, +K12K2;(P2 _[KZI Kzs]{q }J+K13q3 =P,
3

_ q,
K39, + K32K2; (Pz - [Kzl Kzs]{q }J+K33q3 =Py
3

TakuM YMHOM  OTPUMYEMO CHUCTEMY pIBHAHb JUIS  CKIHYEHHOTO
cylnepeneMeHTa
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[f(]: Kiu K| | KpTi KpT,

nie - —  Marpuisl  KOPCTKOCTI
Ky Ka] [KiTy KjT 4848
q; . N
cynepenemenra; U = — BEKTOp BY3JIOBUX IEpEMIillleHb Ha 30BHIIIHIX
q;3
P, K,,S
rpaHsx cymepenementa; F = - — BEKTOp BY3JIOBUX CHJ Ha
P, K;,S

30BHIIIHIX TPaHIX CynepesieMeHTa
T, = K2;K21 » T = Kz;Kzs » 8= KE;Pz

Jls po3B’si3aHHS 3a7a4i 0OpaxyHKy TEMIlEpaTypy JUCUIIATUBHOTO PO3IrpiBY
HEeOoOX1THO BUPIIIUTH 33/1a9y TEIUTOMPOBIIHOCTI.

Jlnst moOynoBH MAaTpHIli TEILIONPOBIAHOCTI JJIA IIAPYyBaTOTO CKIHYEHHOTO
€JIEMEHTY BUKOPUCTOBYETHLCS TiMOTE3a PO HEPO3PHUBHICTH MOJIIB TEMIEPATyp Ta
TEIJIOBUX TIOTOKIB Ha TPAHUIISX PO3ILTY IIapiB.

B mMarpuyHOMY BUTJISIII cUcTeMa PIBHSHB JUIS APy IPUAMAE BUTIIST

[H{T}+[H ) {T}+{P}+{S} =0,
ne H — marpuns temmonposigrocti, H®) — marpuns, 3ymoBieHa rpaHndHIMH
yMOBaMH 3-T0 poxy Ha TIOBepXHI Imapy, P — BekTop eKBiBaJEHTHOrO

HaBaHTa)XEHHS, OOyMOBJICHUH BHYTPIIIHIM JDKEPEIOM TEIUIOYTBOPEHHS, S —
BEKTOp EKBIBAJICHTHOTO HAaBaHTAXXCHHs, OOYMOBIICHUI TEIJIOBUMHU MOTOKaMH 1

TEMIIEpaTYpOIO Ha MTOBEPXHI IIapy.
@OyHKIisST TEIUIOYTBOPEHHS OOYMCIIOETHCS SIK  OCepelHEeHa 3a  IHKI
nedopMyBaHHS AJIs1 KOKHOTO LIapy.
o 2n/w
wo=75> ('[ o, dr .

Pimmennst 3B’s3aHOi  3amaui BHKOHYETHCS 31 3aCTOCYBAHHSIM METOIY
TIOCITIJIOBHUX HAONMKEHb.

Pe3yabTaTl po3paxyHKy Ta aHaJi3 po3B’si3kiB. Po3risinaeTses 3amada npo
BU3HAYEHHS TEPMOIIPYKHOT'O CTaHy HaJBenukoradaputHoi muau 40.00-57

[Ipu BUTOTOBJIECHHI TaKMX IIWH BHKOPUCTOBYETHCS CXEMa 3 JliarOHAJILHUM
apMYBaHHSM ITO CTiHIII IITMHU.

Buxigaum martepianoM it KOpAy CIyXaTh BICKO3HI 1 IMOMiaMilHI BOJIOKHA,
MOJYNIb TIPYXHOCTI SIKMX TpuiiMaetbes piBauM 1,5 I'Tla. [lns rymoBux miapis
MOJIYJb TIPYKHOCTI NpuiiMaeTbest piBHUM 60 MITa. Kyt apmyBaHHS 3MiHIOETHCS
Bil TOYKM JIO TOYKM MO MepujiaHy, HOCsATaloud Ha ekBaTopi 45-65° B
3aJe)XHOCTI Bif Tumy 1 npusHadeHHs mwmHU TUny 40.00-57 3 ypaxyBaHHSIM
JIUCUTIATUBHOTO PO3irpiBy. MaKcHMMaNbHUH IMPOTHMH HABAHTAXXEHOI HIMHHU TPH
OOTHUCHEHHI Ha IUIOMUHY mnpuiiMaeTbes piBauM 0,1 M. [24]. Tuck moBiTps
BcepeauHi muHU cTaHoBUTh 0,6 MIIa. IIIBuaKicTh pyxy ckiamae 25 km/rox. s
HazBenukoradaputHux muH tuny 40.00-57 KyT apMyBaHHs MPUHHATHHA PiBHUM
53°. Kapkac muHHM CKJIaAaeThCsl 3 34 OCHOBHMX T'YMOKOPIHHMX Ta TI'yMOBHUX
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mapiB. bpekep ckmamaetbess 3 4 mapiB. IlpykHi Ta TepMoAMHAMIiYHI
XapaKTEePUCTUKU apMOBAHUX IIAPiB BU3HAYAIOTHCS 32 METOIOM cymiteid [18].

PoGounii tuck 0,5-0,6 MIla, HOMiHaJbHE HaBaHTa)XEHHS HA BICh IIMHH
53,5 MH (puc. 2).

Ha puc. 3-5 npencraBieHi po3fijieHHs IMepeMillleHb B 30HI KOHTAakTy 3
IUIOIIMHOO OIIOPH.

Po3paxyHOK  HampyxeHo-IeOpMOBaHOrO  CTaHy Ta  TeMIepaTypu
JIUCUTIATUBHOTO PO3ITPIiBY SIKICHO CIIiBHNANAlOTh 3 JaHUMH pobotu [24], ne
HaBEJICHO EKCIIePUMEHTaNIbHI JaHl JOCIiKEHHS IpoleciB nedopMyBaHHS Ta
JMCUTIATUBHOTO PO3irpiBy mmMHU (puc. 6-9).

Ha puc. 10 npexcraBieHo po3IOALUIEHHS TeMIEpaTypd B OCbOBOMY Iiepepisi
IUHU. MaKcUMaIbHOTO 3HAYEHHS TeMIIepaTypa HaOyBae B 30HI KDOMKHU Opekepa.

Ha puc. 11-12 mpezncraBieHa 3aleXHICTh MaKCHMallbHOI TeMIlepaTypu
0iroBoi 30HM IIMHU B 3aJEKHOCTI BiJ IIBHAKOCTI KOYEHHS IIMHH I
naBantaxxenb 450 kH (1), 535 kH (2) u 620 kH (3). Cyuinsna kpua — MCE
PpilIeHHs, IITPUXOBA JIiHis AaHi [24].

Max = 1,776E-02 Max = 8 806E-03

-6,02E-03

-§,4E-03

-1,03E-02

Min =-1,080E-01

Min = -1,238E-02

Puc. 4. IlepemiieHHst u, Puc. 5. IlepeminieHHs u3
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uycu 2,0
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-180 - 180
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Puc. 6. IlepeMilienHs cepelMHHOI TOBEPXHI KapKacy B OKPY)KHOMY HaNpPsAMKY IO CTIiHIIi:
1 — pesyabtar [24], 2 — MCE pimenss

Uy .cm 2,0
Il\
1 2
0 — e~ \ ( 1800
-180 ~_ ©
a0

Puc. 7. IlepeMilienHs: cepelMHHOI TOBEPXHI KapKacy B OKPY)KHOMY HaNpsMKY [0 KOPOHi:
1 — pesynbrartu [24], 2 — MCE pimenus

Uy cra

Puc. 8. IlepeMilenHs cepelMHHOI MOBEPXHI KapKacy y pajliajbHOMY HalpsMKy IO KOPOHi:
1 — pesynbrartu [24], 2 — MCE pimenns

Uy 5
1 e, ~
L — — . = 2 e
180° 0 180°
5

Puc. 9. IlepemileHHs: cepeHHOI TOBEPXHI KapKacy y pafialbHOMY HAIPSIMKY 110 CTIHI:
1 — pesynbratu [24], 2 — MCE pimenns
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Max = 1.303E+02

]
=
=]
%u

"\
\

|
|
|
N
|l\J
KQ\
. N

1 10E40:

Min= 1 340E-05 0
30

1257

3
B

N i

100 e

2 o=

"'-—-__T\F

Bi4 BiZ

Puc. 12. Po3noaineHHs MaKCUMAaIbHUX TeMIlepaTyp Io mupuHi (B) 6iroBoi 30HH npu MIBHIKOCTI
15 xm/ron i HaBanTaxenHsx 450 kH (1), 535 xH (2) u 620 xH (3)
(cyuineHa ninis - pintennst MCE, mrpuxoa — [24])

BucnoBku. /{1 MonemoBaHHs BIACTHBOCTEH 0araroliapoBOi TOPOITaibHOI
KOHCTPYKIIii 3aCTOCOBAHO Mi/IXiJ, 110 0a3yeThCsl HA CTPYKTYPYBaHHI HEOJHOPITHUX
1IapiB 3a JOIIOMOTOI0 TIPOCTOPOBOrO 0AraToIapOBOro CKiHUeHHOTro enemeHTa. [Ipu
(¢opMyBaHHI  BUXIIHMX  DpIBHAHb  IIAPYBAaTOrO0  CKIHUYEHHOIO  €JIEMEHTa
BUKOPHCTOBYETBCSl ~ CYIIEPENEMEHTHUH  MIOXiN, 1[0 JIO3BOJNSIE  YHUKHYTH
CIIPOLILYIOYHMX TiMOTe3, SIKi 3BOJISITH TPUBHUMIPHY IIOCTAaHOBKY 3a/1a4i JI0 IBOBUMiPHOL.

HapeneHno po3B’s30Kk 3a7adi TEPMOIPYKHOCTI Ui HaJBEITUKOraOapUTHHX
IIMH, W0 JO3BOJISIE MPOTHO3YBAaTH PECypc KOHCTPYKLII B  yMOBax
EKCIUTyaTallifHUX HaBaHTa)KECHb.

Hacrynaum erarom po0OoTy € po3B’sizaHHs 3a1a4 ieOpMyBaHHS KOHCTPYKLIiH 3
€JIACTOMIPHUX KOMITO3MTIB 3 ypaxyBaHHSIM IPOLIECIB CTAPiHHS Ta PyHHYBaHHSI.
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Kozub Yu.G., Solodei I.1.
APPLICATION OF THE FINITE ELEMENT METHOD FOR CALCULATIING THE
THERMAL STRESS STATE OF PNEUMATIC TIRES

The processes of deformation of some of the widely used layered composite materials with
elastomeric matrix, consisting of thin unidirectionally reinforced layers, or from alternating
unidirectionally reinforced and isotropic layers are considered. The method of solving the problems of
thermoelasticity of constructions from such materials is proposed, which is based on the finite
element method.

To form of resolving equalizations of finite element method for layered solid with initial tensions
the super element method is considered. For every layer of finite element the stiffness matrix is built
on the basis of incremental theory of deformation.

The decision of task for the package of finite elements, that modeling the package of the layered
construction, is taken to the decision of the system of equalizations in relation to moving of knots to
the surfaces of package.

On the second stage of decision of task moving of knots is calculated to the border of division of
layers.The components of tensor of tensions are calculated for every layer taking into account the
temperature of layer.

The field of temperatures determined for all package on the basis decisions of task of heat
conductivity.At the construction of matrix of heat conductivity an ideal thermal contact is assumed
between layers.The function of internal heat source is calculated for every layer as average energy for
the complete cycle of loading.The solution of the linked problem of thermoelasticity of a layered
composite is obtained by the method of successive approximations.

The offered method is applied for the decision of task about thermoelasticity deformation and
dissipative warming-up of pneumatic tires. Pressure in a tire is considered as an initial load.Loading
is attached to the axis of wheel creates additional deformations of tire. The process of tire roll is
considered as cyclic deformation.

Solution of the linked task of thermoelasticity is offered for over a large size tire

Dependences of temperature of dissipative warming up are got on frequency of vibrations and
size of loading.The got results satisfactorily comport with experimental data.

Keywords: multilayered finite element, elastomer, rubber cord compo, thermoelasticity.

Kosy6 FO.I'., Conooeii U.H.
MNPUMEHEHME MK3 JJIs1 PACYHETA TEPMOYIIPYI'OI'O COCTOSIHUS
IMHEBMATHYECKHUX IINH

B paboTe paccMOTpeH cymnepaaeMeHTHbIH H0AX04 K GOPMHUPOBAHHIO pa3peIlaioIiX YpaBHEeHHN
METO/Ia KOHEUHBIX JIEMEHTOB Ul CIIOUCTBIX KOHCTPYKUHMH. IIpensioskeHHBIi CIOMCTBIA 371eMEHT
MO3BOJIAET Ha OCHOBE TPEXMEPHOW IIOCTAHOBKM IIOJNYYHTb PpEIUCHUE CBS3aHHOW 3ajauu
TEPMOYIIPYTOCTH KOHCTPYKIMH U3 3JIACTOMEPHBIX KOMITO3UTOB. [IprBeIeHbI PE3yJIbTAThl YUCICHHBIX
HCCIIEI0BaHUH.

KiroueBble cJI0Ba: MHOIOCIOHHBIH KOHEYHBIH 3JIEMEHT, 3JacTOMEp, PE3MHOKOPIHbIH
KOMIIO3HUT, TEPMOYIIPYTOCTh.
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aBTOMOOIIBLHUX MH // Omip Marepianis i Teopist ciopy. — 2019. — Bum. 102. — C. 232-242.
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CKIHYEHHO20 eNeMeHmy ma 3ACMOCYBAHH 3aNPONOHOBAHO20 eleMeHnty Ons po36 a3Ky 3aday

MePMONPYICHOCMI RHEGMAMUYHUX WIUH.
Tab6un. 0. L. 12. Bi6miorp. 24 Ha3s.

Kozub Yu.G., Solodei I.1. Appicstion of the finite element method for calculating the thermal
stress state of pneumatice tires / Strength of Materials and the Theory of Structures. — 2019. —
Issue 102. — P. 232-242.

The superelement method of forming of stiffness matrix of the layered finite element is considered.
The offered element is appled for the solution of tasks of thermoelasticity of pneumatic tires.

Tabl. 0. Pic. 12. Bibliogr. 24 titles.
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JIA®Y3IIHI ITPOIECHU 3 HAKOITMYYBAJIbHUMHU
XAPAKTEPUCTUKAMM ITPU EKCILTYATAIII BY AIBEJIb

I'.B. Feryn',
KaHZ. TeXH. HayK, npodecop, npodecop kadeapn apxiTeKTypHUX KOHCTPYKLIi
10.11. Bynenko’,
KaH[I. (i3.-MaT. HayK, JOLEHT, JOLEHT KaeIpy MaTeMaTHYHOr 0 aHali3y Ta Teopil HMOBIpHOCTI

O.L Baxina',
KaHJ. TeXH. HayK, JOLEHT, JOLEHT Kadeapu iHPOpMAaLiiHUX TEXHOJIOTH MPOCKTyBaHHS Ta
MPUKIIATHOT MaTEMaTHUKU
I.C. Beskay6enko',
KaHJ. TeXH. HayK, JOLECHT, JOLEHT Kadeapu iHOpMALiiHUX TEXHOJIOTH MPOCKTyBaHHS Ta
MPUKIIATHOT MaTEMaTHKU

A.B. Coaomin’,
KaH[I. (i3.-MaT. HayK, JAOLEHT, JOLEeHT Kadeapu 6iobe3reku i 30pOB sl JIFOAUHH
1 . o . o . . . . -
Kuiscokuil nayionanbnutl ynisepcumem 6yoisnuymea i apximexmypu, Kuie

2HTTY «KIly in. Izops Cixopcwkozo, Kuig
DOI: 10.32347/2410-2547.2019.102.243-251

Hapa3i Hailpo3MOBCIO/KCHIIIMM METOJOM OIMCAHHS EBOJIOLIM y Yaci IIBHIKO3MIHHHUX
nporeciB, ski BiAOyBarOThCS NpW OYMIBHUUTBI Ta eKcIulyaTalii OyaiBenb Bif pi3HOMaHITHHX
BIUIMBIB, € CTOXaCTHYHI PIBHSAHHS, MO0Y/I0BaHI 3 BUKOPUCTAHHIM CTOXaCTHUYHOrO Au(epeHwiaty Ito.
IIpy 1bOMY PO3TJILAAIOTHCS 3a7adi OLIHIOBAHHS MapaMeTpiB KoedilieHTiB, T0OYI0BH TOYHOro abo
HAOJIMKEHOTO PO3B SI3KY TAKMX PIBHSIHB Ta ACHMITOTHYHOI IX MoBexiHkH. IlocTae muTaHHSA PO
BHKOPUCTAaHHS HassBHOI iH(OpMALl PO MONEPeaHIO MTOBEAIHKY IIPOLECy Ul IPUIHATTS pillieHb 3a
aHAJIOTIEI0 0 BXKE BIIOMHX CHTyawiii (Meron KeiiciB — case-study). 3Bakaroud Ha HpaKTHYHI
noTpedu (axiBuiB OyAiBebHOI rainysi, BaX/IMBE 3HAYCHHS MOXE MATH IPOIOHOBAHUI METOJ, KU
JI03BOJISIE BCTAHOBJIIOBATH aHAJIOTI] MDXK ITOBEAIHKOIO OYMiBIIi HAa aKTyaJlbHOMY YaCOBOMY IPOMDKKY
Ta JOESIKOMY 4YacoBOMY IPOMDKKY 3 momepeanboi icropii ii eBomrowii. BuxoprcroByeThes
y3araJlbHeHUH MiAXix 10 MOHATTA AudysiiiHOro mpomecy Ta BigmoBiHa (opma CTOXaCTUYHOrO
piBHsHHS.. P0O3p06JIeHO KOHIIELII0 BKA3aHOI'O MiJAX0AY O CTOXaCTHYHHUX IPOLIECIB TAKOrO TUILY VIS
aHaNi3y MOXIMBOTO BHKOPHCTAaHHS (PIHAHCOBHX IHCTPYMEHTIB, Takux, 30Kpema, sk dopBapau,
¢ 'rouepceu, OMIIOHH, PI3HOMAaHITHI cBonM Ta iHmi. Po3poGienuii miaxix no3Bossie kiacugpikyBaTu
HOBEIIHKY BiIIOBIIHOr0 BHIIAJKOBOI'0 MPOLECY eKCILTyaTallii Oy/AiBIIi Ha YaCOBUX IHTEpBaIaXx.

KuarouoBi ciioBa: nudysiiiHi nmpouecu, croxacTuuHi audeperiiaabti piBHSHHS, OyaiBii, Moxeni
eBOJIIOLI] I1iH, Koe(iLieHT TpeH Iy, KoedilieHT BONTATUIBHOCTI, METOJ KEHCIB.

Beryn. Onniero 3 HaWOUIBIT PO3MOBCIOKCHUX MaTeMaTHYHUX MOJEICH ISt
€BOJIIOIi CKAIAPHOI a00 BEKTOPHOI BEMYMHHM B Yaci € Monenb Iudy3iiHOro
mporecy. Sk mokazaHo B pobotax [1-3], moHATTA Audy3iHHOro Mmporecy TICHO
TIOB ' s3aHE 3 TOHATTSM CTOXaCTHYHOTO AW(EepeHIiaIbHOTO PIBHSHHS, PIlICHHSIM
SIKOTO TIPH BEJIBMHU IIMPOKUX MPHUOYHIEHHAX € udy3idHnii mpouec. Xoua
CHOYaTKy OCHOBHHMH 00 €KTaMHU, JI0 SIKMX OYJIO 3aCTOCOBaHO BiJIIOBIIHY TEODIIO,
Oymu BHIIANKOBI TPOIECH B TPWIAJAX PaaiOCICKTPOHIKH, a TaKOX MO
TEOPETUYHOI (Pi3MKH, CHOrOmHI, MaOyTh, HAWOLIBII AKTHBHOIO O00JacTIO iX
3aCTOCYBaHHsI, 10 PO3BUBAETHCS, € CTOXAacTWYHa (piHaHCOBa MareMaruka. He
3Ba)KAIOYM HA ICHYIOYl IEBHI CKJIAJHOLI 3 OOIPYHTYBaHHSIM MapTHHIaJIbHOTO
X0y /10 TIPOIECIB (hiHAHCOBOIO PUHKY B OYHiBHUIITBI, BUHUKAIOTh BCE HOBI,
OLIBLI CKJIaJHI Mozeni eBorowil miH. [Ipu 11bOMy BH3HAYalbHUMU € 3MiHHI SIK Y

© I'eryn I'.B., Byuenko FO.I1., Banina O.1., beskny6enko 1.C., Conomin A.B.
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Yaci, Tak 1 B MeXKax LIHOBOI IIKAIH XapaKTEePUCTUKH TPEH/a 1 BONATUIILHOCTI, 110
BIIMIOBIIAIOTh TPAMUIIAHUM I JAUQY3IHHUX TIPOIECIB  XapaKTEPHCTHKAM
niepeHocy 1 audysii. byayun abCcomoTHO KOPEKTHUM 3 MATEMAaTUYHOI TOUYKH 30DY,
TaKUi MiAXiJ CYTTEBO YCKIIAIHIOE MTOOYIOBY aHAIOTIH MK TOBEIIHKOIO MPOLIECY
Ha Dpi3HMX iHTepBaiax dacy. CroxacTwuHi au(epeHIiaTbHi PIBHAHHS, IO
BUHHKAIOTh B IIMX BHIIAJKaX, IY’KE€ PiJIKO BIAETHCS BUPIMIMTH B SBHOMY BHIJISII,
3aBJIaHHS IPAaHUYHOI MOBEIIHKHM X pillIeHb HE 3aBXK 1 MalOTh IPAKTUYHHH CEHC.

B 3B's3ky 3 mUM 3SABISAETHCA 3ajada pO3IVLAAY MUQPY3IHHUX MPOIECIB 3
XapaKTepUCTUKaMH NepeHocy i Andy3ii, BU3HAUSHUMH Ha YacOBUX iHTepBajax,
OOTpYHTYBaHHSl ICHYBaHHS pillleHb BiAMOBiAHMX piBHSIHE Konmoroposa i
CTOXaCTUYHHUX JHU(epeHIiaJbHuX piBHSIHb. PO3IiIsgaroThesi ajanToBaHi JUIs
TAKOr0 MiJIXOAy Yy3arajJbHEHHS BiJOMHX Mojeneil (QiHaHCOBOI IUHAMIKH.
@®opMyIOTbCS TPONO3UIT MO BHKOPUCTAHHIO HAKONMMYEHUX Ha YACOBHX
IHTEpBajlaX XapaKTEpPUCTUK TpeHJa OYAIBHUITBA 1 BOJATHIBHOCTI NpH
BUKOPHCTaHHI METO/ly KEICiB BUBUEHHS €BOJIOII] IIOKa3HUKA.

Buknan ocHoBHOro Martepiany

Hexaii X(f) — MapKOBCbKMH BHIAJKOBHH TMpoOLIEC 3 IEpPexiJHOI0

nmoBipHicTio P(s, X, t, A), TOOTO
P{X(t)e A/ X(s)=x} = P(s,x,t,A), 5,t,€[0;+0),x eR,ACR.

Taxwuii nporiec Ha3UBAETHCS QU Y31HHUM, SKIIO BUKOHAHI YMOBH

lim | P(s,x,t+A,dy)=0,
A—0
|x—yl<e
lim [ (y=2)P(sx0+A,dy) = as,x), M
A—0
|x—yl<e
lim [ (y=x)?P(s,x,t+A,dy) =067 (t,%),
A—0
|x—yl<e

it Oynb-sikux €>0,x€R.
B poGori [4] Oymo 3amporoHOBaHO pO3IJISLAATH B SIKOCTI AU(Y31HHOTO
BHITAJAKOBUH mporiec X (¢f) Ui AKOro:

n
limY [ Pt_.xt,dy)=0,
5—0 k=1 ‘x—y‘>8
n
im Y, [ (=Pt dy) = als, 1, x), )
5—0 k=1 \x—y‘<8
n
imY [ (=2 Py, x0,dy) = b(s,t,x) = 67 (s,1,%),
5—0 k=1 \x—y‘<8

e xeR , S=Eh<n<.<t,= t,[5,¢]c[0;400]. OtTpumaHi TaKMUM YHHOM
¢byHkii a(s,t,x) 1 b(s,f,X) € HAKONMYEHHNMU HA YACOBOMY iHTepBaii [s,f]
XapaKkTepucTuKaMu TepeHocy (TpeHay) 1 mudysii (BoJaTHUIBHOCTI) Ipolecy
X(¢). BimzHaunmo TakoX, IO 3a3HaveHi (yHKUIi Ipu BCIKOMY (DikCOBaHOMY
3HAYCHHI X €, BIJIOBITHO, 3apsI0M 1 Miporo Ha [0; oo ).
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JlonatkoBa ymoBa

sup| > [ (v = X)P(t;_y, x4, dy)| < C (3)
A k=1

J1s iesakoro 'y >0 .
VY Bunanky, Akmo X (¢) € nudy3iiHHAM IPOIecOM B OMMCAHOMY BHIIE CEHCI 1
BUKOHaHHSI yMOBH (3) 3a0e31euye 0OMeXEHICTh 1 HeMepepBHICTh MO CYKYITHOCTI

3MIHHHX  (QYHKIIT V(s,x):J' f(»)P(s,x,t,dy) pasoM 3 il YaCTUHHUMHU

oxi v . Y :
OXITHUMH =~ 1 a—z, ne f(y) — nmesxa ¢yHKUisL y € R, TO CIIpaBeaJIMBe
X
CHiBBIIHOIICHHS
%14 179V
V(s,%)— f(x) = [ S (. x)a(du, x)+ 5 [ S (u, x)b(du, ). 4)
L o0x 2+ ox

3a3HauMMO TaKOXK, IO AKIIO
a) mepexigHa ¥MoOBipHICTH P(s,x,f,dy) po3misHyToro Buuie AnuQy3iHHOTrO
MIPOIIECY 3a0BOJIBHAE HACTYIHIM yMOBI: I OYyAb-KOI OOMEXCHOM, IBidi

HemepepBHO — audepeHiiiioBHoi  GyHkmii  Alx)  yHKIiA g(s,t,x)=
= J f(»)P(s,x,t,dy) HenmepepBHa 3a CYKYIIHICTIO 3MiHHHX, J[Bi4i HETlEpEpBHO
nudepeHIiioBHa 10 X, MPUYOMY IS BCiX X 1 OyIb-KOI MipH |, HIOAO SIKOI

abcomrotHO HemnepepBHi a(du,x) i b(du,x) crpaBemuBi piBHOCTI

limg(s,t,x) = f(x),
tiu

sTu
limg{ (s,7,x) = f'(x),
tdu

sTu
limg? (s,t,x)= f"(x).
tiu
sTu

0) icaye y>0 Take, mo mpu Vx e R, p — maibke Beix s,4[s¢]c[0,7]

. 2
BHKOHAHO HEpPIBHICTh Hy - x| s P(s,x,t,dy) < ou[s,t], x)Us, ], nie
o([s,t],x) = Onpu ¢ | s ; Ipu LOMY MarOTh Micue piBHOCTI

_ Jr=x)P(s,x,1,dy)
m

T P R
2
—x)°P(s,x,t,d
lim'[(y X Pls.x y)zb(s,x).
l~LS H[S,t]

B) TpaeKTOpii Ipolecy HerepepBHi 3 IMOBipHICTIO 1;

r) koediuientn a(du,x), b(du,x) abCOMOTHO HEMEPEPBHI BiTHOCHO MipH L
3 muIeHICTAMU a(u, x), b(u,x) BIAMOBIIHO, MPUYOMY IIi IIITEHOCTI OOMEXEHI 1
HETepPEePBHI MO x B OyIb-sIKiii 0OMexeHii 00acTi R BCIOAH, 32 BHKJIIOYCHHSM,
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MOXIIUBO TOYOK, B OKOJIAX SIKUX i (pyHKHii OOMEXKeHI BCIOAW, KpIM caMmux
TOUOK; 1 TO4oK My(Xy,%y), ANA SKMX 3HAHIYTbCS OKOIMM, B SKHX

C
|a(t, x)| +|b(l,x)| < —11 pu 0<t-tp<a., 0< |x— x0| <B,y>0,
(Uit 1) 7
|a(t,x)|+|b(t,x)|§([cﬁ mpu  0<f-t<oL, O<|x—x0|<[3, TO Ipomec
uft,z,

t
Y)=X(@)—-X(0)— J a(du,X(u)) € MapTHHTQJIOM 3  KBaJpPaTHYHOIO
0

t
XapaKTEePUCTHKOIO Jb(du,X ).
0
3 BHWIIEBUKIAJCHOIO BHHUKAE NPABOMIPHICTh PO3MISLY CTOXaCTUYHOIO
IdepeHIiaabHOr0 PiBHSIHHS BUIY

t t
X ()= X(0)+ [ a(u, X u))n(du) + [ 6 (u, X (u))dw(m(u)), (5)
0 0

nie Gz(u,x)=b(u,x),m(t)=u[0,t], MXz(t)<+°<>,X(O) HE 3aJICOKUTh BiJ
w(m(t)),t €[0,T1].

SayBakenns 1. Haxmanmenns Ha koedimienTd audysifiHOrO mporiecy, IIo
3aI0BOJIbHAE piBHAHHIO (5), yMOB, sKi TmependayaroTh iX aOCONIOTHY
HerepepBHIiCTh moxo Mmipu W(df), ¢akTuuHO O3HAYae, TMpH TMOPIBHAHHI 3

CTOXaCTUUHUMU nudepeHIiaTbHIMA PIBHSAHHIMHU dX ()=
=a(t,X(t))dt+o(t, X (t))dw(t) , saKi PO3TIAAAOTHCA TPAAUIIIHO, 3IiHCHEHHS
3aMiHU Yacy ¢ — m(¢) A1 BUIIAKOBOTO mporiecy X (¢) .

SayBaskeHHs 2. TpamuiiiiHui pO3MIIS €BOJIONIT PUHKOBUX IIiH (HAIPHUKIIA,
Ha ¢QoHmoBoMy a0 BAJNIOTHOMY pHHKaxX) BHSBISIETHCS  HaHOLIbIIe
«koM(}OpTHUM» caMe Yy BHNAAKY «IPOIHTETPOBAHOTO» CTOXACTHYHOIO
IdepeHIiaabHOro PiBHSIHHS.

PosrmsiHemMo HalmpocTimmn NpUKIagM  KOHBepcii BiIOMHUX Mopened 3
JIOTTOMOT OO 3aITpOoIIoHOBaHOl BuIlle iaei. Hexalt X (f) — BiHepiBCBKHUI TpoIiec 3i
3HocoM: dX (¢) = adf+ odw(t), ne w(f) — cTaHIapTHUIN BIHEPIBCHKUIA ITPOIIEC.

Y UpoMy BHUNAAKy MNPHPOAHUM € PO MOAU(DIKOBAHOTO MPOLECY
X () = X(0)+p[0,7]+ow(r), abo mpouecy GilbII 3araTbHOrO BHILY

X" (1) = X(0)+u[0, 1]+ ow(m(r)) , (6)
ne m(t)=[0,¢], w(ds),n,(df) - mearomiuni mipu Ha [0;+eo]. Ilpu mpomy
napameTpu mporecy X *(t) MaroTh TPUPOAHI craTHCTH4HI omiHku: W[0,7]
OIIIHIOETHCS SIK TPEH]I, a BEIMYMHA qul[O,t] - K MapTUHTaJbHA KBaJIpaTUYHA

xapakrepuctuka. BigmosinHo a(s,t,x) = U[s,?],b(s,t,x) = G2u1[s,t] .
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Y Bumamky Tak 3BaHoro mpomecy OpHmTeiHa-YieHOeka [5] maeMo
piBHstHHS: dX(7) = O(L— X (¢))d? +0dw(?) , pillieHHs IKOTO Ma€ BUTIISL

t
X(0)=XO0e ™ +ud-e ) +ofedw(s). (7)
0
TpaauuiiiHuii MeTo/ pillIeHHS! TAKOTO PIBHSAHHA Iependadac BUKOPUCTaHHS

migcraHoBku  f(1) =X (t)eet , fAka JUI1  KOHBEPCOBAaHOTO  PIBHSHHS

t

X ®)=X(0) +I(a - X*(u))u(du) +ow(t) Mae BUTIAL f* ()= X" (t)e“[o’t] ,
0

3BIJICH

A7 (1) = (a - X" (0))n(de) + odw(1)e"™ + X7 (e Nu(dr) =
= ap(d)e" ™ + odw(r)e T

t t
X" (0)eM% = x(0)+ afe“[o’”]u(du) + GI MO dy(u)
0 0
1 OCTATOYHO MaEMO

t
X ()= X(0)eM +a(1- M)+ o[ M dw(ur) . (8)
0
3Bepralounuch 10 Mojeneld CTOXacTW4HOi (DIHAHCOBOi MaTEeMaTHKH,
3a3HAYMMO MOXKJIMBICTh KOHBEpCii PIBHSHHSA, 1[0 ONMUCYE TPaIuLidHy MOJENb
bneka-Illoymn3a [6]:
dX(¢) = aX ()dt + o X (t)dw (7).
B nmpoMy Bumaaky maemMo s HiHM E€BpOIEHCHKOrO OIMIIOHY HACTYITHE
PIBHSHHS:

2
Il lo?s? oL Vo asS _qv—o.
at GSZ GS

KonsepcoBanuii (“r[p01HTe1"pOBaHI/H‘/'I 110 ¢ ) BUTJISII TAKOTO PiBHSHHS

Vs, t)+1js2a Y b(du )+js a(du) - jVa(du) 0. )

Marouu Ha yBa3si, mo a(s,t,x) = xa(s,t), b(s,t,x)= xzb(du).
[Mpunyckaroun, mo b(du) = du, Bigome pilIeHHs] CTOXaCTUYHOTO PiBHSIHHS B
LILOMY BHITQ/IKy MOXEMO 3aITUCATH SIK

X*(t)zX(O)exp{ [0, t]——cs 2t+ow(r)]. (10)

3a3HaynMo, 10 B MOAENsAX (POHAOBOrO PUHKY AyXe OJNU3BKUX IO MOJENi
Bneka i Illoym3a (imeHoBaHOi Takok Moxewnto bieka-Illoyn3za-MeptoHa) €
moxenb Xo i JIi [7]:
dX(¢) = ou(?)dt + odw(?) .
B mHamomy Bumaaky, Taka Moaenb npW il KOHBepcii BiAIOBinae
KOHBEPCIHHOMY BapiaHTy BIHEPOBCHKOTO TpoLIeCy 31 3HOCOM (6).
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BianosinHo, Mojens Bacuueka [8] exBiBasieHTHa PO3TJISIHYTIN BHIE MOJEN]
OpHiurelina- Y neHOeka.

VY Bunanky mozeni Jlorxana [9] orpuMyeMo Iiie oauH BapiaHT Mozeni bieka-
[Mloyn3a, sxuit BimoOpakaeTbes criBBiaHomeHHAMH (9), (10).

Ha BigMiHy Bijg poO3IJSIHYTHMX BHIIE, HiaXin 3aHAMaHHA 1 30HAEpMaHHA
nependavae, Mo-mepie, pOo3rIsiA MEePETBOPEHOrO MPOLECY I[IHOBOI €BOJFOLIi

X(¢) — Bummcyerbess piBHsHHS a8 Y(¢) =In(1+ X (¢)). Ilo-mpyre, Take
PIBHSIHHS Ma€ BHTJISI
dInY () = (06() +p(¢) In Y (¢))dt + o(¢)dw(¢), (11
_d _o'(0
ne p(t) = i Ind(¢) = o)
[o3HaumBIM B 1IbOMY BUNAAKy Z(¢) =InY(¢), npuBOAMMO CHiBBiIHOIICHHS
(11) nmo Bumy d(it)) = 92(1) dt+dw(t), ToOTO, aHAJOTIYHO MOMEPEAHLOMY
o)) o%(r)

(117 dz" = du+dw, ne z (t) — «nopmoBanuii» mpouec Z(t), W[0,t] — neska
HE aTOMiYHa Mipa.

BucnoBku. 3ampornoHoBaHWH  miaxix g0 audy3idHEX — Mopmenei,
copMysIpOBaHU Briepiiie B poOoTi [4], 103Boisie, HA JyMKY aBTOpiB, MO-TIepIIIe,
MOKPAIIUTH MOXKJIMBOCTI 3aCTOCYBaHHS KJIaCHYHHUX MOAeJed y OyIiBHHUIITBI
LIJISIXOM BHKOPHCTAaHHS 3aMiHHM 4acy, i, Mo-JApyre, peaizyBaTd HOBHH MiJXia 10
BUKOPHCTAHHS Ha TPAKTHUIIl 3BEJCHHS Ta €KCIUTyaTalii Oy/aiBeib, sKa 3BOAUTHCS
JI0 BUKOpPHUCTaHHS MeTony KeiciB [11], ToOTO momryky aHajioriii i3 curyariero,
sIKa CITOCTEPIraeThCsi JJIsl €BONIOLIT Mapamerpa, B iCTOpii criocTepexeHb, 110
icHytoTb. Taky MOXIIMBICTH HaJa€ XapakTepu3allis MapaMeTpiB eKCIUTyaTaiii
OyniBenb HE B TOYIII, @ HA YACOBOMY iHTEPBaJIi.
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Getun G., Butsenko Yu., Balina O., Bezklubenko I., Solomin A.
DIFFUSION MODELS WITH ACCUMULATED CHARACTERISTICS WHEN
OPERATING BUILDINGS

Currently, the most common method of describing the evolution in time of rapidly changing
processes that occur during the construction and operation of buildings from different influences is
stochastic equations, constructed using the Ito's stochastic differential. For equations of this kind
problems of estimating the parameters of their coefficients, building exact and approximate solutions,
describing of asymptotic behavior of their solutions are considered. For all importance of such
results, they, more often than not, turn out to be unsufficient for developing practical
recommendations in the process of using financial instruments. In connection with the above, the
question arises of using the available information about the previous evolution of the process for
making decisions by analogy with already known situations (the case - study method). Taking into
account the practical needs of the construction industry, it is important to develop methods that allow
to establish analogies between the behavior of the building of changing the price indicator on the
current time interval and some time period from the previous history its evolution. Development of
innovative method for comparing the behavior of a random process of diffusion type, associated with
the evolution of market indicators, at various time intervals. The methods of the mathematical theory
of diffusion, stochastic differential equations, as well as their generalization to the case of locally
infinitely divisible processes are used. A generalizations approach to the concept of a diffusion
process and the corresponding form of a stochastic differential equation proposed. The concept of the
described approach to stochastic processes of this type has been developed for analyzing the possible
use of financial instruments in the evolution of market indicators. An innovative technology has been
created for teaching the use of financial instruments, such as futures, forwards, options, various
swaps and others. Observations on the evolution over time of the price indicator makes it possible to
determine and use previously accumulated experience concerning periods of similar evolution. The
developed approach allows to classify the behavior of random process of building operation at time
intervals.

Keywords: diffusion processes, stochastic differential equations, building, models of evolution
of prices trend coefficient, volatility coefficient, case study.
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TI'emyn I'.B., Byyenxo FO.I1., banuna E.H., besxnybenxo U.C., Conomun A.B.
JINPDPY3NOHHBIE MOJEJIU C HAKOIIUTEJIbBHBIMU XAPAKTEPUCTUKAMMU IIPU
SKCILTYATALIAA 3TAHANA

B Hacrosimiee Bpemst HanboJiee pacinpOCTPAaHCHHBIM METOOM OIMCAHMS BOJIOLHU BO BPEMEHH
6blCTp0MeHﬂlOLLll/lXCﬂ IIPOLECCOB, KOTOPBIC IPOUCXOAAT ITPU CTPOUTEIIBCTBE M DKCILIyaTallun SZlaHHﬁ
OT pa3HbIX BO3ﬂeﬁCTBHﬁ SABJIIFOTCSI CTOXaCTUYCCKHUE YPAaBHEHHUS, ITOCTPOCHHBIE C HCIIOJIB30BAHUEM
croxactuyeckoro auddepenunana Mro. Ilpm 3ToM paccMaTpuBalOTCsS 3afadyd  OLICHUBAHHS
napaMeTpoB KO3(p(UIMEHTOB, MNOCTPOCHUS TOYHOrO WM MPUOIMKCHHOrO PEIICHHH TaKuX
ypaBHeHl/lﬁ H OIMMCAaHUA UX aCHUMIITOTHYCCKOI'O ITIOBCACHUA. le/l BCCﬁ BAXXHOCTHU TaKuX pE€3yJIbTaTOB,
OHH, Yallle BCEro, OKa3bIBAIOTCS HEJOCTATOUHBIMH IPH HapaboTKe MPAKTHYECKUX PEKOMEHIALMI B
KOHKPETHBIX ciydasix. B cBsi3u ¢ 3TUM BcTaer Bonpoc 00 MCHO/Ib30BaHUM UMEIoILelics HHOopMaluu
0 TpeabIyLICH BONIOLUK IpoLecca Uil NPUHATHS PEIICHUH 0 aHAJOTHHM C YK€ HM3BECTHBIMH
CUTyaLsAMH (METOJ KellcoB — case-study). YuuThIBasi PAKTHYECKUE MOTPEOHOCTH CIICLIHAINCTOB
CTPOMTENIBHOW OTpaciy, BaKHOE 3HAUYEHHWE MMEET METO/, MO3BOJIAIOIMN YCTAHABIMBATH AHAJIIOIMU
MECXKAY NOBCACHUEM 3aHHUs HAa aKTyaJJbHOM BPEMEHHOM INPOMEXKYTKE WU HEKOTOPOM BPEMEHHOM
NPOMEXKYTKE M3 MPEAbIIYIeH HCTOPUM €ro 3BOJIOLUH. Pa3pabdoTka MHHOBAalMOHHBIX METOOB
CpaBHEHHs MOBeACHHs mpouecca Iu(Qy3HOHHOro THIIA, CBS3aHHOIO C 3BOJIIOLKEH PHIHOYHBIX
l'lOKa3aTeJ'leﬁ, Ha pa3JM4YHBIX BPEMEHHBIX HHTEpBajIax. I/ICHOHBSOBaHbI METO/bI MaTeMaTVl'-{CCKOﬁ
Teopun Udy3UN, CTOXaCTHIECKHX AU (epeHIInaNbHbIX YPaBHEHHH 1 UX 0000LICHHUS Ha Ciiydaii
JIOKQJIbHO-0€3rPaHUYHO JIEJIMMBIX CIYYaiHbIX TMporeccoB. IIpeyioxkeH 0O0OOLICHHBIA MOAXO0H K
HoHATHIO U (Y3MOHHOr0 IMpolecca M, COOTBETCTBYIOLIAsi (hopMa CTOXACTHYECKOTO YpPABHEHHS.
Pa3paborana KOHIEIIMSI OMMUCAHHOTO MOAXOHa K CTOXAaCTHYECKUM IPOLECccaM TAKOro THIA IS
aHaJIM3a BO3MOXXHOI'O HCIIOJIb30BAHUS (bl/lHaHCOBle UHCTPYMEHTOB IIPpHU 3BOJIOLUHH PBIHOYHBIX
n01<a3aTenel7l NyTEM HU3YYCHHSA aHAJIOTUYHBIX 110 HAKOIJICHHBIM XapaKTECPHUCTUKaAM chyauMﬁ (MeTO):l
keiicoB — case-study). Co3gaHa WHHOBALMOHHAS TEXHOJOIHS OOYYEHHS HCIOJIb30BAHUIO
(DMHAHCOBBIX HMHCTPYMEHTOB, TaKMX, B YaCTHOCTH, Kak (opBapiabl, (bIOYEPCHI, OINIKOHBI,
pa3HooOpa3Hble CBOIBI M Apyrue. HaGmoneHue 3a 3BOJIOLMEH BO BPEMEHH LICHOBOTO ITOKA3aTens
MO3BOJIAET ONPENENATh M HCIOJIb30BATh PAHEE HAKOIUICHHBIH OIBIT, KacaloIIUics NepruonoB
AHAJIOTMYHOM ero sBomouuu. Pa3paGoTaHHBIA MOAXOA MO3BOJISET KIacCU(PUIMPOBATH MOBEACHHE
CJIy4aifHOTo Hpolecca SKCIUTyaTalluy 3[jaHusl Ha BPEMEHHbIX HHTEpBaiax.

KaroueBble cioBa: aupdy3uoHHBIC TPOLECChl, CcToXacTHYeckue auddepeHIranbHbe
ypaBHEHHUSI, 3[1aHKsI, MOJICIIH BOJIFOLIMH LIEH, KOAPPUIMEHT TpeHa, KOI(DPHUIUCHT BOJIATHIIBHOCTH.

YK 725

Temyn I'B., Byyenxo FO.I1., banina O.1., Beskayoenxo 1.C., Conomin A.B. Anudy3iiini npouecu 3
HAKONMUYYBAJIBHAMH XapaKTePUCTHKAMH NpH ekciuryaraumii OymiBesns // Omip Marepiamis i
Teopist copya: Hayk.-TexH. 30ipH. — K.: KHYBA, 2019. — Bun. 102. — C. 243-251.

Posensioaromscst 3a0aui OYiHIOBAHHS napamempis Koe@iyicnmis i po36 S3Kie CMoxacmuyHuX pigHsHb,
Wo  BUKOPUCIOBYIOMbCS. Ol ONUCAHHS  WGUOKO3MIHHUX —Npoyecis, sKi 8I00Y6aomvcs npu
Oyoisnuymei ma excnayamayii 0yoieenv. JOCAONCYEMbCA ACUMIMOMUYHA NOBEOIHKA MAKUX
PO36 SA3KI8.

Taba. 0. L. 0. bi6miorp. 11 Ha3s.

Getun G., Butsenko Yu., Balina O., Bezklubenko I., Solomin A. Diffusion models with accumulated
characteristics when operating buildings // Strength of Materials and Theory of Structures:
Scientific and technical collected articles. - Kyiv: KNUBA, 2019. — Issue 102. — P. 243-251.

The problems of estimating the parameters of coefficients and solutions of stochastic equations used
to describe the fast-moving processes that occur when the construction and operation of buildings
are considered. The asymptotic behavior of such solutions is studied.
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MOJIeJIY ¢ HAKOMUTEIHLHBIMH XapaKTEePHCTHKAMH NPH dKCILTyaTanuu 31anuii / ConpoTuBicHue
MaTepHaIoB U TEOPHs COOPYXKeHHil: Hayd.-TexH. coopH. - K.: KHYCA, 2019. - Bem. 102. — C. 243-
251.
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pewenul.
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BUXIJIHI CHIBBIJHOIIEHHS HEJIIHIMHOT O TMHAMIYHOI'O
®OPMO3MIHEHHS BICECUMETPUYHHUX TA
MNJIOCKOJAE®OPMIBHUX TI1JI

10.B. Makcum’ 0K,
KaHJl. TeXH. HAYK, JOLCHT

LI. Coaoneit,
II-p TeXH. HayK, CTApLINil HAYKOBHH CHiBPOOITHHK

P.JI. Ctpuryn

Kuiscorutl nayionanohuil ynieepcumem 0y0igHUYMEA i apXimekmypu
Iosimpopromcokuii npocn., 31, m. Kuis, Yxpaina. 03680

DOI: 10.32347/2410-2547.2019.102.252-262

B po6oOTi po3rissHyTO BHXIi[HI CITiBBiIHOIICHHS T€OMETPUYHO HENIHIMHOI 3a1a4i AUHAMIKH IS
JIOCTIZKEHHS MPOLECiB iICTOTHOrO IIacCTHYHOro nedopmyBanHs. HaBeneHa mocraHoBka 3aiadi mpH
yMOBI KOHTakTHOI B3aemomii Tin. IlpexcraBieHi piBHSHHS CTaHy Y BIIUIKOBIf IOYaTKOBI,
BIIUTIKOBIi 3MiHHIM Ta aKTyaJbHIi cCHCTEeMaxX KOOPIHHAT.

Kuarou4oBi ciioBa:Tisia o6epTaHHs, FreOMETPHYHA HEIHINHICTh, (Di3UYHa HETiHIHHICT, IIACTHYHI
nedopMallil,KOHTAKTHI HATIPY>KEHHS, IMHAMIYHE HABAHTAXKCHHS.

Beryn. Illupoke 3acTocyBaHHS y PI3HHX Tally3siX TEXHIKM 3HAXOIATh
€JIEMEHTH 1 JIeTali, SIKi B MPOIIECi BUTOTOBJIEHHS 200 eKCILTyaTallii 3HaX oI ThCs
B yMOBax CYTTEBOTO IUIACTHYHOTO JehopMyBaHHS. XapaKTepHI MpOIECH
BiIOYBAIOThCS MPH BUTOTOBJICHHI a00 BCTAHOBJICHHI YINIJIHHIOKOUUX KiNBIEBUX
MIPOKJIAIOK, 3aKJICIIOK Y 3’ €IHYBAJIBHHUX OIEPaIlifaxX, 00poOIli 3ar0TOBOK THCKOM 1
T.1. SIk mpaBmio, MeXaHIuHI MpolecH, M0 PO3TIAIAIOThCS BiAOYBArOTHCS Mij
BIUIMBOM IHTEHCHUBHHMX JMHaMIYHMX HaBaHTaxeHb. CyTTeBo Ha nepeOir
neopMyBaHHS BIUIMBAE TaKOXK YMOBa iX B3a€MOMIl 3 KOHTaKTYIOUUMH
YacTHHAMH 1HCTpyMeHTY. llojaiblie BIOCKOHAJIEHHS TEXHOJOTIYHHX IIPOIIECIB
Ta TPOEKTHHUX pIllIeHb BiJNOBIIANBHUX BY3JiB KOHCTPYKIIM 1 0OJamHaHHSI
06arato B 4OMYy 3aJI©KUTh BiJ TOYHOCTI iH(poOpMAaIii Mpo OCOOIMBOCTI 3MiHM
KapTUHU HaIpY>KeHO-1e()OpMOBAHOTO CTaHy 00’ €KTIB B MpoIeci 1e)OPMYBaHHSL.

3a ocraHHI POKM BHMOTH JI0 TIOOYIOBH MEXaHIYHHX MOJENEH TOCHiPKEeHHS
NPOLIECIB  BUIOTOBJIEHHA Ta  €KCIUIyaTalii pi3HOMaHITHHX  €JIEMEHTIB
KOHCTPYKIIIH 3HAYHO BHPOCIIH, IO BU3HAYAETHCS IMiIBUICHHSIM PiBHS TOYHOCTI
Ta JOCTOBIPHOCTI PE3YJbTATiB, CIIOHYKAIOYM BUKOPHUCTAHHSA BCE OUIBII 1 OLIBII
JOKTaJJHAX pPO3paxyHKOBHX cxeM. KpiM Toro, TpyaHOII JOCIIKEHHS
MOBENiHKM  KOHCTPYKI[H TpH  HAsBHOCTI  JMHAMIYHAX  HaBaHTaKEHb
0araTokpaTHO 301IbIIYIOTHCS Y TIOPIBHSHHI 13 CTATUYHUM aHAaJIi30M.

Y 3B’SI3Ky 3 MM IiJBHUILYETHCS AKTYalbHICTh PO3POOKH e(EeKTHBHUX
METOIMK MJOCHI/DKEHHS] TPOLECIB IUIACTUYHOrO (OPMO3MIHEHHS Tin 3
ypaxyBaHHAM T€OMETPHUYHOI HETIHIHHOCTI Ta KOHTAKTHOI B3a€MOIl Mia Hi€r0
JUHAMIYHUX HaBAHTa)KEHb.

© Makenm’rok 10.B., Cononeit L1, Crpurys P.JL
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1. Buxigni cniBBigHOIIEHHA
PosrmsinemMo Tino oGepraHHs B Oa3uCHIH KpYroBil IWIIHAPWYHIN cucTeMi
xoopauHat Z , Bick Z' sxoi

. . B
36iraetbces 3 BiCCIO __Z_ i
.
obepTanust, Z~ CIpsIMOBaHA
B3JI0BK paniyca, a

Z’cniBnanae 3  KilbIEBOIO
KoopauHaToro (puc. 1).
basucna cucreMa
KOOpPIWHAT € HEe3MIHHOK i
NpU3HaueHa Uil OMHUCY
BuxigHoi iHdopMalii mpo
30BHINHI [, TpaHUYHI
YMOBH 1 TeoMeTpito 00'eKTa. Puc. 1.Tino o6epranns
B OpTOrOHAJTBHIHT
LWTIHIPUYHIN CHCTeMI KOOpAWHAT BIJMIHHI BiJl HYJs HACTYNHI KOMIIOHEHTH
METPHYHOTO TEH30pa g, 110 BU3HAYAIOTh MacIuTabK 0a3ucHUX BekTopiB [1]:
g1, g=(Z"). (1)

Tyt i Hajam iHAEKCH, MO3HAYEHI IpellbKUMHU OyKBaMU IPHHMaTh 3HAUECHHS
1,2, natuHchkumu - 1,2,3.

Jis onmcy HanpyxeHo-1e(OpMOBaHOTO CTaHy TiJl, SIKi 3MIHIOIOTH B MPOIIEC]
HAaBaHTA)XEHHS CBOIO IOYaTKOBY (OpPMY, BBEIEMO B pO3IJSI MiCUEBY
CYNPOBOIKYIOUY KPHBOIIHIIHY CHCTEMY KOOpAMHAT x', oci skoi x' i x°
PO3TAIIOBAHI B MEPHIIOHATLHOMY Hepepi3i, a x° 30iraeThCsl 3@ HATIPAMKOM 3 Z°
(puc. 1) 3B’s130k MK MiCIeBOIO 1 0Oa3WUCHOIO CHUCTEMaMH BHU3HAYa€ThCs 3a
JIOTIOMOT'OF0 TEH30pa TIepETBOPEHHSL:

7% =—aZ°[; , 2% =27} =0 (2)
, 5% , .
KoBapiaHTHI KOMIIOHEHTH METPUYHOIO TEH30pa B MICIEBil cucTemi
KOOpAMHAT BH3HAUYAIOThCSA Yepe3 KOMIIOHEHTH METPUYHOIrO TeH30pa 0a3ucHOI
CHCTEMH:

Emn = Z,lmZ,lngij . (3)
Jy1s1 BUKOpUCTAaHHUX CHCTeM KoopauHAT (popMyiy (3) MOXKHA CIPOCTHTH:
S W2
2
[ R VAVAY S (Z ) : (4)

KoHTpaBapiaHTHI KOMIOHEHTH METPUYHOIO TEH30pa 3HAXOIATHCS 3a
BiJJOMHMU 3HaYEHHSIMH KOBapiaHTHHX:

A(gn)
mn __ mn
g - b (5)
8

ne A(g,,,) - anredpaiuHe JONOBHEHHS JI0 €1E€MEHTa g, MaTpulli,To0ya0BaHOi
3 KOBapiaHTHHX KOMIIOHEHT METPUYHOTO TeH30pYy, g =det(g,,,) - BU3HAUHHK
Ii€T MATPHIIL.

MicrieBa cucreMa KOOPAMHAT x' Ta x?> mno'szana 3 MaTepiaTbHUMHU
TOYKAaMHU Tilla 1 TPH HaBaHTaKEHHI AehOPMYETHCS Pa3oM 3 HUM. Y IIbOMY
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BUIMAJKy 3MiHA METPUYHHX XaPAKTEPUCTHK KOOPIAWHATHOI CHCTEMH B KOXKHil
TOUIll € Miporo aedopMallii Tila, MO JTO3BOJISE OIHO3HAYHO BU3HAYMTHU
reoMerpiro AeGopMOBaHOrO Tijla 3a HOro BHXIJIHUM CTaHOM. Y TIOAAIBIIOMY
OylnemMo pO3pi3HATH TpU KOHQIrypamii Tija: BiJUTIKOBY IOYaTKOBY, BiJUIIKOBY
3MiHHY 1 akTyanbHy. KOMIIOHEHTH METPHYHOro TeH30pa IUX CTaHIB [T03HAYUMO
BIMOBIHO g, g;, G . BimikoBy 3MiHHY KOH(irypauiio npuiiMaemo 10CHTb
ONMM3bKOIO 10 aKTyaJIbHOI, TaKMM YHHOM 100 Y TOpIBHSHHI 3 BEJIWYHUHOIO
METPHYHOTO TEH30pa g pupicT AG,-j = Gl«j—gij OYB HEXTYBaHO MaJIOIO
BEJINYUHOIO.

Kommonentn Tensopa gedopmariii €/ B akryansHiil  koH]iryparii

BH3HAYMMO BUKOPUCTOBYIOUM Mipy nedopmauiii dinrepa [1], koHTpaBapiaHTHI
KOMITOHEHTH SIKOi JOpIBHIOIOTH BIANOBITHUM KOMIOHEHTaM METPHYHOTO

TeH30pa BiUTiKOBOI ouaTkoBOi KoH(irypamii F? =g . To6ro:
i _ (i _ A\ L= _ i
el =1 (F1-G")=1(g"-G"). 6
2 g (6)
BukopucroBytoun 3MiHHY BiUTIKOBY KOH(Iryparito (6) MOKHa HpeICTaBUTH
y BUIISAJI CyMU:
1

el ZE(EU_gy+gy’_Gy')=%(§y_gij)+%(gij_Gy’)=gy+gy" 7)

ne €/ = %(gij —g7 ) - nedopmanii Tin B 3MiHHIHM BigpaxyHKOBil KOH®Irypaii

0 BiJIHOIIEHHIO IO MOYAaTKOBOro crany; &7 = %( g’ -G ) - nedopMmarrii Tijza B

aKTyallbHI# KOH(Irypanii no BiIHOMEHHIO 10 3MiHHOI Bi/ITIKOBOI.

Z

u"

AZ"Z%)

zZ'

Puc. 2. 3miHHa Bi1iKOBa i akTyanbHa KOHQIryparii
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Busnauumo nedopmanuiie’ uepes nepemimenns U, 3amani B GasucHii
cucteMi KoopauHat. Ha pwuc. 2 moka3aHO TOJNOXKEHHS IESKOi TOYKU A, 1o
HAJISKUTh MEpPUIiOHAIBHOMY TEpeTHHY Tiia o0epTaHHs 3MIHHOI BIJUTIKOBOI i
aKkTyalpHOi KoHQirypauii. HoBe monoxkeHnHs Touku A B cuctemi Z'
BU3HAYAETHCS KOOPAWHATAMHU:

zZ% =7%+U%. ®)

JudepeHiiolour 32 KOOPAMHATAMU  MICIIEBOi CHCTEMH X' IUIMMO

KOMITOHEHTH TE€H30pa NEPETBOPEHB!

o _ o
KoBapiaHTHI KOMIIOHEHTH METPUYHOTO TEH30pa B aKTyalbHiN KoH}irypamii
piBHi:

Gop =25 +US, Ga3 = (22‘)2 (10)
abo
Gop = 8op T Ao, G33 =833 +AGs3, (11)
i (]
AGog =(ZyU} + Z§ U +U LU |
abo

AGyp = [222‘U2‘ + (Uz‘)z} . (12)
KouTpasapianTHi koMroenTH G BU3HAYAIOTHCS 3 yMOBH:
G*® Ggy = 8‘1 (13)
TOMI
GGy, —5% = (g—"‘B +AG°‘B)(g_BY +AGp, )~ 8% =0.
Binxunaroun Bupas Juisi MaIuX BeJTHYHH AG*® AGg, , OTpUMAEMO:
AGPgy, +5%PAG, =0,
AG™ gy, =-g"PAGy, g™ (14)
[ToBeptarouuck 1o (7) i3 BpaxyBanusaM (13) maemo:
s’ =1(g"-¢")=1(g" -&" +G"AG,,G" ) ~ 1 g"/"AG,, . (15)

KoBapianTtHi koMIioHeHTH fedopmaltii akTyaabHOI KOH(DIryparii BiTHOCHO
3MIHHOI BiJIpaXxyHKOBOI piBHi:

Aegg =1 (Z U +ZpUY),

Aeog =Z7U” . (16)
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3rifiHO 10 MPUUHATHX TiNOTe3 TeoMeTpuyHi piBHAHHSA (15) cnpaBemuBi npu
Majaux JaehopmMariisx Ag;; 1 BEIMKHX TEpeMIleHHs X (KyTH MOBOPOTY), a (16)

TUIBKU TIPU MaJIUX JedopMallisx i Majaux MmepeMilieHHsIX (KyTax MOBOPOTY).

3a MexaMH TPYXKHOCTI 3B'S30K MDK IpYyXHHMH AedopMmauismu,
HaAIPY)KEeHHIMH, JedOpMaIlisIMH IIACTUYHOCTI BU3HAYAETHCS PIBHAHHAMU TEOPil
IUIACTUYHOI Tewil 13 130TpOmHMM 3MilHEeHHsM [4-6].BukopucToByrOTHCS
HACTYITHI MepeyMOBH:

1. KomnoneHTn noeHux nedopmaniii €/ nOpiBHIOIOTH CyMi IPYKHUX €] 1
IACTUYHUX € :
/AN
e/ =€/ +¢7,. (17)
2. TloBHi HampykeHHA o BU3HAUaIOTBCA BiNOBINHO 10 Y3arajbHEHOrO
3akoHy ['yka:

o :[u(ss;sy +8§6};)+7»G”Gk,}sifl (18)
Ta MOXKYTh OYTH NIPE/ICTABIICH] y BUIIISI:
o/ =67 + Ac? | (19)

ne GV — HampyKeHHs, JOCATHYTI mij 4ac ne)OpMyBaHHS Tijla y BiUTiKOBii

koHbirypanii, Ac” — mpupicT HampyxeHb, OGYMOBICHHH NPYKHHMH
nedopmarisiMu Tina npu aedopMarii BiJ 3MIHHOI BiIpaXxyHKOBOI O aKTyaJIbHOI
KoH(Giryparii.
VY Bupasi (18):
E ?\’ _ Ev
2(1+v)" 0 (1=2v)(1+v)’
ne A - koedimient Jlsame, E — monynbs FOnra, v — koedinient [TyaccoHa.
3. Ilpuwpict mmacTMuHMX JAeopMaliii  BHU3HAYAETHCS  3TLAHO 10
acoLi10BaHOT O 3aKOHY:

n= (20)

ds’f =L i—k sY, (21)
P ds;
e S7=qo" —GOGij — KOMIIOHCHTH [EBIaTopa HaIpyXeHb, f, —(hyHKUis
TEKy4OCTi,
= 1S SV 12 22)

=1, (), ®= j lzde’fdeg , (23)

Je T, — MeXa TeKy4oCTi NpU YUCTOMY 3CyBi, & - MapaMeTp 3MiIHIOBAHOCTI
Opnxsicra.

IMapamerpu T, v, £ B piBHAHHAX cTaHy (22) BHU3HAYAIOTbCA 3 AOCIIJIIB Ha
NMpocTUil  po3TAr abo cThckaHHs. JliarpamMu 3MillHGHHs, MOOyIOBaHI B

KoopauHaTax G (iHTeHCHBHiCTh HamnpykeHb) - & ([Tapamerp OmkBsicra, sKuii
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JUTsL OTHOBUMIpHOTO NeOpMyBaHHS 30ira€ThCs 3 IHTEHCUBHICTIO JIOrapr(MiqHOT
Mmipun gpedopmaniii €;), Ak mokazaHo B poboTtax [8,9] mocuTh MOBHO
XapaKkTepu3yloTh IOBEOIHKY Marepially 3a MEXel MpPYKHOCTI B Mpolecax,
ONMM3bKUX 70 TPOCTHX Ta CYNPOBOMKYIOTHCS BEIMKUMH IUIACTUYHHMH
e opMariisiMH.

2. 3ayeskHiCTH MizK IpUpPoOCTOM e opManiii i NpUPocTOM HANIPY:KEeHb 32
MesKel0 MPYKHOCTI

IponudepenuiroBasuri Bupa3z (16), BCTAHOBIIOEMO 3B’S130K MK IPHPOCTOM
HAIpPYXEHb Ta IIPUPOCTOM TPYKHUX JepOopMariiii:

do’ =|u(g"g" +g"g")+AGTGH |de, 24)

Jc
e _ p
dey =dey —dey,. (25)
Jns Bu3HaueHHS mpupocTy nedopmaiiii IIIACTUYHOCTI  BHKOPHCTAEMO

criBBigHommeHHs (21). OCKIBKH NPH IIACTUYHOMY JAe(opMyBaHHI 300paxkaroda
TOYKA 3aJIMIIAETHCS Ha TIOBEPXHI TEKY4OCTi, BAKOHYETHCS PIBHICTB!

fp ; p
- i 4
df =——dS . =L dze=0. (26)
YacTkoBi moxizaHi B piBHHHHi (26) no SY Ta & 1OpIBHIOKOTS:
) . d ,
Yo i Yo _ 7 T 27)
JSY e de
[Nepenuiemo criiBBigHOMIEHHS (26) 3 ypaxyBaHHsM (27), npuiiMarouu 10
yBar, 1o Sl»deU = Sl»jdcij : B
S,de? -2 s 5 d =0. (28)

BpaxoByroun (24) ta (25) piBHsSHHS (28) MOXHA 3aMUCATH Y BUTIISIL:

: k il i ik i ki d1,

Sy [u(g’ g +g"g’ )+7LG’JC; ]*(dak, —ds,ﬂ) =21, o de. (29)
[IpencraBuMoO TPUPICT IUIACTHYHUX JedopMalliii y BIiIHNOBITHOCTI 10

¢dbopmymu (21). ITicns miACTAHOBKY 1 BiAMOBIAHUX NIEPETBOPEHB 3aMUIIIEMO BUPA3
A p AU I30TPOIHOTO MaTepiaiy:

Kkl
_2GS"dey
P P >

v

A (30)

Jec

4 T, » 3 drt,
=2G89s" + 2312 25 —412| G+
}’p d 3 Jls a& S ‘\f aw

do’ =|{u(g"e" +g"¢" ) +167G | - 4G5 5" [L
p

] *(dey).
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3. Moge/siroBaHHs B3aeMOAII Tij1

Jliiss MOJIEeTIOBaHHS B3A€MOII TiJl BBOIUTHCS TOHKHMH KOHTAKTHHM Iap, B
MEXax SKOTr0 HaIlpyXeHO-Ae(hopMOBaHUN CTaH OIMKMCYETHCA B JIOJATKOBIH
CHCTeMi KOOpJMHAT y' , 110 MOB’sI3aHa
3 KOH(Iirypaii€r IOBEPXOHb TiI
(puc. 3).

B koxHuUWi MOMEHT uyacy ¢
3a0€31e"yIOThCS YMOBH
HEMPOHUKHEHHS, TEPTS Ha OCHOBI
sakony KymoHa Ta  BiACYTHICTB
PO3TATYIOUYHMX HAIPY)KEHb HOPMAIbHHX
JIO TIOBEPXHi KOHTAKTY:

o/ " <0, 1, < frof ", (1)

”

e fuo- KoedirieHt Ttepta, n” -

Puc. 3. MoaenoBaHHst B3a€MOJIT Tij

HOpMaJib 0 TOBEPXHI KOHTAKTY.

[puiiMaeTbesi, MmO JUIS KOHTAKTHOTO MIapy IMUIBHICTE MaTepialy Ta
koediuient [lyaccoHa nOpiBHIOIOTH HYJIIO:

p.=0,v.,=0. (32)
®dopmymoBanHsa  (32) 3abe3meuye 0e3MacoBiCTh TPAHUII Ta MHTTEBY
nepeaavy 3yCHib BiJ OMHOIO TiJia J0 iHIIOTO MPH JUHAMIYHOMY HaBaHTaXCHHI.

4. IlocTanoBKa 3a7a4i AMHAMIKH

HapaBanTakeHHs, [0 i€ cropyay abo oONagHaHHSA, BiTHOCATH JO
JIUHAMIYHOTO, SIKIIO BOHO 3MIHIOE CBOIO BEIMYMHY HPOTSATOM MOPIBHSHO
KOPOTKOI'0 MNpOMDKKY 4acy. Ilpum nii Takoro HaBaHTaXXEHHS PO3BHTOK
nedopMaliiii CHCTEeMH Ta IOsBa IEPEMIIeHb MPEACTABIIE COOO EIKUH
MpolLIeC, IO 3MIHIOEThCS y 4Yaci. Macu eneMeHTIB camMoi CIOpYyIH, a TaKoX
MOB’SI3aHOTO 3 HUM OOJIaJHaHHS, B Tmpoueci JeopMyBaHHS OTPHUMYIOThH
MIPUCKOPEHHS, 1110 B CBOIO YepTry HPU3BOAMTH JI0 MOSBH CHIJI IHEpIIil, SIKi JIFOTh Ha
CHOpYy/y 31 CTOPOHH PYXOMHUX Mac.

Po3paxyHok 3 ypaxyBaHHSM CHJ 1HEpLii Ta BUKIMKAaHHX IPH IbOMY
KOIMBAHHAX HA3UBAIOTH AMHAMIYHAM PO3PAXyHKOM. VIOro METOIO B 3araibHOMY
BUIIAJIKy € BU3HAYCHHS y Yaci 3aKOHY pyXy Mac CHUCTEMH, 3HAIOUU SIKHH MOXKHa
JIATU OLIIHKY MIITHOCTI Ta YKOPCTKOCTI CUCTEMH.

JIyis cipoleH s iHKOJIM PO3PaxyHOK CIIOPYIH BUKOHYETHCS SIK CTATUYHUMH, a
JTUHAMIYHUHA XapakTep Jii BpaxOBYETHCS 3a TOMOMOTOI0 TaK 3BaHUX AMHAMIYHUX
koedirienTiB. OAHAaK HaBiTh JUIA BH3HAYCHHSA JWHAMIYHHAX KOCQIIIEHTIB
HEOoOXiHO BMIHHS TPOBOIWTH CaMe IUHAMIYHUI po3paxyHOK. Kpim Toro,
JAJIEKO HE 3aBXKAW 3a JIONOMOror Koedili€HTIB MOXKHa YpaxyBaTH BCIO
CBOEPIIHICTH TPOLIECY JMHAMIYHOTO JiehOpMyBaHHSI.

Pyx HeomHopigHOro i3orpomHoro Tina, o00’eMoM V', 0OOMEXEHOro
MOBEpXHEI0 S  OMNHUCYETHCS PIBHSHHSAM, 10 € HACHIJIKOM TPUHIUIY
JI’Anambepa, TOKOMIOHEHTHa (opma SIKOro B KPHBONIHIHHIA cucTeMi
KOOpAUHAT npuiiMae Burian [1, 7]:
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t%(@z,{c’“ﬁ 17 =piil. (33)

OnHo3HauHiCTh  po3B’s3anHHsd  (33) 3a0e3medyeThess  3alpOBAKCHHAM
BIJIMIOBITHUX TOYATKOBUX 1 TPAHUYHUX YMOB.

[TowyaTkoBi yMOBH CTAaHOBHUTH BiZIOMHI PO3IOALI IIEPEMillIeHb Ta IIBHIKOCTEH
B T y Jeskuil QpikCOBaHMII MOMEHT 4acy f,, SIKMil MpUHMaeThCsl 3a MOYATOK
4acoOBOI KOOPJUHATHU:

u(Z" ) =ug(Z"), w(Z" ty) = ug(Z"), 2" eV . (34)
IpumyckaeTbes, 110 HA YaCTHHI MOBEpXHi S, 3a7aHi KIHEMAaTHYHI TPaHUYHI

YMOBH:

wZ" ,n=az" 1), 7" es,, (35)

a Ha [OBEPXHi S, 3 HOPMAILIO 71 = njej - JIOBLJILHO OPi€HTOBaHA y MPOCTOPI Ta

y 4aci cucremMa HaBaHTa)KEeHb!

Koln;=pz",0, 2" s, (36)

Judepenuiiine piBasanHg (33) 3 rpaHndHMMU yMoBaMH (36) eKBiBaJICHTHO
Bapiauiitnomy npunuuny ['aminerona [2, 3]:

OT +dW —064=0, 37)

ne oW = J'(s’fSéijdV - Bapiamis MOTeHMIiHOI eHeprii medopmariii 3amucaHa B
14
TepMiHax (pi3MYHNX KOMIIOHEHT TEH30piB HAINpyXeHb Ta aedopmartiii [1]:

L S i_ il

&j —Sij/\/g(ii)g(ﬂ) » O7=0" V88 -

R

&7 =dMey, d™ =d™ [gugngw8au) - (38)

Tyt 84 = J' f ilSui/dV-i- J pi,Sui,dS - BapiaIlis poOOTH BHYTPIIIHIX Ta 30BHIIITHIX
14 S
CHIL.
Jlns nomaHHs Bapiawii KiHeTHYHOI eHeprii 67 BHKOPHCTOBYETHCS 3arajibHe
(dopMynroBaHHS 13 BBEAEHHSM JOJATKOBUX TilOTe3, IIOAO 3aKOHY 3MiHH

TIPHCKOPEHHS TOUOK €JIEMEHTApHOro 06’ eMy Tina #* (t) y yaci:

8T =~ [ [ pii* (1) 8uy (£)/gdx'dr?dx’, (39)
Xl X2 X3
BUXOJISIYM 3 KOO, MOYKHA OTPUMATH BUPA3H ISl OKPEMHUX BAXKIIUBUX BUIAJKIB,
10 BU3HAYAIOTHCS MapaMeTpaMH HaBaHTa)KEHHS, a caMe 3aKOHOM HOro 3MiHH,
piBHEM IHTEHCHBHOCTI, IIBUJIKICTIO 3pOCTaHHS Ta TPUBAJICTIO Y Yaci.

BucnoBok. Takum uuHOM, M JOCHIDKEHHS TPOLECIB  1CTOTHOTO
IUTAaCTHYHOr0 AehOpMyBaHHSA OTpUMaHi €()EKTHUBHI BHXIIHI CIiBBIJHOIICHHS
TEOMETPUYHO HEeNiHIWHOI 3amadi AuHaMikd. Bu3HaueHi yMOBHM KOHTAaKTHOI
B3aemoxii Tin. IlpencraBneHi piBHAHHA CTaHy 3aldCcaHi y BiJUTIKOBiH
MOYATKOBIM, BIJUTIKOBIH 3MiHHIH Ta aKTyalbHI# cHCTEMax KOOpAHWHAT.
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Maksimyuk Yu.V.,Solodei 1.1, StrygunR.L.
ORIGINAL EQUATIONS OF A GEOMETRICALLY NONLINEAR DYNAMIC PROBLEM
OF ESSENTIAL DEFORMATION FOR AXISYMMETRIC AND FLAT BODIES

Widely used in various fields of technology are the elements and details that are in the process of
manufacturing or operating in conditions of significant plastic deformation. This is typical of sealing
ring gaskets, rivets in connecting operations, blanks in metal processing, etc. As a rule, the
mechanical processes under consideration occur under the influence of intense dynamic loads.
Significantly, deformation is also influenced by the condition of their interaction with the contacting
parts of the instrument. Further improvement of the constructive decisions of a significant number of
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responsible nodes and technological processes largely depends on the completeness and reliability of
the information on the peculiarities of changing the pattern of the stress-strain state of the selected
class of objects in the process of deformation.

In recent years, the requirements for the construction of mechanical models for the study of the
processes of manufacturing and operating components and equipment has grown significantly, which
is determined by increasing the level of accuracy and reliability of the results, prompting the use of
more and more detailed calculation schemes. In addition, the difficulties of studying the behavior of
structures in the presence of dynamic loads is multiplied by comparison with static analysis.

In this connection, the importance of developing effective methods for studying the processes of
plastic molding of bodies, taking into account geometric nonlinearity and contact interaction under
the action of dynamic loads, increases.

The paper considers the original equations of a geometrically nonlinear dynamic problem for the
study of processes of significant plastic deformation. The problem statement is given under the
condition of contact interaction of bodies. The equations of state are presented in the reference initial,
changeable and actual coordinate systems.

Keywords: body of rotation, geometric nonlinearity, physical nonlinearity, plastic deformation,
contact stress, dynamic load.

Maxcumiox FO.B., Conooeui U.HU., CmpueynP.JI.
HCXOJHBIECOOTHOIIEHUS HEJJUHEMHOIO IMHAMUYECKOI'O ®OPMO-
U3MEHEHUSI OCECUMMETPUYHBIX U IIJIOCKOAE®OPMUPYEMBIX TEJI

B pabore paccMOTPEHbI HCXOIHBIC COOTHOLICHHS T€OMETPHYECKU HEIMHEHHON 3a/1a4i IMHAMUKH JUTS
HICCJIEIOBAHHS TTPOLIECCOB CYIIECTBEHHOIO ILIACTHYECKOro AedopmupoBaHusi. lIpuBeneHa MOCTAHOBKA
3aa4d IIpH YCJIIOBUM KOHTAaKTHOI'O B3aPlMO}lel>iCTBl/lil TEII. HpeacraBneHbl YpaBHEHHA COCTOSIHHAS B
OTCYETHOM Ha4yaJIbHOM, OTCUCTHOW CMEHHOM M aKTyaJIbHOW CHCTEMaX KOOP/IMHAT.

KiroueBble  clioBa:Tela  BpalllGHHs, TI'€OMETPUYECKass  HEJIMHEHHOCTh,  (pHU3HUecKas
HEJIMHEWHOCTB, IJIACTHYECKUE Ae(GOopMalii, KOHTAKTHBIC HAMIPSDKCHHSI, THHAMHUYECKOE HAarpy)KeHHE.

VK 539.3

Maxcum’iok  FO.B., Conooeu 11, Cmpueyn P.JI. Buxigui cniBBiiHOmIeHHsI HeJiHiIHOrO
AUHAMIYHOTO (hOpMO3MiHEHHsI BiceCHMETPHYHHUX Ta MIocKoxedopMiBHUX Tii// Onip Martepiaiis
i Teopis cropya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2019. — Bun. 102.— C. 252-262.

B po6omi posensinymo uxiOHI CRi6GIOHOWEHHSI 2eOMEMPUYHO HeNIHIUHOI 3a0ayi OUHAMIKU O
Q0CNIONCEHHsl NPOYecis ICMOMHO20 NAACMUYH020 Oepopmysanns. Hasedena nocmawnoexa 3aoaui
npu ymogi Konmaxkmmoi e3aemooii min. IIpeocmaeneni pienanns cmamny y 6i0K0GIl nOYAMKOSIl,
6IOIIKOGIL 3MIHHILL MA AKMYANbHIU CUCMEMAX KOOPOUHAM.

. 3. Bi6miorp. 9 Ha3s.

UDC 539.3

Maksimyuk Yu.V., Solodei LI, Strygun R.L. Original equations of a geometrically nonlinear
dynamic problem of essential deformation for axisymmetric and flat bodies //
StrengthofMaterialsandTheoryofStructures:  Scientific-and-technicalcollectedarticles —  Kyiv:
KNUBA, 2019. — Issue 102. — P. 252-262.

The paper considers the original equations of a geometrically nonlinear dynamic problem for the
study of processes of significant plastic deformation. The problem statement is given under the
condition of contact interaction of bodies. The equations of state are presented in the reference
initial, changeable and actual coordinate systems

Fig. 3. Ref. 9.

YK 539.3

Maxcumiox  FO.B., Conooeii U.H., Cmpueyn P.JI. WcxoaHble COOTHOIIEHHS! HeJIWHEHHOro
JUHAMHYECKOro (OPMOM3MEHEHHs]I O0CECMMMETPHYHBIX M IUIOCKoxeopMupyeMbIXx TeJ//
CoIpoTHBIICHHE MATEPUAIIOB M TEOPUS COOPYXKeHHA: Hayd.-Tex. coopH. — K.: KHYCA, 2019. - Boim.
102. - C. 252-262.

B pabome paccmompenvl uCX0OHble COOMHOUIEHUS. 2eOMEMPUYECKU HEeTUHEUHOU 3a0ayuu OUHAMUKU
0I5l UCCNIeO0BAHUSL NPOYECCO8 CYUECMBEHHO20 NAACMUYecko2o Oepopmuposanus. I[lpusedena
NOCMAHOBKA 3A0ayu NPU YCIOBUU KOHMAKMHO20 e3aumodeticmeust mei. IIpedcmasnenvl ypashenus
COCMOSIHUSAL 8 OMCHEMHOU HAYANLHOU, OMCYEMHOU CMEHHOU U AKMYATbHOU CUCMEMAX KOOPOUHAM.
Wi 3. BuGsrorp. 9 Hass.
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