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AHOTAIIISA

OPJIEHKO C.II. JUHAMIKA TPUIIAPOBUX OBOJIOHOK OBEPTAHHA 3
JIMCKPETHO HEOJAHOPIAHUM 3AITOBHIOBAUYEM - Kgamidikariiina HayKkoBa
mparis Ha IpaBax PyKOIMHCY.

Hucepraiiss Ha 3400yTTS HAYKOBOI'O CTYIEHS KaHIWJaTa TEXHIYHUX HAyK 3a
cnemianpHicTiIo 01.02.04 — mexanika ae@OpMiIBHOTO TBEpAOro Tiia. — [HCTUTYT
MexaHiku iMeH1 C.I1. Tumomenka HAH Ykpainu, Kuis, 2020.

Juceprariro MIPUCBSYCHO po3po0liri PO3PaXyYHKOBUX MoOIeIen
HECUMETPUUHUX TPHUIIAPOBUX OOOJOHOK OOEpTaHHS 3 NUCKPETHO-CUMETPUUHUM
JeTKUM, apMOBaHUM peOpaMH 3alMoOBHIOBAYEM, BJOCKOHAJECHHIO YHUCEIbHUX
CKIHYEHO-PI3HUIIEBUX METOJAIB 1 PO3BUTKY CKIHYEHO-EJIEMEHTHUX METOMIB A
pPO3B’SA3KY BIAMOBIAHUX IMOYATKOBO-KpalOBHUX 3ajady MaTeMaTU4HOI (i3uKH,
omiHmi HampyxkeHo-aepopmoanoro crany (HAC) tpumapoBux 000J0HKOBUX
CTPYKTYp B 3aJIEKHOCT1 BiJ iX F€OMETPUYHUX 1 (PI3UKO-MEXAHIYHUX MapaMeTpiB
NpU PI3HUX BUJAX HECTAI[IOHAPHOTO HABAHTAXKECHHS.

VY BeTymni OOTpYHTOBAHO aKTyalbHICTH OOpaHOi TeMHU Jauceprailii, JaHOo
3arajbHy XapaKTepPUCTHUKY poOOTH, JOBECACHO HEOOXIAHICTh MPOBEICHHS
HAayKOBUX JOCIHIIXEHb, CHOPMYIbOBAHO METY 1 3aJaul JOCIIIXKEHHs, BKa3aHO Ha
3B’S30K POOOTH 3 HAyYKOBHMH IMIporpaMaMu, TeMaMmu, IUJIaHAMHU. Y TMepIioMy
pO3LTI BUCBITJICHI 3arajbHl MUTaHHS PO3BUTKY METOIB PO3B’SI3KY 3a]a4 HaMpPy>KEHO—
ne(opMOBaHOTO CTaHy MIAPYBATUX OOOJOHKOBUX KOHCTPYKIIIMA, HABEJIECHUX Yy MpaIlsix i
MoHorpadifax BIIOMUX BUeHHX. LI poOOTH 3anuIIalOTHCS TPYHTOBHOIO MAaTEMATUYHOIO
0a3010 uIsi BUOOPY BIAMOBIAHUX TIMOTE3 MPU MOOYAOBI PO3PAXYHKOBUX MOJIEIEH
TPUIIAPOBUX OOOJIOHKOBHUX €JEMEHTIB 1 BH3HAYEHHS 3aCTOCYBaHHS AHATITUYHHUX 1
YUCEIBHUX METOJIB PO3paxyHKy peaJbHUX KOHCTPYKIli. Ha OCHOBI TPyHTOBHOTO
aHai3y BHKOHAHOTO OTJISAAY CYyYaCHOTO CTaHy NpOOJeMH BH3HAYEHHS XapakTepy
HecTamioHapHux KoiuBaHb 1 HIC TpumapoBux o00J0HOK 3 3alOBHIOBAYEM CKJIAJIHOI
reoMeTpii 1 3HAYHO PI3HUMHU (PI3UKO-MEXaHIYHUMHU BJIACTUBOCTSIMU. BusHaueHe wiciie

JlaHO1 POOOTH cepell MPOBEACHUX paHille po3po0OK 1 OOIPYHTOBAHO BHUOIp HAIMPSIMKIB



JOCIIJKEHb. Y JIpyroMy poO3IiIl BUKIAJeHAa TIOCTaHOBKA 3a7advi, CTBOpPEHA
pO3paxyHKOBa MOJielb 1 BUBEJEHI pO3B'A3yBajbHI CUCTEMH pIBHSIHb KOJHUBaHb
HECUMETPUUHUX TPUIIAPOBUX OOOJOHOK OOEpPTaHHS 3 JUCKPETHO-CUMETPUUHUM
JerKuM, apMOBaHUM peOpaMu 3amOBHIOBaYeM MPH BUMYLICHUX JIWHAMIYHUX
HaBaHTa)XXCHHSAX. ApPMYyHOUl €JIEMEHTH 3aKpiljeHl Ha BIJICTaHAX, SKI 3HAYHO
MEePEeBUIIYIOTh iX MOMEpPEYHl PO3MIpH, 1 pO3TallOBaHi1 B3J0BXK T'OJOBHUX JIHIN
KpUBHU3HU O00OJIOHKH. B TpeTrbomy po3niii HOCHIIKEHI 3aKOHOMIPHOCTI MPOTIKAHHSA
XBUJIBOBUX TMPOILIECIB B HECUMETPUYHUX TPHUIIAPOBUX UUIIHIPUYHUX OOOJIOHKOBUX
CTPYKTypax 3 AUCKPETHO-CUMETPUYHUM JIETKMM, apMOBAaHUM peOdpaMu 3alOBHIOBAYEM
MIPU HECTAlllOHAPHUX HABAaHTAKCHHSX. B ueTBepTOMY PO3/11 JOCHIIKEHA TUCKPETHO—
CUMETPUYHA HEOJAHOPIHA MO TOBIIMHI MPYXHA CTPYKTypa KOHIYHOTO THUITY, KA SIBIISIE
co00I0 CHCTEMY, IO CKIIAIA€ThCAd 3 BHYTPIIIHBOI 1 30BHIIIHBOI TJIAJKUX KOHIYHUX
00O0JIOHOK (BHYTPIIIHIM 1 30BHINIHIA HECY4YHMH Iap) 3 BIAMOBIAHMUMH TOBIIMHAMH 1
paniycamu. [lokmanaerscs, o0 cepeuHH1 JiHIT IUX 000JIOHOK TMapaiesibHi, TOOTO KyT
KOHYCHOCTI O 3arajibHuil. OOOJIOHKH >KOPCTKO 3’€IHaHI MDK COOOI0 JUCKPETHUMU
pedpamu 1 JEerkuM 3arloBHIOBaueM. BBakaeTbcs, IO TpUILApOBa KOHIYHA CTPYKTypa
HAaBAHTA)KEHA  BHYTPIIIHIM  BICECUMETPUYHHM  PO3MNOJIJIEHUM  HECTallOHAPHUM
HOPMAaJIbHUM HaBaHTAXKEHHSIM. B 1’ siTOMy po3/1iTi TOCTIIKEH] 3a/1a4i BICECUMETPHUUHUX
KOJIMBaHb  TPUIIAPOBUX  Cc(PepuyHUX  OOOJIOHOK 3  JUCKPETHO-CUMETPUYHUM
3alI0BHIOBAYEM PpI3HOI CTPYKTYpM 1 TMpU pI3HUX BHJAX TPaHUYHUX YMOM 1
HECTaI[lOHAPHUX HABAHTAXKEHb.

KarouoBi cjgoBa: HecuMETpuyHI TpUIIApOBI OOOJOHKM OOEpTaHHS,
JTUCKPETHO-CUMETPUUHUN JIETKUW 3alOBHIOBAaY, apMylodi pebpa, HecTalioHapHIi

HaBaHTa>XCHHA, YHCEIILHI MCTOOH.
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BCTVYII

AKTYyaJIbHICTH P00OTH.

AxkrtyanbHicTh Temu. B aBiaOyayBanHi, KopabneOyayBaHHI, pakeTOOYIyBaHHI,
aTOMHINA €HEepreTHlll, a TAKOXK B IHIIUX 00JIACTSIX TEXHIKH ITMPOKO BUKOPHUCTOBYIOTHCS
HEOHOPI1/IHI IIapyBaTi 000JOHKOBI €JIEMEHTH. BUKOPUCTAaHHS TaKUX KOHCTPYKTHBHUX
€JIEMEHTIB, TIPH [1i HA HUX JUHAMIYHUX HaBaHTa)KEHb, JO3BOJISIE BUPIMIUTH TPOOIIeMy
MaTepiaJIoEMHOCTI 1 Bard BUPOOIB MpH 30epekeHHI HEOOX1THOI MIITHOCTI 1 IOCTaTHBOI
jgerkocti. Jns TpumapoBux OOOJOHOK 3 PI3KOIO BIIMIHHICTIO (Di3MKO-MEXaHIYHHUX
BJIACTUBOCTEH IIApIB CI1J 3aCTOCOBYBaTH TEOPII0 HE3AJIEKHUX KIHEMAaTUYHHX Ta
CTaTUYHMX T1MOTE3 JI0 KOXKHOTO Iapy. B sSIKOCTI MpuKiaAiB BUKOPUCTAHHS IIapyBaTUX
00O0JIOHOK, B SIKHX KOXEH IIap BUKOHYE OAHY a00 JEKIIbKa (PYHKIIHA, MOKHA Ha3BaTH
KOpPIyCH HaJ3BYKOBUX JITaKiB, PAKET-HOCIIB, CYYaCHHX IOTATIB, a TaKOX pi3HI
KOHCTPYKTHBHI €JIEMEHTU 00JIaIHaHHS aTOMHOI €HepreTUKU. TaKkuil mepeik mpuKiIaaiB
MO>KHA 3HAYHO MPOJOBXKUTHU. BioMo, 10 MpOeKTyBaHHs OUIBIIOCTI BUIIE3a3HAUYECHUX
KOHCTPYKIIIA 1 OyaiBeNbHUX 00’€KTIB BIAOYBAJIOCH 3A€OUTBIIOTO B  TEPIOJ
1980-1990 pp., 3a3Bu4Yail 3 3aCTOCYBAaHHSM CIIPOIICHHUX I1H)KCHEPHUX METOIUK Ha
MiJICTaBl BUMOT 3arajJbHONMPOMHUCIOBUX HOPMATHBHUX JOKYyMeHTIB. Ilpu excruryararii
JTaKiB, KOpaOiB, pakeT-HOCIiB, eHeproo6yiokiB AEC Ykpainu BigOynach HU3Ka MO,
AKl Oe3nocepeqHbO BIUIMHYJIM Ha 30UIBLIEHHS YyBaru JAep>KaBH, MPOMHUCIOBOCTI 1
HAyKOBO1 CHIIBHOTH JIO TUTaHb OIIIHKK 1 3a0e3nedyeHHs Oe3neku OO0 €KTIB, IO
eKCIUTYaTYIOThCSI 1 IPOSKTYIOTHCS 3 JOTPUMAHHIM CydacHUX BUMOT 3 Oe3mnexu. Tomy €
HEOOXIHICTh  YJOCKOHAJWUTH METOJUKY BH3HAYEHHS JUHAMIYHOI  TOBEIIHKHU
TPUIIAPOBUX OOTIKAYIB 1 aJanTepiB KOCMIYHOI TEXHIKH Yy BUTJIAMI HWJIIHIPUYHUX Ta
3p13aHUX KOHIYHUX 1 CPepUUHUX OOOJOHOK MPHU PI3HOMAHITHUX IPAHUYHUX YMOBAX 1
HECTAI[IOHAPHUX PO3MOJAUICHUX 1 JIOKAI30BaHWX HaBaHTAXEHHSAX. Po3B’s3aHHS
BIJIMOBITHUX KPaHOBUX 3a71a4 OB’ S3aHE 3 BEJIMKUMHU TPYIHOIIAMH OOYHCIIIOBAIHLHOTO
xapaktepy. ToMy MOXHa 3pOOUTH BUCHOBOK, IO JOCTIKEHHS MEXaHIYHOI MOBEIIHKU
TPUIIAPOBUX OOOJIOHOK 3 Cy4YaCHHUX MarepiaiiB MoTpeOye CTBOPEHHS HOBHUX

e(EeKTUBHUX UYHUCEIbHO-aHAMITUYHUX MIIXOJIB 1 BUKOPUCTAHHS CYyYaCHHUX CKIHYEHO-



.
€JIEMEHTHUX KOMIUIEKCIiB. [Ipy 11bOMy HEOOXITHO BHU3HAYUTH XapaKTep AWHAMIYHHX
IPOILECIB, SIKI MPOTIKAIOTh B TAaKUX KOHCTPYKIISX /A BU3HAYEHHS iX MILHOCTI 1
KUTTE3MATHOCTI. byjie mnpoBeneHO aHali3 KOJMBAaHb 1 HaMpyXKeHO-Ae(hOPMOBAHOIO
CTaHy TPUILAPOBUX IMIIHIPUYHUX, KOHIYHUX 1 CPEepUYHHX OOOJOHOK 3 JUCKPETHO-
CUMETPUYHUM JIETKUM 3alIOBHIOBaYE€M, apMOBAHUM peOpaMH, sKi 3HAYHO MIABUIILYIOTh
MIIHICTh KOHCTPYKIIH TpH HE3HAYHOMY 30UIbIIeHHI 11 Baru. JlOCHDKEHHS BIUIMBY
KOHCTPYKTUBHOI Ta CTPYKTYpPHOI HEOJHOPIAHOCTI TPUIIAPOBUX OOOJOHKOBUX
€JIEMEHTIB KOHCTPYKIIIH Ha 1X MeXaHIYHYy MOBEAIHKY 1 OTPUMaHHS MPHU [IbOMY IITUPOKOi
iHbopMaIlli Mpo BIUIMB MEXAHIYHUX Ta TEOMETPUUYHHMX MapaMeTpiB 1 BIACTUBOCTEU
miapiB Ha MEpPEMIIICHHs, HaNpyXEHHS, TPUCKOPEHHS, KPUTHYHI HaBaHTaXEHHS,
JUHAMIYHI XapaKTePUCTUKU TPHU HECTallloHAapHOMY JiIe(OpMyBaHHI € AKTyaJbHOIO
po0JIeMoI0 MeXaHiku 1e)opMiBHOI0 TBEPAOIO Tijia, sika MOTPeOy€e CBOrO BUPIIICHHS.

3B’130k po0OTM 3 HAYKOBHMHM NpOrpaMaMu, IUIAHAMH, TeMaMMU.
HuceprariiiiHa po60oTa BUKOHaHa y BIJIMOBITHOCTI JIO MPOTpaM 1 MJIaHIB HAYKOBUX POOIT
[nctutyty mexaniku iM. C.I1. Tumomenka HAH VYkpainu 3a HaCTymHUMHU HayKOBHUMH
temMamu: “JIMHaMiKa CKJIAQAHUX OOOJOHKOBHUX CHCTEM MpU Jii PO3MOJUICHHX Ta
JOKaJIbHUX HECTAI[lOHAPHUX HaBaHTaxeHp  (mmpp 1.3.1. 402 - 16, Ne [P
0115U005704, 2016 - 2019 pp.), “Aunamiune nedhopMyBaHHS €IEMEHTIB KOHCTPYKIIiH
Cy4yaCHOTO MAaIMHOOYAyBaHHS Ta CTIAKICTh 1 JOCSDKHICTh MHOXHH TPAEKTOPIN
MexaHiyHux cuctem’” (mdp 1.3.1. 410 - 17. Ne JIP 01170000700, 2017 - 2021pp.), Ta
“UucenpbHe MOJEITIOBAHHS JUHAMIKH 1 CTaTHKHU IAPyBaTHX OOOJIOHKOBHX €JIEMEHTIB
CKJIaJTHOI TeOMETpii CTOCOBHO 00’€KTiB aTOMHOI Ta KocMivHOT ramy3eit” (mmdp 1.3.1.6
417 - 20, Ne TP 0119U103374, 2020 - 2024), criiBBUKOHABIEM SIKHX OyB TUCEPTAHT.

Meta i 3apaui gocaigkennsi. Metorw aucepraliiiftHoi poOOTH € MOTIMOICHHIMA
aHali3 HECTAI[lOHApPHOTO JAe(POpPMYBaHHA TPHUIIAPOBUX HECUMETPUUYHUX OOOJOHOK
o0epTaHHS 3 JUCKPETO-CUMETPUYHUM HEOJHOPITHUM 3alOBHIOBAYEM B paMKax Pi3HUX
MoOJeNied Ha OCHOBI HOBHX Ta €(QEKTHBHUX UHCEIbHO-aHATITHYHUX JUCKPETHO-
KOHTHUHYaJIbHUX TT1IXO/IiB.

OCHOBHI 3aBIaHHS JTOCIIKEHHS:
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- moOyqoBa HOBHUX pPO3paXxyHKOBHUX MOJIENEe HecTalloHapHOro naedopmyBaHHs
OOOJIOHKOBUX €JEMEHTIB KOHCTPYKI[i 3 BpaxyBaHHSM iX KOHCTPYKTHBHOi Ta
CTPYKTYPHOI HEOJHOPITHOCTI MPU HECTAllIOHAPHUX HaBAaHTAXKCHHSX;
- TIOCJIDKEHHS BIUIMBY aMIUTITYyTHO-4aCOBUX IMapaMEeTPiB 30BHINIHHOTO HABAHTAKCHHS
Ha JMHAMIYHI XapakTEPUCTUKUA TPUILIAPOBUX OOOJOHOK OOEpTaHHS 3 JIUCKPETHO-
CUMETPUYHUM  JIETKMM, AapMOBaHUM peOpaMu, 3alOBHIOBAY€eM HA  OCHOBI
BJIOCKOHAJICHNX €(EKTHBHUX YUCEITHHO-aHAITUYHUX ITiIX0/IIB 1 CKIHUCHO-EIEMEHTHHIX
METO/IIB;
- moOynoBa pO3B’S3KIB 3aJay MpO HecTalloHapHE [e(OpMyBaHHS CTPYKTYPHO
HEOJHOPIAHUX TPUIIAPOBUX OOOJOHOK OOEpTaHHS 3 BPAaXyBaHHSIM JIUCKPETHOCTI
HEOJHOPITHOTO ~ 3allOBHIOBaYa NpPHU  PO3MOAUICHMX 1 JIOKaJbHUX JWHAMIYHHUX
HaBaHTA)KCHHSX.

Ha ocHoOB1 aHanizy OTpUMaHHX PE3yJbTATIB BUSBUTH HOBI MeXaHIYHI €deKTH 1
pO3pOOUTH pEeKOMEHJaIlli 1040 CTBOPEHHSA I1H)XXKCHEPHUX METOAIB pPO3paxyHKIB
HEOJHOPIAHUX TPUILAPOBUX OOOJIOHKOBHMX €JIEMEHTIB KOHCTPYKIIH NpHU JAMHAMIYHHX
HaBaHTaKEHHAX. PoOoTa crpsiMOBaHa Ha MiJIBUIIECHHS PIBHS PO3PAXYHKIB TPUIIAPOBUX
00OJIOHKOBHUX €JIEMEHTIB, SIKI 3aCTOCOBYIOTHCSI B aTOMHIM 1 KOCMIYHINA rany3sx 1 Oynu
MOCTaBJICHI TaKl 3a/1ayi:

- CTBOPEHHSI PO3pPaxXyHKOBOi MOJENI TPHUIIAPOBUX HECUMETPUYHUX OOOJIOHOK
o0epTaHHs 3 JUCKPETHO-CHMETPUYHUM HEOJHOPITHUM JIETKUM 3allOBHIOBAYEM,
apMOBaHUM pedOpaMH IKOPCTKOCTi, SIKa BPAaxXxOBY€ B3a€EMOBIUIMB HECY4YHX IIapiB 1
CKJIaIOBUX 3aIllOBHIOBAYA;

- pO3pOOJICHHS cXemaTu3allii Ta BUOOPY PO3PAXYHKOBUX MOJIEJEH MPHU UYHUCEIbHOMY
JIOCITIJIPKEHH1 KOHKPETHUX 3a/lad JUHAMIYHOI MOBEIIHKH HECUMETPUYHHUX TPHUIIAPOBUX
000JIOHOK 00€epTaHHs MPH PI3HUX BUAAX HECTALIOHAPHUX HABAHTAKECHHSIX;

- y3arajbHEHHs  pe3yJbTaTiB  JOCIIUKEHb CTOCOBHO  aHalli3y  Hampy>KEHO-
neopMOBaHOTO CTaHy TPHUIIAPOBUX HECUMETPUYHUX OOOJIOHOK OOepTaHHA 3
JTUCKPETHO-CUMETPUYHUM HEOTHOPITHUM JISTKUM 3aIl0BHIOBAUEM IS CTBOPEHHS OCHOB

pPO3paxyHKy Ha MIITHICTh TAKUX €JIE€MEHTIB KOHCTPYKITIH;
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- CTBOpPEHHS PO3PAXyHKOBOI MOJENI 1 BHBEACHHSI HOBHX CHCTEM DIBHSIHD
HECUMETPUYHHUX TPUIIAPOBUX OOOJOHOK OOEpPTaHHA 3 JUCKPETHO-CUMETPUYHUM
JIETKUM, apMOBaHUM pedpamu, 3alI0BHIOBAYEM;
- BU3HAUCHHS BIUIMBY MapaMeTpiB HaBaHTaKEHb Ha HaNpy>KeHO-AehopMOBaHUN CTaH
TPUIIAPOBUX OOOJIOHOK OOEpTaHHS 3 JAUCKPETHO-CUMETPUYHUM JIETKHM, apMOBAaHUM
pebpamu, 3alIOBHIOBAYEM B 3aJICKHOCTI BiJ] HOTO KOHCTPYKIIIT;
- pO3pO0JICHHS cXeMaTu3allil Ta PO3PaXyHKOBUX MOJIEJIEH JIErKOoro 3armoBHIOBayYa, SIKUM
Opy HE3HAYHOMY TWiABHUINEHHI Baru TPHUIIAPOBOI CTPYKTYpH 3HAYHO MIABUIIYE ii
MIIHICTB 1 CTIHKICTb.

O0'exkT Hoc/iIKeHHsI: HAMPYKEHO-1e(POPMOBaHUN CTaH TPUIIAPOBUX OOOJIOHOK
oOepTaHHs MPH HECTAI[IOHAPHUX HABAHTAKCHHSX.

IIpeamer pocaizKeHHsI: BIUIUB JUCKPETHO-CUMETPUYHOIO JIETKOIO, apMOBAHOI'O
pebpaMH 3alOBHIOBaYa Ha JHWHAMIKY HECUMETPUYHUX TPHULIAPOBUX OOOJIOHOK
o0OepTaHHs IIPU HECTAI[IOHAPHUX HAaBAaHTA)KEHHSX.

Meroaun pgochaimxeHHs. Y aucepTaliiiHii  poOOTI BHKOPHUCTAHO OCHOBHI
CHIBBIIHOLIEHHSI JUHAMIYHOI Teopii 000JIOHOK Ta KPUBOJIHIMHUX CTPHKHIB HA OCHOBI
yrouneHoi teopii C.I1. Tumormenka st 060J0HOK 00epTaHHs (LMIIHIPUYHA, KOHIYHA,
chepruuHa 000JI0HKH). PO3B’S130K OJHOBUMIPHUX IWHAMIYHUX 3aJlad JJIsl JTUCKPETHO-
CUMETPUYHOIO 3alOoBHIOBada 0a3yeTbCsl HA BUKOPUCTAHHI 1HTETPO-IHTEPIOSAIIHHOTO
METO/Iy MOOY/I0BU CKIHYEHO-PI3HUIIEBUX CXEM IO MPOCTOPOBUM KOOpAMHATAM Ta SBHIN
PI3HMIIEBIM ampoKcUMAaIlll MO 4acoBiil KoopauHaTi. PO3B 30K OUIBII CKIIAJHUX 3aaad
JUHAMIYHOT TIOBEIHKM HECUMETPUYHUX TPHUIIAPOBUX OOOJOHOK 3 JHUCKPETHO-
CUMETPUYHMM HEOJHOPIMHMM JIETKMM, apMOBaHMM peOpamu, 3alOBHIOBAYEeM
3aCHOBAHMI Ha BUKOPHUCTaHHI CKiHYeHO-eneMeHTHOro metony (MCE).

JIOCTOBipHiCTL OTPUMAHMX pe3yJbTAaTiB, OOTPYHTOBAHICTH Ta BIPOTITHICTDH
pesynbTariB po3paxyHkiB HJIC tpumiapoBux 0O0OJOHOK OO€pTaHHS 3 JUCKPETHO-
CUMETPUYHHMM 3all0BHIOBaYEM P HECTAIIOHAPHUX HABAaHTAXKCHHSX 3a0€3MeUyEThCS:

- TOYHMM 1 JCTAJIbHUM MOJICIIOBAHHSIM TEOMETpii 1 CTPYKTYpH JIUCKPETHO-
CUMETPUYHOTO 3alI0OBHIOBAYA,;

- CTPOTICTIO Ta KOPEKTHICTIO IIOCTAHOBOK BUX1THUX 33]1a4;
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- IEPEBIPKOI0 MPAKTUYHOI 301KHOCTI 00YMCIIIOBAIEHOTO MPOIIECY;
- 3actocyBaHHsIM MCE-mozerni 13 onTuManbHUM CIIBBIAHOIIEHHSIM PO3MIPIB CKIHUEHUX
CJIEMEHTIB, NpH SKUX 3a0e3neuyeThcsi Halkpaina ampokcumaiis napamerpis HJIC
byHKIISIMU Hampy>KeHb 1 Aeopmariiii;
- TIEPEBIPKOIO MPAKTHUYHOI 301’KHOCTI OOYHMCITIOBAIBLHOTO TPOIECY 3IMCHEHHSAM cepii
KOHTPOJILHUX PO3PaXyHKIB;
- Bepudikamiero po3po0JIeHOI METOAWKM TOPIBHIHHSAM 3 aHATITUYHUMH PIIICHHSIM
TECTOBUX  3ajady, 3 pe3ylbTaTaMd aJbTEPHATHUBHUX PO3pPaXyHKIB  (IHIIUMU
IpOrpaMHUMU 3ac00aMu) 1 HATYPHUX CIIOCTEPEKEHb.

HaykoBa HOBH3HA OTPUMAaHUX pe3yJIbTaTiB:

1. Po3pobOneHa HoOBa po3paxyHKOBa MOJEIb TPUIIAPOBOI HECUMETPUYHOI
OOOJIOHKM OOEpTaHHS 3 JHUCKPETHO-CUMETPUYHHUM JIETKUM, apMOBaHUM peldpamu
3aII0BHIOBAYEM.

2. Ha ocHoBi Bapiartiiinoro npunnuiy ['amiibToHa - OCTOTpajiCbKOr0 B paMKax
Teopii 06omoHOK Ta ctepxkHiB Mojeni C.II. TumollleHka BHUBEJEHI HOB1 PIBHSHHS
KOJIMBaHb HECUMETPUYHHUX TPHUIIAPOBUX OOOJIOHOK OOEpTaHHS 3 JAMCKPETHO-
CUMETPUYHUM JIETKMM 3allOBHIOBAUYE€M 3 BHUKOPHCTAHHSM HE3AICKHUX TINOTE3 s
KOXKHOTO 13 I1apiB, sIKI 3HAYHO BIJIPI3HIIOTHCA (PI3UKO-MEXaHIYHUMU BIACTUBOCTSIMU.

3. IIpoBenieHo yTouHEHE MOJIENIOBaHHS 0araTomapoBUX MUITHAPUIHUX 000JTOHOK
3 KOHCTPYKTUBHHUMH Ta TEXHOJOTIYHUMH OCOOTMBOCTSAMHU.

4. Bmepmie IOCHIDKEHO HaIpPyKEHO-AeHOPMOBAHUM CTaH HECUMETPUYHO1
TPUIIAPOBOT LMJIIHAPUYHOI OOOJIOHKH 3 JIETKUM 3allOBHIOBAYEM IMPHU IMITYJIbCHOMY
HABAaHTA)KEHHI.

5. JocnikeHo BIUTMB AUCKPETHO-CUMETPUYHOTO JIETKOTO, apMOBAHOTO pedpamu,
3allOBHIOBaua Ha HaMpyXeHO-AePOPMOBaHMI CTaH HECHMETPUYHOI TPHUIIAPOBOI
WTIHIPUYHOT 0O0JIOHKH 3 PU AUHAMIYHOMY HABaHTAKEHHI.

6. Bnepume nocmimKeHO Hampy>KEeHO-Ae(POPMOBAHUM CTaH HECUMETPUYHOI
TPUILAPOBOT KOHIYHOI OOOJIOHKH 3 JUCKPETHO-CUMETPUYHUM JIETKHM, apMOBaHUM

peOpamu 3alIOBHIOBAYEM TP PO3MOJIIJICHOMY IMITYJIbCHOMY HaBaHTaKEHHI.
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7. CTBOpeHa KOMIUIEKCHA METOAMKA pPO3paXxyHKy IUHAMIKA HECUMETPUYHOI
TPUILAPOBOT KOHCTPYKTHUBHO-OPTOTPOMHOI ChEpuyHOi OOOJIOHKH 3 CTIIbHUKOBUM
3aroBHIOBAYEM IIPH i1 Ha Hel MIIOCKOT yapHO1 XBHUII.

8. HocnimkeHo BIUIMB HECHUMETpli TPHUIIAPOBOi HamiBCPEPUIHOI OOOJIOHKH 3
JMCKPETHO-CUMETPUYHUM 3allOBHIOBaYEM Ha ii HampyXeHO-AehOpMOBaHUI CTaH MpU
J1i IMITyJIbCHOTO HaBaHTa)KEHHS.

9. Bmepme aochipKeHO HampyKeHO-ne(popMOBaHUN CTaH HECHMETPUYHOI
TpUIIApOBO1  HamiBchepuyHOi OOOJOHKA 3  JUCKPETHO-CUMETPUYHHUM  JIETKUM,
apMOBaHUM peOpaMy 3aloOBHIOBauYe€M TMpU il IMIyJIbCHOTO PO3MOAUIEHOTO 1
JIOKAJIbHOTO HABaHTAYKEHHSI.

10. IIpoBenenuii po3paxyHOK 1 aHaMI3 MEPUIUX BIACHUX YaCTOT TPHUIIAPOBUX
000JI0HOK 00€pTaHHS 3 TUCKPETHO HEOTHOPITHUM 3aIIOBHIOBAYEM.

IIpakTuyHe 3HAYeHHS] OTPUMAHMX Pe3yJbTATIB MOJATa€ B TOMY, III0 BOHU
MOXYTb OyTH BUKOPUCTaHI JJIsl TOCHIIPKEHHS MPUKIIAIHUX 3a/1ad B [HCTUTYTI MEXaHIKU
iMm. C.II. Tumomenka, B JlepxaBHOMY MiANPUEMCTBI «Jlep:kaBHUI HAYKOBO-TEXHIYHUI
IEHTp 3 sJepHOi Ta pamiamiiiHoi 6e3nexku» (JAHTL] SPB), depxaBHOMY MiANpUEMCTBI
«HAEK «Eneproarom», HanioHanbHOMY TEXHIYHOMY YHIBEPCUTETY YKpaiHu iM. [rops
Cixopcbkoro (MexaHiKO-MaluHOOYAIBHUN 1HCTUTYT), Ha [lepkaBHOMY MiaIPHEMCTBI
“Kb "TliBnenne” im. M.K. Snrens”.

Pe3yabTaTtu qucepraniiiHoi po00TH BUKOPHUCTAHHI PY BU3HAYEHHI JA1ana3oHIB
BJIACHUX YACTOT HEOJHOPITHUX OOOJOHKOBUX €JIEMEHTIB KOPITYyCiB paKeT HOCIIB, MPHU
AKX MOXYTh BHHHUKATH PE30HAHCHI SBUINA, II0 MOXKE Tpu3BecTH 10 aBapii. lLle
JIO3BOJIMJIO BUOpATH PEXKUMH POOOTH [BUTYHIB pakeT HOCIiB, a00 3amporoHyBaTH
BIJIMOBIJIHI KOHCTPYKIIT MIAKPITUICHb, TPH SKUX YHEMOXXIUBIIOIOTHCA PE30HAHCHI
SIBHIIIA.

Po3pobneni B mucepTariii TEOpETUYHI METOAMKHU JI03BOJISIOTH JOCIHITUTH XapaKTep
1 3aTyXaHHS KOJIMBaHb B OOOJIOHKOBHX KOHCTPYKIIISX PAKETHO-KOCMIYHOI TEXHIKH MPHU

Jii Ha HUX PO3IMOAIICHHUX 1 JIOKAJIbHUX BUOYXOBUX HABAHTAXKEHb.
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OcobucTnii BHECOK 3100yBaya.

3a pesynapTaTaMu AucepTaiii omyOJiKoBaHO: [/ CcTaTel y HayKOMETPUYHHX
¢daxoBux BumaHHAX [1-7]; OcHOBHI pe3ynbTaTd JOCHIIKEHb, OJIEpXKaHi B
JTYcepTaliiHii poOoTi, HanmexaTh ii aBTopy. Bubip Temu, dopMyBaHHS 3aBIaHb Ta
aHa3 pe3yibTaTiB MPOBEICHUX JOCHIHDKCHb BHKOHAHO CIIIBHO 3 HAYKOBUM
KEpIBHUKOM. Y  HAyKOBUX MyOJIKAaIlisX, MIJTOTOBICHUX y  CIIBaBTOPCTBI,
0e31mocepe/IHb0 aBTOPOM BUKOHAHO TaKe: MPOBeIeHO MateMaTtuyHe MoaentoBanus HJ(C
HEOJTHOPITHUX 1 IIAPYBATHX HWIIHAPUYHHX 000I0HOK [1, 2]; BHKOHAHI pO3paxyHKH
KOHCTPYKTHBHO OPTOTPOIHOI MOjeli  00070HKOBOro o0Tikada [3]; po3pobiieHa
CKIHYCHO-CJICMEHTHA MOJIC)Ib 1 OTPUMAaHI YHCeIbHI pe3yibTaTth, poooTu [4-6] aBTOpOoM
HalKCcaHl CaMOCTIHHO, B po0oTi [7] mpoBeieHI poO3paxyHKH KOJHUBaHb TPHILAPOBOI
TeIIO130JIAIIHOT TPYOHu.

Ctpykrypa Ta o0car pooOoru. Jlucepramis CKIagaeTbcs 3  aHOTAIll
(YKpaiHCBhKOIO), BCTYMY, I'SITH PO3/LTIB, 3araIbHUX BUCHOBKIB, CIIUCKY BUKOPUCTAaHUX
mkepen 3 187 nHaiiMeHyBaHb. 3aranbHUi oOcsar muceprarii ckiamae 150 cropiHok
MAIlMHOMUCHOTO TEKCTYy, B TOMY 4YHUCHi, 5/ pucyHkiB, 1 tabmuus, 1 momatox Ha 1

CTOpIHIII.
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Po3aia 1
Cy4yacHu# CTaH Teopil

HOCJTIIKEHHS TPUILIAPOBUX 000JI0HOK

[MlapyBati 000JOHKH HIMPOKO 3aCTOCOBYIOTHCS B aBia—, paKkeTo—, Cy/IHOOyAyBaHHI Ta
0araThOX 1HIIMX TATy3gX TEXHIKH Ta OyAiBHUITBA. PO3BUTKY Teopii 1 METO/IB PO3PAXyHKY
HarpykeHo-negopmoBanoro crany (HJIC) mapyBatux eneMeHTIB KOHCTPYKIIH mpH
PI3HOMaHITHUX BILJIMBAaX HAJA€ThCs BelMka yBara. CKIagHICTh PO3B'SI3KY TaKuX 3aaad IS
[IapyBaTUX CUCTEM CTUMYJIIOE€ PO3BUTOK IPUKIATHUX ABOBUMIpHUX Teopid. Cepen mux
TEOpiil OCHOBHE MiCIIe 3aliMal0Th TE€OPii MOOY/I0BaHI HA 3aCTOCYBAHHI TiMOTE3 JJI BCHOTO
MakKeTy mapiB B HUIOMy. Takui MiaxiJ MOKe OyTH 3aCTOCOBAHHUM Y BHUIIaJIKaX OOMEXEHOI
pI3HUIN MK (PI3UKO—MEXaHIYHUMHU TapaMmeTpaMu IapiB 1 npu Manux rpamaientax HJIC.
[Ipy 3HauHId BIAMIHHOCTI  (PI3UKO—MEXAHIYHMX [apaMeTpiB  IMapiB  JOLUIBHO
3aCTOCOBYBATH Teopii 000JOHOK 3 BUKOPHUCTAHHIM HE3aJIeKHHUX TIMOTE3 IS KOXKHOTO 13
mapiB. TpuIapoBi CTPYKTYPH 3 MOXKIJIMBOIO 3HAYHOKO BIAMIHHICTIO (DI3MKO—MEXaHIYHUX
XapaKTEPUCTHK LIAPIB IIMPOKO BUKOPUCTOBYIOTHCS B SIKOCTI €JIEMEHTIB KOHCTPYKIii. [Tpu
JUHAMIYHUX HaBaHTaXEHHAX, B ocTaHHIX Mae Micie HJIC 13 3HaYHMMH rpajieHTaMu
MepeMilllieHb 1 HampyXeHb. B jaHiifi poOOTI pO3IISNarOThCs TPHUIIAPOBI OOOJIOHKHU
oOepTaHHS CHUMETPUYHI 1 HECUMETPUYHI 3 BpaxXyBaHHSM JHCKPETHOCTI pPeOpPHCTOro
HEOJHOPIAHOTO 3alOBHIOBaYa TMPU BUMYIIEHUX JTUHAMIYHUX HaBaHTaOXKEHHsAX. Lle
BUKJIMKA€ HEOOXIAHICTh 3aCTOCYBaHHS "IUCKPETHO — CTPYKTYpHOro" miAXoay is
pO3paxyHKy HECTAIllOHAPHUX KOJMBAHb IapyBaTHX OOOJOHOK 13 3HAYHOIO PI3HHUIICIO
(bI13UKO—MEXaHIYHUX XapaKTepUCTUK MIapiB TPH HECTalllOHAPHUX HaBaHTAKCHHSIX.
BukopucTtaHHs B 3alOBHIOBAaudl MaTepialiiB 3 HU3BKUMH MAacCOBUMH XapaKTEPUCTHKAMU
JI03BOJISIE TIPU TIOPIBHSHO HEBETMKOMY 301IbIIEHHI Bar KOHCTPYKLI{ 1CTOTHO ITiIBUIIIUTH
il 3TUHAJIBHY >KOPCTKICTh, @ TaKOXX MOJIMBICTh BHUCOKOTO IMOTJIMHAHHS eHeprii. Takum

YHUHOM, I[OCJ'IiI[)KGHHSI HCCTaIIiOHapHI/IX KOJIMBaHb TPHUIODAPOBUX 000JI0HOK O6epTaHHH B
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IIUPOKOMY Jiara3oHi 3MiHM (DI3MKO—MEXaHIYHUX IMapaMeTpiB IapiB MPH PI3HUX THUIMAX
TUHAMIYHUX HABAaHTAXCHb € AKTYaJbHOK 3aJauyer0 MeXaHikd Je(OpMIBHOTO TBEPIOTO
TijA.

1.1. Teopis i YnceJbHE MO/IEJIIOBAHHS IIAPYBATHX 000JIOHOK

Bumorn mo MmimHOCTI 1 Baszi, IO NPEO'SBISIIOTECS 0 CYYaCHUX KOHCTPYKIIIH,
Oe3mepepBHO MIABUIIYIOTHCS, a YMOBH eKCIUTyaTallli BUpPOOy CTalOTh BCE OUIBII
wopcTkumu. CydacHi BUpOOU, KpIM CHIJIOBUX BIUIMBIB, MIJJIAIOTHCS KOMILIEKCY PI3HOTO
BUJly (DI3WYHUX BIUIMBIB, BUCOKOI TeMIlepaTypH, KIIMaTHYHHX (aKTOpIB, pajialii, — y
0aratbOX BHUIMAJKaX BUKOHYIOUM TeIUI013010104l (yHKIii. Baxko cTtBopuTtH Matepial,
JIOCUTH MIITHUM, JKOPCTKUM, 1 SIKUWA 3aJI0BOJIbHSIE BUMOTAM OMOPY KOMIUIEKCY (Di3MUHUX
¢daktopiB. HeoOXiAHICTP OJHOYACHOTO BHUKOHAHHS LIIOTO PSAly, YaCOM CYIEpEWINBHX,
BUMOT TMPU3BOJIUTH 0 11€1 po3poOKHu OararomapoBUX KOHCTPYKIIIHA, B SIKUX KOXKEH IIap
BUKOHY€ TUIbKM OJIHY a00 Kpaille Kiibka GyHKIIA. [Ipy 1iboMy mapu MOXYyTh BIAPI3HATUCS
SK IO TOBIIIMHI, TaK 1 3a (PI3UKO-MEXaHIYHUMH BJIACTUBOCTSIMU, TOOTO MaKeT MOXe OyTh
1CTOTHO HEOTHOPITHUM.

Ak 3a3HaueHO B (PyHIAAMEHTaJIbHUX OIIISIAX, NPU MOOYAOBI YTOUHEHHX TEOPiid
OaraTtomrapoBUX CTPYKTYp OUIBIIOrO TMOIIMPEHHS OTPpUMaB MiAXiJ, 3aCHOBAaHUW Ha
MPUIHATTI allplOPHUX TMPUIYIIEHB PO Mpoliec AedhOpMyBaHHS TOCTIKYBAaHOTO €JIEMEHTa
— Meton rinores. Sk cuminye 3 ormsay mitepatypu C.I'. Jlexuinpkuii (1935p.) mepriumm
3aIpoONOHYBaB TEOPIO JJaMaHoO1 JiHi1, sika Oyia 3acTocoBaHa MPHU PO3B’SI3yBaHHI 33/1a4 PO
npyxHi mapysari toractuHku [16 — 18]. C.A. AmoOapuymsu (1948p.) [19] B pamkax
KJIaCHYHOI Teopii 000JI0HOK OOy AyBaB MOJICIb ISl TAKeTy mapiB B mijomy, a B (1958p.)
MOIMPUB BioMy Teopito PeiiccHepa-MinqmiHa Ha mIapyBaTi aHI30TPOIHI IJIACTUHU 1
obomnonku [20 — 22]. E. A. Peiiccuep (1984p.) 3anpornonyBaB BapialiitHUN TPUHITAI, SKHIA
BPaxXOBYE SIK HEIIEPEPBHICTH MEPEMIIICHb, TaK 1 MOMEPEYHUX Hampyx)eHb [23 — 25].

3a3HayeHuil METOJ TIMOTE3 PO3BUBAETHCA B JABOX HAMNPAMKAX : MPU nepuiomy 3 HUX
BUOIp pPO3B'A3yBaJIbHOI CHUCTEMH BHU3HAYAETHCA JA€POPMATUBHUMHU 1 TE€OMETPUUHUMHU

napaMeTpamH 1apy i € JOCUTh IIMPOKUM — TIMOTE3a KOPCTKOi HOpMai, TimoTe3a npsMoi
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JiHI{, TimoTe3a Mpo JIHIHHMK a00 HEMHIWHUM PO3MOJLT BCIX KOMIIOHEHT BEKTOpa
nepeMiIeHb Mo TOBIIMHI IMapy Ta iH. B pamMkax 1bOro Maxoay BIAETHCS JTOCUTH TOYHO
anpOKCUMYBATH T0JIE€ TIEPEMIILICHD JIJIsl KOKHOTO IIapy 1 onucaTy TOHKI eeKTH, MoB'sa3aH1
3 JIOKQJTbHUMHU OCOOJIMBOCTSIMU 1€POPMYBaHHSA OKPEMHUX IIapiB 0OOJOHKHU. Y TOM Ke yac
CIIiJI 3a3HAYUTH, 110 MOPSAIOK PO3B'A3YBaJIbHOI CHCTEMHU AU(EpEHIiaTbHUX PIBHSIHb IMPH
TaKOMYy IIIJIXO/1 3aJICKHUTh BiJ YMCla IIapiB OOOJIOHKHU 1 IIBUJIKO POCTE IMPH 301IbIICHHI
IBOTO YHMCJa, 0 OOMEXye MOXKIMBOCTI I MPaKTUYHOTO BHKOpPUCTaHHsS. BimzHaunmo,
HapeIlTi, M0 BCSKa 3MiHA CTPYKTYpH IMaKeTa IIapiB BUMAarae, B3arajl KaKy4H, 3MIHU
CUCTEMHU TiNOTe3 1, OTXe, MOoAudIKaiii po3B'SI3yBAIbHOI CUCTEMHU IUQPEPEHIIIATIBHUX
PIBHSHB 1 IEPETIISAY IPOLEAypH 1i YNCETBLHOTO IHTETPYBaHHS, 1[0 BHOCUTH B PO3PaxyHOK
JIOIaTKOB1 TpynHOIIl. MOXIJIMBO TOMYy B JTepaTrypi MeEHIIE MyOIiKamiii YUCEIbHUX
PO3paxyHKIB IIApyBaTUX CTPYKTYP JUISI KOKHOTO Iapy OKPEMHUX CHCTEM KiHEMaTHUYHUX
TIMOTE3 JIOCTIHKEHb HaIpyXeHO-Ae(OPMOBAHOTO CTaHy OaraTolapoBUX OOOJIOHOK (3
YHCJIOM I1apiB OUTbIIE TPHOX), BAKOHAHUX B TaKiil TOCTAHOBIII.

Posrnsan Takoro HampsMKy B MeEXaHilll OaratomapoBuUX OOOJIOHOK HaHOLIbII
JOKJIAJHO BHUKIQJCHO B ommsmax 1 crarrax [26-37]. AmnHami3 BIIBHHX KOJMBaHb
OPTOTPONTHUX TOHKHX OOOJOHOK OOEpTaHHS MpPU TPUNHATTI HE3WICKHUX TIMOTE3 [0
KOXKHOT'O IIIapy MpoBeieHo B poboTi [38].

Jlpyeuii HanpsiMOK 0a3yeTbCsl Ha TIMOTE31 NpsMoi HeaehOpMOBAHOI HOpMai s
BCHOTO TMAaKEeTy MIapiB, IO JO3BOJISE 3BECTH 3a7a4y PO3PaxyHKY 0araTtonrapoBoi MIACTHHH
a00 00OJIOHKM JI0 PO3paxyHKYy KBa310JHOPIMHOI 3 MPUBEACHUMHU MapamMeTpaMu MPY>KHOI
CTPYKTYypH. B HbOMY Takok 3aCTOCOBYIOTHCS TakK 3BaHI HEKJIACHYHI YTOUYHEHI JTBOBUMIpHI
TeOopii, sIKI BAKOPUCTOBYIOTh T1 UM 1HILI 1IHTETPaJIbHI TIMOTE3U AJI1 BCHOrO MAaKeTy IIapiB,
K1 BpaxoBYIOTh Jedopmallii 1 HarpyXeHHs 3CyBY B 1apax. Benuka yBara Oysa npusiieHa
TaKk 3BaHHM TeopisM Jjamanoi JiHii [39], sAki ONHCYIOTH KyCKOBO-HEIEPEepPBHE IT0JIC
NepeMIllleHb B HANPSAMKY TOBIIMHM IJIACTUHHM 1 3a0€3MEUYI0Th MIXKIIIAPOBY HETEPEPBHICTH
MOTEPEYHUX HAIMPYXKEHb HAa MEXI PO3AUTy KOXKHOro mapy. Mopneni, B SKHX KUIbKICTh

3MIHHUX TEpeMIIeHb € HEe3aJeKHOK BIJ KIIBKOCTI CKJIQJAOBUX IapiB, 3HAWILIN
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HaWOUIbIIIE 3aCTOCYBaHHS. 3aciIyroBy€ Ha yBary TakKoX MiAXiJl , 3alpolOHOBAaHUN B
pobortax [40, 41]. B HuX a5t BUBOY PIBHSIHB IIApyBAaTUX 000JOHOK JIOBUTBHOT OYI0BH 1O
TOBILIMHI TMOKJIQJCHO MPUITYIIEHHS MPO HASIBHICTh B KOXHOMY IIIapi MICIEBUX KYTIB
MOBOPOTY, OOYMOBJIEHHX JAedopMalisiMid TONEPEYHOro 3CyBy (TiloTe3a JlaMaHoi JIiHIi),
U 3aJI0BOJICHHI YMOB HETIEPEPBHOCTI MEPEMIIEHb 1 TOTUYHUX HANpPyXeHb Ha MOBEPXHI
KOHTaKTy mapiB. [Ipu npoMy mepeMimieHHs 1 KyTH OBOPOTY KOXKHOTO 3 IIapiB BUPaKEH1
4yepe3 BEJIMYMHU OJHOTO 3 HUX, @ HEMEPEepPBHICTh JOTHUYHUX HANPYKEHb 3a0€3MeUyEThCS
MPUIYIIEHHAM, 10 KyTH 3CYBY CYMDKHHX IIapiB 00€pHEHO MPOMOPIIIHHI MOAYISM 3CYBY.
3aranpHe YUCJIO HE3aJICKHUX KIHEMATUYHUX TapaMeTpiB CKJIAJA€ I’ATh, SK y BUMAJKY,
KOJM BBEJEHA TinoTe3a MpsAMOi Ui MakeTy mapiB B nuiomy. Ilpukiamum po3paxyHKiB
MOKAa3YI0Th, 110 SKIIIO HOpMaJIbHI MEPEMIIIECHHS, BU3HAUYCHI 3alIPOTIOHOBAHUM IUISXOM 1 Ha
OCHOBI TPsIMOi, OyAyTh CHIBCTAaBHUMH, TO JJI TaHTCHIIAIBHUX TMEPEMIIIEHb OTpUMaHi
cyTTeBi yrouneHHs. [lopsgok cuctemMu po3B’si3yBalbHUX PIBHSIHB HE 3aJICKUThH BiJ] UMCia
mapiB. B 1mipomMy ceHci JaHuM TAXiA €KBIBAJIGHTHUW Opyzeomy 3 HA3BaHUX HAIPSMKIB
TEopii MOJEIIOBAHHS IAPYBATUX KOHCTPYKIIIH.

[TutanHs po MOXMOKH, SIKI BHOCSTH B PE3yJbTAaTH PO3B’SI3KIB, HEBIAMOBIIHICTh MK
re€OMETPUYHOIO MOJIEIUIIO, sIKa BpaXOBY€e€ BUKPUBIIEHHS HOpMalli, 1 CUCTEMOIO 3YCHJIb, KA
BIJIMIOBITa€ TIMOTE31 MPSIMOI BUCBITIIEHI B pOOOTaX IO TPHUIIIAPOBUM CTPYKTypam [42, 43].

Cnin 3a3Ha4WTH, M0 MPAKTUYHO BCl JOCHIDKEHHS TNPUCBSYCHI PO3paxyHKaM
mapyBaTux OOOJIOHOK CHUMETPUYHOI CTPYKTYpU. B AKOCTI BUCXIIHMX CIIBBIJHOIICHb
CIPUMMAIOTECSI OCHOBHI PO3PAaXyHKOBI HANpPYXEHHS — TaHTCHINAJIbHI KOMIIOHEHTH.
[Tonepeuni goTUYHI 1 HOpMaJIbHI HANpPYXEHHS BU3HA4eHI 3 yMoB piBHoBaru. lllapysara
000JI0HKA 3BOJIUTHCS 70 JAESKOI KBa310JHOPIAHOI 3 y3arajibHEHOIO >KOpcTKicTio. Cucrema
PO3B’S3YIOUMX PIBHSIHBb BKJIIOYAE PIBHSHHS BUXPOBOTO KpaiioBoro edekrty. OOMEKeHHs
MICTUTBCS B PO3/IJICHH] IapiB Ha KOPCTKI HECYYi 1 3alIOBHIOBAY1, JJIs SIKUX BPAXOBYETHCA
3CyB 1 OOTHCKaHHS. Takuii po3MOAia IIApiB MNPUUHATO TaKOX Yy BaplaHTi Teopii
OararomapoBux 000JIOHOK HEPETYISIPHOI CTPYKTYPH, sika po3pooOiieHa B [44]. B crarti [45]

Ha BIJAMiIHY BiJl BIIOMHUX pOOIT JOCHTIPKEHHSI BUKOHAHO IS 000JIOHOK 3 HECUMETPUUYHOIO
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CTPYKTYPOIO IIAPIB 1 MpH OUIbII cTporoMy (OpMYJIIOBaHHI IPAaHUYHUX YMOB TPHUIIAPOBOT
KOHCTPYKIIi. ICTOTHUM TakoX MPEACTABIAETHCA MOXJIMBICTh OOMIKY BHYTPIIIHIX
pe30HaHCIB (KpaTHUX BIJIACHMX dYacToT). [[Is 1i€i MeTH 3acTOCOBYIOTHCS CIIEIialbHO
pO3pOo0JICH] KIHIIEBI IHTETpajbHI MEPETBOPEHHS 3 MATPUYHUM SJIPOM, SIKI 31HCHIOIOTH
PO3KJIa/IaHHs 1O MOBHIM CHCTEMI BIIACHUX 1 MPUETHAHUX BEKTOP-(DYHKIIIH.

[IpoTsirom octanHix 80 pokiB GaraTo 3ycwib 0yJIO MPHUAUICHO PO3POOIIi BIAMOBITHUX
Mozesield O0OOJIOHOK, $IKI TOBHHHI BPaxOBYBaTW OCOOJMBOCTI IIOJIB MEPEMIIICHb,
nedopMmaliiii Ta Hamnpy)XeHb, 10 BUHHKAIOTH IMPU PO3IMOJILII KOPCTKOCTI IMOMEPEUHOTO
nepepizy ImapyBaToi CTpyKTypH. Ha 1ro Temy Oyiio MiArOTOBICHO BEIWYE3HY KIIBKICTh
JITEPATypH, PO MO CBIIYATh YUCIEHH] OTJIS0BI CTATTI 1 MOHOrpadii 1040 po3poOIeHUX
Mojiesieli 000JIOHOK. Po3smmpeHHs Mopenel, crnodaTky cpopMOBaHUX IS OJHOPITHHUX
CTPYKTYp, B OCHOBHOMY TPHU3BOJSTH JI0 CTPYKTYPHOI TOMOTEHI3allli, B K1 BJIACTUBOCTI
OJIMHAPHOTO I1apy PO3Ma3yIOThCS B €KBIBAJIEHTHY JKOPCTKICTh IAPYBATOCTI.

B pob6orax [46, 47] BiamiuaroThCs CIpOOH TMOMIMIICHHS BpaxyBaHHS IOMEPEUYHOTO
e(eKTy 3CyBY [Ji NPOTHO3YBaHHS TOYHUX TMIPOTUHIB OOOJIOHKM Ta HEOOXITHICTh
BJIOCKOHAQJICHHS TIPUITYIICHB IS 3MIICHHS IUIOIINH, SKi, SIK rmependadaeTbes, JTHINHI 110
ToBIIMHI oOo0soHKM B Kipxrodi, a Takoxx Teopii 3CcyBy AedopMaiiiiHuX 00O0JIOHOK
Peiicuepa-Miniina. HoBi Teopii MJIaCTUH BHCOKOTO TOPSAKY Oyiau po3poOiieHi 3a
JIOTIOMOT'0K0 HOBOTO BapiariiitHoro npuuiuny [23]. TlomimimeHHs BHYTPILIHIX peakiii
JOCSITAETBCST  BKIIFOUEHHAM  3urizaronofioHoi C-QyHKuii s anpokcumaliii  3MiHH
MOTIEPEYHUX TIEPEMIIIEHb IO TOBIIWHI. BUKOPHUCTOBYHOYM JBa KJIIOYOBI €JIEMEHTH:
3Ur3arono1iOHy (QPYHKIIIIO SISl IHTEPIIOJISIIIIT 3MIHHA TIEPEMIIIEHb 1O TOBIIWHI IUIACTUHU Ta
3aCTOCYBaHHS HOBOIO 3MIIIAHOrO BaplauiiiHoro mnpuHuumy PeiicHepa. TouHICTb
3alpOIIOHOBAHOI TEOPii JOCTIIKYEThCA, 3aCTOCYBABIIU ii 10 MPOOJIEMHU HUITIHIPUYHOTO
BUTHHY IlIAPYBaTUX IUIUT, sKy BupimmB came Ilarano [47 - 50]. TlopiBHsHHS
BHYTPIIIHBOKBAPATUYHOT peaKiiii 3 TOYHUMU PIICHHSAMU JIJIsi CAMETPUYHUX TPUILIAPOBHUX

Ta M ATULIAPOBUX MaHEIeH MoKa3ajo, 110 HOBA TEOPis MPOrHO3YE BHYTPIIIHbOIUIOMIUHHY
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peaKIlio Jy’)ke€ TOYHO HaBiTh JJII MajuX CIHIBBIJHOIICHb HECYUYMX IapiB JO TOBIIMHU
3aIIOBHIOBAYA.

Crartsa [51] npucBsYeHa CydacHOMY OISy YHCEIIBHUX PE3yJbTAaTiB IS CydaCHHX
IapyBaTUX KOMIIO3UTIB Ta mnaHened. B ornsan Oyno BKIIOYEHO MOHAJ JBICTI cTaTeu 3
aKIIEHTOM Ha TEOPETUYHI MOJEJl OaraTomapoBHX IJIACTHH Ta OOOJIOHOK Ta peasti3alliio
pi3HUX oOumcimoBabHUX KoHuenii FEM. B pesynbraTi orisay MoxHa Oyino HOMITUTH
BIJICYTHICTh €IMHOI YHMCIIOBOI MOJEJI, 3[aTHOI O YHIBEPCAJIBHOTO MPEACTaBICHHS BCIX
[IapyBaTUX KOMIO3UIIIWHUX Ta MaHeNel. 3a3Buyail mpu 30UIbIICHH] Jiana3oHy IIapiB, 110
pO3MIISIIAIOTBCS. B KOHKPETHIA MOJETl, MOKHA CIOCTEpIraTH 3HIKEHHS CTYIICHS
CKJIQJHOCT1 HACKPI13HOTO TIOJIaHHS TOBIUMHU JAePopMaliiftHUX MPpodimiB.

3a ocTaHHI KUIbKa ACCATHIITH OOYHMCIIOBAIbHI METOJH, 30KpeMa METOJ CKIHYEHUX
€JIEMEHTIB, 3pOOMJIM BUKOPUCTAaHHS KJIACUYHHUX CTPYKTYpHHX Teopiil Habaratro
YCIMIIHIMUMHA Ta TpuBabauBimmmu [52]. JocmikKeHHsT CKJIATHUX CTPYKTYp 3 IyXKe
pI3HMMH TpPaHUYHUMU YMOBaMH (MEXaHIYHI 1 TEOMETPHYHI) Jdajid MOXKIUBICTh
MpoaHaizyBaTu 0arato CKJIQJHUX MPOOJIeM, 110 CTOCYIOThCS TUCAY CTYIEHIB BUIBHOCTI 3
NPUIHATHOIO TOYHICTIO. OAHAK TPYAHOIl 3 OTPMMAHHSM IOBHOTO TOJIA Hampy>KeHb /
nedopmarliii  3aJMIIAIOTECS BIAKPUTHM TUTAaHHSAM Yy KUTbKOX BHUMAAKaxX (HaNpUKIA,
miapyBati CTPYKTYPH, TOHKOCTIHHI CTPYKTypH Ta MpoOjieMu OaraToi B3aeMOAIl MIiX
noJisiMH). Y 1[bOMY BUNAAKY BIOCKOHAIOIOTHCSA 1 MOBUHHI OyTH BUKOPHUCTaHI TIEPE/IOBI
teopii. 3 mieto metoro mpodecop Kappepa 3anpornoHyBaB €IuHY pelenTypy IS IUIUT,
obononok Ta 6anku (CUF), sika Moke MaTH CIIpaBy 3 BEIUKOI KUIBKICTIO CTPYKTYPHHX
TEOpi 13 3MIHHOIO KIJBKICTIO CKOPOYEHHS HEBIJOMHX 32 JOMOMOTOI0 CTHCJIOTO
MO3HAYCHHS Ta MOCWJIaHb Ha KIJbKa OCHOBHUX siiep. Teopii miut / 0600HOK / Ganok
BUIIOTO TOPSIIKY MOKHa Jierko peamidyBaTd Ha ocHOBI CUF, KUNBKICTh HEBIIOMHUX
3MIHHUX € BUIBHUM MapaMeTpoM 3ajiadi. TpuMicHE 1oJjie HanpyxeHHs / aedopmariii Moxe
OyTH OTpUMaHE 3a JOTIOMOTOIO BiJMOBIJHOIO BUOOPY ITUX 3MIHHUX JJIS IITUPOKOTO KJacy
CTPYKTYpHUX MpoOJieM, BKJIIOYAIOYM KOMIIO3UTH, TOHKOCTIHHI KOHCTPYKIi Ta

0araToIJILOBI 3a1au4l.
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B po6oTi [53] po3risiHyTo BUKOpUCTaHHS (BYHKIIIT 3ur3ary (JamaHoi JiHii) Mypakami
(MZZF) 'y nBOBUMIPHOMY MOJIETIOBaHHI  OaratomapoBWX IUIACTHH. Bmepie
MPEICTABICHUM OTJIST JITEpaTypH MO0 HOCTYNMHUX myoOumikamii. O0roBoproeThes "mpocte
Bukopuctanua"' MZZF: MZZF nns BBeneHHs ePeKTy 3ur3ary B KJIaCHYHI TEOPii BUILOTO
HOPAIKY, K1 (POPMYIIOIOTHCS JIMILE HEBIIOMUMU MEPEMIIICHHAMU. 1O/l BBAXKAETHCS, 1110
"posmupene BukopuctaHHs" MZZF BBoauTh edeKT 3urzary B THX TeOpisix, sKi
(GbOpMyITIOIOTHCSI HA OCHOBI NPUITYIIEHb SK MEPEeMIIIeHb, TaK 1 MOMEPEYHUX HAMPY>KEHb.
Po3ristHyTo psasi HOBUX Teopiid TuiacTuH / 000soHOK. [IpencraBieHi yncenbHi pe3yibTaTu,
[0 OXOIUIIOIOTh CTATUYHI, JIMHAMIYHI Ta TEPMIYHO HABaHTAXXEHI OPTOTPOIIHI, MPOCTO
HIJKPIIJIEH] TUIACTUHUA Ta 00OJIOHKH, IO TOKa3ylTh €(peKTUBHICTh Ta oOMexxeHHa MZZF
IPY MOJICJIIOBAHHI IIAPYyBAaTUX KOHCTPYKIIINA. 31CTABJICHO JIIHIMHI PO3IIUPEHHS B TIPSIMOMY
MOPSAKY JJIsl 3MIIIEHHS B TUIONIMHI 1 1032 IUIOIIUMHOK B HANMPSAMKY TOBUIMHU IUIACTUHU /
000JIOHKH. 3p00JIEeHO BUCHOBOK, 10 MZZF € WiHHUM IHCTPYMEHTOM JJIs IiJBUILIEHHS
e(eKTUBHOCTI SK KJIACMYHUX, TaK 1 mepemoBux Teopiil. [IpoBeneHi 4uceNbHI OIIHKH,
30Kpema, MoKasalid, 0 OaratomapoBi TEOpPIi MIACTUH Ta 000JIOHOK MOXYTh OyTH 3HAYHO
nokpaitieHi 3a fonomororo MZZF. Po3pobineno ynidikoany popmyny CUF, sika 3Haiinna
IIMPOKE 3aCTOCYBAaHHSA MPH JOCHIDKEHHI IapyBaTUX KOHCTpyKuid. B crarti [54]
PO3IJISTHYTO JIITEPAaTypy MPO aHalli3 3TUHY Ta BUIBHUX KOJUBAaHb 3 aHAII30M 3CYBHHUX
nehopMOBaHUX 130TPOMTHUX Ta JAMIHOBAHUX KOMITO3UTHUX IIAPYBATHUX TUTHT Ta 00OJOHOK,
32 OCTaHHI KUIbKa JECATUNITh. 3pOO0JICHO OTIJIA[ PIZHUX TEOpid MOJEIIOBAHHS 3
BUKOPUCTAHHSAM CKIHUCHHMX €JIEMEHTIB Ta €KCIIEPUMEHTH JIJISl aHAJli3y IIapyBaTUX ILIUT Ta
00OJIOHOK.

baratro poOiT 1O MOCTAHOBII 3a7ay Ta YUCEJIbHOMY MOJICIIIOBAaHHIO CTATHKU 1
JUHAMIKH 0araToIIapoOBHX KOMIIO3UTHUX IUIACTHH 1 OOOJIOHOK HAaBEJICHO B CTATTAX 1
moHorpadisx [55 - 62]. BinbHiI KOJMBaHHSA Ta CTIHKICTh 0araToIIapoBHX OOOJOHKOBHX
naHese 3 BpaxyBaHHSIM IONEPEYHUX 3CYBHHUX AedopMalliii po3riistHyTo B poOoTi [63].
JlunamiuyHa TIOBEAIHKAa OararomapoBOi MUJIIHAPUYHOT OOOJIOHKH TMPU IMITYJIHCHOMY

HaBaHTa)XCHHI JOCTiKeHAa B cTartax [64, 65]. Meromonoriunuii miaXig 10 BHBOIY
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pPIBHSIHb  0araToIIapOBUX AaHI3OTPOMHUX OOOJIOHOK Ta IUIACTMH 3 BpaXyBaHHSIM
MOTIEPEYHUX 3CYBHHX AedopMalliii Ta 3aCTOCYBaHHS 10 3aJad KOJHMBaHb KOMITO3UTHHUX
LWTIH/IPIB IpUBeICHUI B poboTax [66,67].

1.2. Hlapysati 000/10HKM PU JUHAMIYHUX HABAHTAKEHHAX

Hecrarmionapsi 3amadi aeporiiponpy>XKHOCTI IIapyBaTUX OOOJIOHOK 1 HEOJHOPITHUX
OaraTomapoBUX CTPYKTYp po3rjsganucs B pobOortax [68,69]. Posrmsuyra B3aeMomis
aKyCTUYHUX YyJIapHUX XBWJIb 3 CQEpPUYHUMH 1 I[WIHIPUYHUMHU OaraTolapOBUMHU
oOonoHkamu. Po3B’s130k 3a/1a4 0a3y€eThCsl HA 3aCTOCYBAaHHI IHTErPAIbHUX MEPETBOPEHD 10
MIPOCTOPOBUM 1 YACOBIM KOOpAHHATAM. B psi/il BUNIAAKIB OTPUMAHO PO3B’SI30K B 3aMKHYTIN
dbopmi, 110 MOKEe OyTH BUKOPUCTAHO SIK MOJEJIbHA 3ajaya JJIsl TECTYBaHHS BIAMOBIIHUX
YHCEJIbHUX aJITOPUTMIB.

B crarrax [70 - 72] posrisHyTi 3amadi  HecTamioHapHOTO JeGOopMyBaHHS i
ONTUMAJIBHOTO MPOEKTYBAaHHs 0araromapoBHX IUIACTUH 1 000JIOHOK MiJ JI€X0 IMITYJIBCHUX
1 ynapHuUX HaBaHTaXeHb. Po3poOieHa yTouHIOIOYA Teopis OaratomapoBux O0O0OJIOHOK
MEepIIOTr0 MOPSIIKY, 10 BpaxoBye nedopmailii 3CyBy Ta 3MiHY JIOBXHHU HOPMaJbHOTO
ejeMeHTa KokHoro 13 miapiB. [lokmamanocs, mo Ajig makeTa cCIpaBeyiMBa TinoTes3a
JlaMaHoT JIiHii.

YucenbHUI pO3B’A30K HECTALIOHAPHUX 33Jlay JMUHAMIKA TOHKOCTIHHUX KOHCTPYKIIIH
3 CYHUIBHUM 1 JHCKPETHHM 3allOBHIOBaYeM HaBeJaeHWM B pobotri [/3]. 3amaua
Npe/ACTaBlieHa B HEJIHIMHINA MOCTAaHOBIII Ha OCHOBI PIBHSAHb TeOpli OOOJIOHOK THITY
Tumomienka 1 (I3UYHUX CHIBBIOHOIICHb JU(epeHLiabHOT Teopil IUIACTUYHOCTI.
[30TponHMIT 3amOBHIOBAY MOJENIOETHCS B pPaMKaX MEXaHIKU 1/1€aJbHOrO MPY>KHOTO
CYLIJBHOTO cepenoBuIa. J[MCKpeTHUIl 3alOBHIOBAY MOJETIOETHCS CHCTEMOIO KiJIBIIEBUX
pebep. CymicHa poboTa Bci€i CTPYKTypu 3a0e3MeyyeThCsi BpaxXyBaHHSIM YMOB
KIHEMaTUYHOTO KOHTAKTy B TOYKaX 3’€IHAHHS 000JOHKOBUX €JIEMEHTIB.

B crartax [74 - 76] po3riasHyTi 3amadi JMHAMIYHOI TMOBEIIHKHA IiJAKPIIJICHUX

OaraTronrapoBuX 00OJOHOK.
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B po6oti [77] mocnimKyeTbest peakiiisi mapyBaTol CTPYKTYPH IIiJ BILTHBOM HHU3bKOI
IIBUIKOCTI HAaBaHTaXEHHS, sike OyJo pO3MOALIEHE HAa TPH MOXJIHBI KaTreropii, a came:
BEJIMKI, Majl Ta cepeiHl MacoBl BIUIMBHU. [[s KOXHO1 KaTeropii BIUIMBY, TOCTYIHI Ha
JTAHUM MOMEHT BIATOBIHI PiIlIEHHS JOKJIaJHO 00roBOprOIOThCs. st kimacudikarii peakiii
Ha BIUIMB HU3bKOI IIBUKOCTI, a TAKOX JJI1 BUBUCHHS XapaKTEPUCTUK MOTJIMHAHHS €Hepril
TPUBAJICTh yAapy BHU3HAYAETHhCS SK KIOYOBUU mapamerp. Orisn  3aBepuiyeThes
JETAIbHOIO JHMCKYCIEI0 MIOJ0 MEXaHI3MIB TMOIIKOKCHHS Ta KpPUTEPIiB BIAMOB IS
IapyBaTUX KOHCTPYKIIiH, 110 MAIaI0ThCS YIaPHUM HAaBaHTAXKEHHSIM.

B crarti [78] 3BepTaeThcs yBara Ha paHHIO (ha3y pPO3IOBCIOJKCHHS XBHJIb 4Yepe3
TOBIIMHY IIAPYBaTOl CTPYKTYPH, KOJM MOXE CTAaTHCS TOILIKOMKEHHS 3aloBHIOBaya Ta
Horo BigKIICIOBaHHS. PerenpHull aHami3 mokasye, 10 ICHYI04l Teopii TUIUT 1 000JOHOK HE
MOKYTb IepeA0auynuTH peakiio Ha paHHii (a3l 1 o noTpideH okpemuii anaimis. [loBeninka
HIapyBaTUX KOHCTPYKUIM Tpu BHOYXOBOMY HaBaHTaXEHHI 3aJ€XKHUTh B THUILY
3allOBHIOBaYa Ta WOro BiacTHBOCTEW. [IpoananizoBaHi po3B'Si3yBalibHI PIBHSHHSA Ta
Kputepii BiAMOB. [IOpiBHSHO MeXaHIYHI BJIACTUBOCTI JAEKIJIBKOX THUIIB 3alOBHIOBAYIB:
MIHOIUIACTY, CTIIBHUKH, PEUNTKU Ta rodpoBaHl 3amoBHIOBaudi. Po3pobieni momeni 3
pI3HMM  pIBHEM CKJIQAHOCTI [JI1 BU3HAYEHHS PI3HUX THIB TOBEHIHKU, IO
CIOCTEPIraroThes MMijl Yac BUOYXOBOTO HABAHTAXKEHHS IIAPYBAaTUX KOHCTPYKII. BuBueHHs
3aHYpPEHUX CTPYKTYp, 10 3a3HAIH MiABOJIHUX BUOYXiB, IPEICTaBIIsI€ OCOOIUBUI 1HTEPEC Y
IbOMY JOCTIIKEHHI. PO3IMIISIHYTI SIK MyCTOTLII, TaK 1 HAOBHEHI PIJMHOI0 KOHCTPYKIIII.
KowmrmnekcHa B3aeMojisi yaapHOi XBWJI 3 IMIHAPUYHOK ab0 ChHEepUIHOI0 00O0JOHKOIO
aHaJII3y€eThCS 3a JOMOMOIOI0 MiAXOAY MPOCTEKEHHSI MPOMEHIB, KU TOYHO MPOTHO3YE
0arato XBHJIbOBUX (DPOHTIB, 1110 CIIOCTEPITAIOTHCS M1/l YaC €KCIIEPUMEHTIB.

Crarrs [79] npucBsdyeHa MpoOJIEMi 3aIMIIKOBOI MIITHOCTI ITICIIS TOIIKOJDKCHHS,
CIPUYMHEHOTO MmiJ yac BUOyxy. OCHOBHa KOMIIO3MTHA CHUCTEMa, IO OCIHIIKYEThCS, €
MOJIIMEPHOI0  KOMITO3MIIIITHOK — IIapyBaTO-BOJOKHUCTOIO HA OCHOBI  IMOJIMEPHOIO

MIHOMOMICTUPOSy 13 CTHPOJIOM-aKpWJIOHITPWIOM. B MOpiBHsUIBHIA  IapyBaTid
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KOH(iryparii 0yJyd BKIIOYEHI KOMMO3WTHI HECy4l IapH, 3MII[HEHI CKJISHUM BOJOKHOM.
Bynu mpoBenieHi HOBHOMACIITa0H1 €KCIIEPUMEHTH 3 BUOYXOM.

BpaxyBaHHSI TUCKpPETHOCTI peOpUCTOro 3amoBHIOBaYa B IIAPyBATUX HEOAHOPITHUX
00O0JIOHKOBHUX CTPYKTYpaXx, IO PO3TJISAIAIOTHCS B AaHI JucepTallii, J03BOJISIE aHATI3yBaTH
MOBEIIHKY BKa3aHUX CTPYKTYP 3 TOUKH 30py JAUCKPETHO MIAKPIMIECHUX 000JIOHOK.

B crarri [80] po3rmisiHyTO TOCTAaHOBKY Ta METOIWKY YHCEIBLHOTO JOCHIKCHHS
HEeCTaI[loHapHOTO JeopMyBaHHS Ta MIIHOCTI OararomapoBux 000JIOHOK OOEpTaHHS MPHU
IMITyJIbCHOMY HaBaHTaXEHHI. Y paMkax Mojesli 0O0JIOHOK Tuiy TumolleHka i1 mpsiMoi
HeZiehOpMOBAHOI HOpPMall JJii BChOTO TMAaKETy IapiB BUBEICHE PIBHSIHHSI PYXY
OaratomapoBux  OOOJOHOK  oOepranHHsa. [IpoBeleHO  YucenbHE  MOJCIIOBAHHS
O0COOJNIMBOCTEM  JUHAMIYHOI  TOBEMIHKM  OaraTomapoBUX OOOJOHOK 3a  yYMOBH
BICECUMETPUYHOTO IMITYyJIbCHOI'O HABaHTAKECHHS.

B poborax [81 - 84] naBenmeHi piBHSHHS KOJMBaHb JTUCKPETHO IIiIKPITUIEHUX
OararomrapoBux 000JI0HOK obepranHd. [li yac po3risigy eIeMeHTIB MPYKHOI CTPYKTYpH
BUKOPUCTAHO YTOUYHIOIOYY MOJeNIb Teopli OOOJOHOK 1 CTPWXKHIB TUIy THUMOIIEHKa 3
HOPMAJUTIO JJISI BCHOTO TMakKeTy MiapiB. PIBHSHHA KOJWBaHb HEOAHOPITHOI MPY>KHOI
CTPYKTYpPH OJIEpKaHO 3 BUKOPUCTaHHSM BapialiiiHoro mnpuHiuny PeliccHepa mns
JUHAMIYHUX TpolieciB. YuceapbHuil METON pO3B'A3KY JMHAMIYHUX PIBHSHb 0a3ye€Tbcsl HA
3aCTOCYBaHHI 1HTETPO-IHTEPIONAIIHHOTO METOAy TOOYAOBH CKIHYEHO-PIZHUIIEBUX CXEM
JUIS. PIBHSIHB 3 PO3PUMBHUMHU Koe(dilieHTaMHU. 3aCTOCOBYIOTHCSI PI3HHUIICBI allpoKCUMAIlii
tunty Piuapacona Juisi po3B’si3yBaHHS JWHAMIYHMX 3a/ad  Teopii OaraTomapoBuX
JUCKPETHO TMIAKPIJICHUX MWIHAPUYHUX OOO0JOHOK. Po3rmsiHyTI 3amadi  JUHAMIYHOL
MOBEJIIHKA  IIapyBaTUX OOOJIOHOK TpU  JAii  PO3MOJIJIEHOIO0  HECTalllOHAPHOTO
HABAHTAKCHHS.

B crartax [85 - 90] posrisHyTi KOJHMBaHHS IIApyBaTHX OOOJIOHOK OOCpTaHHS 3
BpaxyBaHHIM JUCKPETHOCTI PO3MIILIEHHS pedep Mpu pi3HUX HaBaHTa)keHHsX. Ha mijacrasi
BapialfiiiHoro mnpuHuuny PeiiccHepa opaepKaHO pIBHAHHA HENIHIMHUX KOJHMBAaHb Ta

OPUPOAHI TPaHWYHI YMOBM B MeXax TiNoTe3 TUMY TuMOIIeHKa i OOOJOHOK Ta
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CTpKHIB. PO3BUHYTHI eEeKTUBHMI YUCENbHUN METO] pO3B'sI3yBaHHS JTUHAMIYHUX 3a7a4
OaraTomapoBux 000JO0HOK oOepTanHs. HaBenmeHi po3B's3kM KOHKPETHUX 3alad Ta
MIPOAHAJI30BaHO OJIEpXKaH1 Pe3yJIbTATH.

VY ormsaai [91] BHCBITIIEHO HOBITHIO JITEpaTypy 3 aHai3y KOMIIO3UTHHX OOOJIOHOK.
Bona BumimBae 3 MoHorpadii mepmioro aBtopa [55], 1 € TPOTOBKEHHSM III€ OJHI€]
HEIOJAaBHBOI CTaTTi, SKa 30Cepe/KeHa Ha JMHAMIII KOMIIO3UTHUX 000J0HOK [92]. ¥V
JaHiil poOOTI PO3TISAHYTO OUIBLIICTH JOCTIIKEHb, MIPOBEIECHUX 3a ocTaHHI poku (2000 —
2010 pp.), moA0 CTAaTUYHOI Ta BUOYXOBOI MOBEMIHKK (y TOMY YHCII IITOBXAaHHS)
IapyBaTUX KOMIMO3UTHUX o0O0o0oHOK. Ile ornsig mnpoBOIUTBCS 3 aKIEHTOM Ha
IIPOBEICHOMY aHalli31 (CTaTUYHUM, BUKPUBJIEHHS, MOCTOAKIIHI Ta 1H.), IO YCKJIAJIHIOE
BIUIMB K Ha MaTepiall (HampuKIaj, M'€30eJeKTPUUHHMI), TaK 1 Ha CTPYKTYpY (HANpUKIa,
KOPCTKI 000JIOHKM), @ TAKOX PI3HI T€OMETPii 000JOHKHU (LIMJIIHAPUYHI, KOHIYHI, C(hepruyHi
Ta 1HIIN).

CratuyHuil Ta aHami3 BUTbHOI BiOpaIllii mapyBaTux 000JIOHOK BUKOHYETHCS B POOOTI
[93] MmeTomOM KoOJTOKAIT (PyHKIIIH pasialbHOT OCHOBH, BIAMOBIAHO 10 TEOPIl JaMaHOi JiHil
(3ur3ary (ZZ) Mypaxkami). Teopiss ZZ nosicHioe aedhopMaliifo MO TOBIIHMHI, PO3TIILIAI0YH
€BOJIIONII0 ZZ TONEPEYHOro 3MIIICHHS 3 KOOPJIWHATOI TOBIIWHU. PiBHSHHSA pyXy Ta
rpaHUYHI yMOBU OTpUMaHi yHidikoBaHuM QopmymaoBanHsM Kappepa 1 jami
IHTEPIOJIIOIOTHCS KOJIOKAIIEIO 3 paiaIbHUMU 0a30BUMHU (DYHKITISIMHU.

1.3. Teopii i unceabHe MOAETIOBAHHS TPUIIIAPOBUX 000JT0HOK

Bnepimie tpuimiapoBa KoHCTpyKIlis Oyia 3acTtocoBaHa B 1845 poil aHTINCBEKUM
imkenepom P. CredeHcoHoM npu OyaiBHUIITBI 3a13HUYHOTO MOCTY. ChOTO/IHI TPUIIAPOBI
KOHCTPYKIIi 3HAXOASTh BCE OUIBIN 1 OUTBII MIMPOKE 3aCTOCYBAHHS B MPOMHCIOBOCTI Ta
HapoaHOMY rocnofapcTBi. [I[pUHIKIIM CTBOPEHHS TPUIIAPOBOT KOHCTPYKIII 1 ABOTABPOBOI
Oanky aHaJIOTI4HI. Y TPHUIIAPOBOI KOHCTPYKIIi POJIb CTIHKHM BiJIrpa€ 3alOBHIOBAY, 3a
PaxyHOK SIKOTO PO3HECEH1 HeCyul IIapH, 10 HAJa€ MAKeTy 1IapiB BUCOKI XapaKTEPUCTUKU
KOPCTKOCTI Ta MIITHOCTI TMPH BIAHOCHO Mauniii Ba3li. KoMOiHyro4M Marepiaidi HECY4dux

mIapiB 1 3aloOBHIOBa4a, MOXKHA JOMOITHCS NOTPIOHMX BJIACTUBOCTEW TPHILAPOBOT
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KOHCTPYKIli. JIOCUTh pO3MOBCIOKEHE 3aCTOCYBAHHS B TEXHILI 3HAWIUIM TPHUIIAPOBI
KOHCTPYKIIi y BHUIJISIAI TUIACTUH 1 OOOJOHOK pi3HOI reomerpii. CrmovaTky TpHUIIapoOBi
OOOJIOHKH PO3PaxOBYBaJIA 3 JOMOMOIOI0 1HXKEHEPHUX METO[IB, OCTAaTOYHUM PO3BUTOK
SAKUX MOKHa BigHECTH 10 KiHI 20-ro cropivus. B iHXeHepHIH MOCTAaHOBII PO3TJISHYTI
MUTaHHS PO3PAXyHKY 3 YPaxXyBaHHSM BIUIMBY TEXHOJOTIYHUX 1 KOHCTPYKTUBHUX YHHHUKIB
Ha MIIHICTh 1 CTIMKICTh TPHUIIAPOBHX IMaHENeH 1 OOOJOHOK 31 CTUIbHUKOBUM
3allOBHIOBAYEM, TIPUBEICHUX XapPaKTEPUCTUK TUCKPETHOTO 3allOBHIOBA4Ya Yy BUTIISI
HUTIHAPIB, YCIYEHUX Tipamig a00 KOHYCIB IJisi TpuiiapoBux KoHcTpykiin [94-100]. Hani
TEOPETUYHUX JIOCIIDKEHb [I03BOJISIIOTh BU3HAYUTH HECY4yy 3IaTHICTh IMIIHAPUYHUX
00OJIOHOK BHTOTOBJICHHUX 3 TPHUIIAPOBUX KOHCTPYKIIM 3 BKa3aHUM JUCKPETHUM
3allOBHIOBAYEM, III0 MPEJACTaBIIA€ IHTEPEC I 1HXKEHEPHO-TEXHIYHUX IMPAIIBHUKIB 1
MPOCKTYBIbHHKIB. OpHaK, 1HXKEHEPHUX JOCHIKEHb TOB'SI3aHUX 3 BH3HAYCHHSIM
HABEJICHUX XapaKTEPHUCTHK ITUCKPETHUX 3allOBHIOBAUIB, MJII BHOOPY ONTHMAIbHHUX
KOHCTPYKIIIH TPUIIIAPOBUX 00OJIOHOK, HETOCTATHRO.

Huni y OararbOoXx TpUIIAPOBUX KOHCTPYKIISIX 3aCTOCOBYETHCS JIHCKPETHHIMA
CTUTbHUKOBUN 3amoBHIOBaY. ['eomeTpuuHa ¢opma MOMEPEUHUX TMepepis3iB TUCKPETHUX
HAIOBHIOBAYiB BIJIPI3HAETHCS BEIMKOIO pi3HOMaHiTHICTIO. Ile mamo momToBX st
TEOPETUYHUX PO3pOOOK MO BU3HAYEHHIO MexaHiuHMX BiactuBocteit 1 HIC Tpummaposux
000JIOHOK 3 CTUITbHUKOBHMMH 3alOBHIOBAYaMHu, MPO IO CBiTYaTh PyHIaMEHTabHI HAYKOBI
podorn [101 — 104]. B crarri [105] aHamizyroThCsl pIBHSHHS CTAaTUKU MPYXKHOT
TPUIIAPOBOT OOOJIOHKU TOMBINHOI KpuBU3HU. TOBIIMHA CTITFHUKOBOTO 3allOBHIOBAaYa HE
OOMEXY€EThCS, a HECydl IIapu BUTOTOBJCHI 3 IUIACTUKOBHUX IIJIACTHH, apMOBAaHHUX
BoJlokHaMu. B po0oti [106] mpoBeneHi ekcriepMMEHTaIbHI JTOCHIIKCHHS BJIaCTHBOCTCH
TPUIIAPOBOT CTPYKTYPHU 3 CTATHHUMH HECYYHMHU IIapaMUu B 3AJICKHOCTI BIJ] KyTa HAMOTKU
3arOBHIOBaYa 3 MOJIMEPHOI TUTIBKH.

CtBOopeHHs BUPOOIB aBlalliitHOT 1 KOCMIYHOI TeXHIKH, CYTHOOY1yBaHHs, Oy 1iIBHUIITBA
B JIaHUU Yac HEPO3PHUBHO MOB'sI3aHE 13 3aCTOCYBAaHHSAM HOBUX KOHCTPYKIIMHUX MaTepiaiiB

1 ©eJeMEHTIB KOHCTPYKIIIH 3 HHUX, SKI MamTh BHCOKI MIIHICHI 1 >XOPCTKICHI
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XapaKTEepUCTUKU. TakuM BHUMOraMm BIJMIOBIJAIOTh IIAPYBaTI €JIEMEHTH KOHCTPYKIIIMH,
30kpeMa, Tpumaposi. L[i KOHCTpyKIil CKJIamaloThCcs 3 MarepiaiiB 3 pi3HUMHU (i3uKo-
MEXaHIYHUMH BJIACTUBOCTAMM — HECYy4l IIapu 3a3BUYail BUTOTOBJISIIOTHCSA 3 MaTepialiB 3
BUCOKMMHM MEXaHIYHUMHU XapaKTEPUCTUKAMH 1 MPU3HAYEH] ISl CIPUUHATTS OCHOBHOIO
HAaBaHTA)XCHHA;, CIHOJY4YHUN Imap 3abe3meuye Nepepo3MOAT 3yCHIIb MK HECYYHMH
mapamu, BUKOHY€E (yHKIIIT 3aXHCTY Bijl HeOaKaHUX BIUIMBIB. BUKOpHCTaHHS 3amoBHIOBaYa
3 MarepiajiB 3 HHU3BKMMH MAaCOBHMH XapaKTEPUCTHUKAMHU JO3BOJISi€E TPU TOPIBHIHO
HEBEJIMKOMY 301IbIIICHH]I Bard KOHCTPYKIlli 1CTOTHO MiJBUIIUTH 3rUHAIBHY KOPCTKICTh, a
TaK0>X MOKJIMBICTh BUCOKOI'O TNOTJIMHAHHS €Heprii. TMM camMuM TpUIIapoBI KOHCTPYKIIIT
3HAWIIIM IIMPOKE 3aCTOCYBAaHHS B SIKOCTI HECYYHMX 1 BIANOBIJAIBHUX IOBEPXOHb
JITaJbHUX amnapaTiB, OOTIYHHMKIB, TEIUIO3AXMCHUX 1 CHJIOBHUX €KpaHIB, PI3HOTO pOIY
NaHesel Ta IHIIUX KOHCTPYKTUBHUX €JIEMEHTIB.

TeopeTnyHi Ta €KCIIEPUMEHTAJbHI JOCIIKEHHS IO TPUIIAPOBUM KOHCTPYKIIISIM
JTIO3BOJIMIIA BUSIBUTH 1X OCHOBHI TE€pPEeBaru Mo BiJHOIICHHIO JIO0 1HIIUX THUIIIB KOHCTPYKIIIH.
[{1 mepeBaru 3yMOBJIEHI TUM, IO HECy4Yl IIapW, MIAKPIIJIEH! 3alOBHIOBAYEM, MOXYTh
CIpUMaTH BHCOKI HaNpyXeHHS CTHCHEHHS. B pe3ynbTaTi 1l KOHCTPYKIl BUSBISIFOTHCS
ONTUMAJILHUMH TIPU PpOOOTI HA 3TMH 1 MOXXJIMBE 3HAYHE IMIJBUILNEHHS iX KPUTHUYHUX
HABaHTaXeHb NpPU MiHIManbHii Maci. IX BIpoBafkeHHS B Pi3HMX Tramy3sX TEXHIKM
COPUYMHUIO 3a COOOK I1HTEHCHBHI JOCIIDKEHHS B 00yacTi Teopii 1 METOmIB iX
po3paxyHKy. B pe3ynbTaTi 3a OCTaHHI M'STAECAT POKIB B MeXaHill JedOopMOBaHOIO
TBEPJIOTO TiJia CKJIABCS OKPEMU HAIPSIMOK, TOB'SI3aHUM 3 PO3POOKOI0 TEOPii TPUIIIAPOBUX
IIaCTUH 1 000JI0HOK. Y 1eil mepiog OyJlo CTBOPEHO BEIUKY KUIBKICTH MaTeMaTHUYHUX
MoOJIeTIe il CTPYKTYpHUX IapyBaTHX KOHCTPYKIIM, MOYMHAIOYM BiJl PaHHIX MOJEJeH
HIapyBaTHX OOOJOHOK 1 3aKIHUYIOUM OUTBII CKJIAJHUMH OCTaHHIMU migxogamMu. OcoOauBo
IPOTArOM OCTaHHBOTO JECATUIITTS, 3POCTAIOYMN TOMUT HAa BUCOKOE(MEKTUBHI, JIETKI
KOHCTPYKIIli CTUMYJIIOBAB CUJIbHY TEHJCHIIIO0 O PO3BUTKY BJOCKOHAJIEHUX MOJIENeH aJis

HIapyBaTHX IUIACTUH Ta 000J0HOK. OCHOBHa yBara B I poOOTI — OIS OCTaHHIX
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pPO3pO0OOK Ta CydaCHHMX TEHJICHIIIM MOJIETIOBAHHS JUHAMIYHOI MOBEMIHKU Jedopmarlii Ta
3TUHAHHS TPUIIAPOBUX 000JIOHOK 3 IUCKPETHUM 3aIIOBHIOBAYEM.

3aranpHUN BUTJISJ TPUIIAPOBOI KOHCTPYKIIT CKJIANAa€ThCcsd 3 HECy4YMX MIapiB 1
3all0BHIOBAYa, SIKUW BUTOTOBJSIOTH 3 BIJIHOCHO MAJIOMII[HUX MarepiaiiB 3 Mallolo
IIUTHHICTIO (3 IPOOKHU, TYMH, IEPEBHHM, IIACTMACH, CITIHEHOTO MOJIMEPHOTO MaTepiay, a
TaKOXX 3 JIETKOro MeTanay B ¢GopMl CTUIbHHKIB, NMEPEMUYOK, TodpyBaHHS abO 1HIIOI
KOHCTPYKIIii). 3a CTylmeHeM 3alOBHEHHSI OO0CSATY MIX HECYYHMMH IlIapamMH 3aloBHIOBAY
JUIUTHCS Ha CYIIJIBHUM 1 TUCKPETHUN. 32 CTPYKTYPOIO MEPETUHY TPUIIAPOBI KOHCTPYKITIT
MOAUIAIOTBCS HAa CHUMETPUYHI 1 HECUMETpUYHI. SKIIO Hecydi mapu MaioTh OJIHAKOBY
TOBUIMHY 1 BUTOTOBJIEHI 3 OJHAKOBUX MarepiajiB, TPUIIAPOBI KOHCTPYKLII BBaXarOThCS
CUMETPUYHUMH, B IHIIIOMY BUIAJKY — HECUMETPUIHUMU

Sk yxe BIAMIYAJIOCH, 110 MPH 3HAYHIM BIAMIHHOCTI (PI3MKO—MEXaHIYHUX MapaMeTpiB
HECy4YMX IIapiB 1 3allOBHIOBaya JIOLIJIBHO 3aCTOCOBYBAaTH Teopli OOOJOHOK 3
BUKOPUCTAHHSAM HE3aJeKHUX TIMOTe3 Uil KoxHoro 13 mapiB. Cepen 1mapyBaTHX
TOHKOCTIHHUX  €JIEMEHTIB KOHCTPYKUIA I[IMPOKO BUKOPUCTOBYIOTHCS — TPHUIIAPOBI
CTPYKTYpH 3 MOJKIJIMBOI 3HAYHOKIO BIIAMIHHICTIO (hI3MKO—MEXaHIYHUX XapaKTEPHUCTHUK
apiB 1 KOHCTPYKTUBHUMH OCOOJIMBOCTSMH. TpHUIIAPOBI €JIEMEHTH KOHCTPYKIIIH MOXKYTb
3HaXOJAWTHCS B yMOBaxX HE TIAbKM CTaTUYHHMX, a 1 JWHAMIYHUX HaBaHTaXCHb, B
OCTaHHHOMY BHIMAJKy B HHUX OyjJe MaTu Miclle HampykeHo—aepopMoBaHUN CTaH 13
3HAYHUMH TPaJi€HTaMU MepeMilieHb 1 HanpyxeHb. e Bukiinkae HeoOX1HICTh CTBOPEHHS
HOBUX 1 PO3BHUTKY ICHYIOUMX BaplaHTIB MPHUKIAAHUX TEOPid, PO3BUTKY METOMIIB
pO3paxyHKy HECTAIllOHAPHUX KOJHMBAHb IIAPYyBAaTUX OOOJIOHOK 13 3HAYHOIO PI3HUIICIO
(b13MKO—MEXaHIYHUX XapaKTEPUCTHUK MIAPIB IPU HECTALIOHAPHUX HABAHTAKECHHSX.

OdeBugHO, 1O OOOJOHKM 3 BpPAaxXyBaHHSAM JUCKPETHOCTI 3alOBHIOBaYa MOJKHA
BIJIHECTH 0 MEPIIOTo MiAX0ay MoOyA0BH MOJEiei OaratomapoBux 000JOHOK. 3 1HIIIOTO
OOKy, 111 HEOJHOPIIHI 0OOJIOHKOBI CTPYKTYPH 3 BpaxXyBaHHSIM JUCKPETHOCTI PEOPHUCTOrO
HANOBHIOBAYa MOXKHA PO3MIIAJATH SK OOOJOHKH 3 JMCKPETHHUM PO3MIILIEHHSIM pebdep.

Buxoasuu 3 1mporo, mpu pos3riisjil CydacHOTO CTaHy Teopii 1 YHUCEIBHOTO JOCHIIKEHHS
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TPUIIAPOBUX OOOJIOHOK Oy/IeMO akIeHTYBaTH YyBary sIK Ha Cy4YacHUX TeopisixX
OaraTomapoBuX 000JOHOK, TaK 1 HA TEOPIAX TUCKPETHO MIAKPIMIECHUX 000IOHOK.

OpHuMu 3 Hepimux pooIT MO AOCTIIKEHHIO CTATUKKU TPUIIAPOBHUX MOJOTUX 000JIOHOK
3 TUCKPETHUM BHYTpIlIHIM 1mapoM Oymnu ctatti [107-112], B sxux Tpumapoa o00JI0HKA
YTBOPIOBAJAcs 3a paxXyHOK 3’ €THAHHS JBOX PEOPUCTHUX 0OOJIOHOK 3 30BHINTHIMU peOpaMH i
BHYTPIIIHIMH peOpamu. B muX HOCIIKEHHIX pO3po0JIeHI MOl TPUIIAPOBUX MOXHMIIUX
00OJIOHOK 3 AMCKPETHHUM BHYTPIIIHIM IIApOM K JUISI MOJEJI MPH 3aCTOCYBaHHI TinmoTtes
JUTSL BChOTO TIAKETY IIapiB B LIJIOMY, TakK 1 JiJIsl Teopii JaMaHoi JiHii. Ha ocHOBI BapiailiiiHo-
NapaMeTpUYHOTO METOAYy po3pobneHuil amroput™m pospaxynky HJC 1 criiikocTi
TPUIIAPOBUX OOOJIOHOK 3 JHCKPETHUM 3allOBHIOBaYeM. 3 JOMOMOIOI0 YHCEIhHHUX
PO3paxyHKIB IOKa3aHa IepeBara BUKOPUCTAHHS MOJIENI JIaMaHOI JIHIT mepea MOJEIUIIo
OpsMOI JUIsl BCbOIO MakKeTy TPHUIIAPOBOI KOHCTpYKUli. [IpoaeMoHCTpoBaHO €(hEeKTUBHICTD
TaKUX KOHCTPYKLIA B MOPIBHSHHI 3 OJHOIIAPOBUMH OOOJIOHKAMM, MIAKPIIIIEHUX pedpamu.
[IpoananizoBaHo BIUIMB yucia pedep BHYTPIIHBOTO IIapy, ix mmpunu 1 Bucotu Ha HIC
KOHCTpyKWii. IlokazaHa MOXJIUBICTh BHUOOpPY paliOHAIBHOI KOHCTPYKIi (3KOPCTKOCTI
pebep 3amoBHIOBaua, KPUBU3HM) ILUISIXOM BapilOBaHHS IapaMeTpaMHM HaBaHTa)KCHHS,
YKOPCTKICHUX XapaKTEPUCTUK pedep, KPUBU3HH.

3a OCTaHHI TpPU JECATWIITTS 3’SBWJIACS BEJIMKAa KUIBKICTh JOCHIIKEHb JTUHAMIKU
TPUIIAPOBUX OOOJIOHOK 3 JIETKUMHU MAJIOMIIIHICHUMH BJIACTUBOCTSIMU 3alI0BHIOBAYA.

TeopeTnyHi Ta €KCIEPUMEHTANbHI JOCIIKEHHS IO TPUILIAPOBUM KOHCTPYKI[ISIM
JIO3BOJIMUIA BUSIBUTH 1X OCHOBHI TI€pEBary Mo BiJHOIICHHIO JIO IHIIUX THUIIB KOHCTPYKITIH.
[1i mepeBaru 3yMOBIIEHI THM, L0 HECy4l IMIApH, MIAKPIIUIEHI 3allOBHIOBAYE€M, MOXKYTb
CpUiMaTH BUCOKI HANpyXEHHS CTUCKaHHA. B pe3ynbrari 1i KOHCTPYKIIi BUSBISIIOTHCS
ONTUMAJILHUMH TIPU POOOTI HA 3TUH 1 MOXIJIHMBE 3HAYHE IMIJBUIICHHS iX KPUTHYHHUX
HABAaHTA)KEHb IIPU MiHIMaNbHiM Maci. IX BOpOBa[KEHHS B PI3HUX Tamy3saX TEXHIKH

CIIPUYMHUIIO 332 COOOI0 IHTEHCUBHI JIOCTIHKEHHS B 00J1aCT1 TEOPIi 1 METO/IB X PO3PaXyHKY

[113, 114].
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Benuka yBara B jiteparypi 3a OCTaHHE JCCATUIITTS TaKOX MPHUIIJICHA JTOCIIIKEHHIO
TPUILIAPOBOTO CKJIa 3 M’SIKUM TOHKMM 3amoBHIOBaueM [115 — 119], B 3B’s3Ky 3 TUM, IIO
BOHO 3HAMIIUIO IIMPOKE 3aCTOCYBAaHHS B JiTakaxX, aBTOMOOUIAX, OYIIBHUIITBI, 3aXUCTY BiJ
ynbTpadioJeTOBUX MPOMEHIB Ta 1H. (100OB1 CTEKiIa, UIIOMIHATOPH, OKYJISIPH,
doroenexTpuyHi naHeni Ta iH.). Lleif HanpsMOK i1HIIIIOBaB 3HAYHY KIIBKICTH CTaTEH Mpo
BILJIUB MOIIKO/P)KEHb KOMIIO3UTHUX KOHCTPYKI(IHA, CHPUYUHEHHUX YAAPOM, 1110 € AKTyaJIbHUM
i 3apa3 [120]. V mapyBaTUX KOHCTPYKISIX YIapu CTOPOHHIX TNPEAMETIB, SKi BaKKO
BUSIBUTH 1 MOXYTh 3HAYHO 3HU3UTH MIIHICTh KOHCTPYKIi. JIOCHIIPKEHHSI CTOCYIOTHCS
TAaKOX IIApyBaTUX KOHCTPYKIIM, SKI IMIMPOKO BUKOPUCTOBYIOTHCS B AE€POKOCMIYHIN Ta
iHIMX Tporpamax. Y ormsimoBiit crarti [121] mpencrtaBieHW BHYSPITHUEA OTJIS
JITEpaTypH, IO CTOCYEThCS BIUIMBY yJapy Ha IIapyBaTi KOHCTPYKIIi. MeXaHika KOHTAKTY
MDK JKOPCTKMM MPOTMHOM 1 IIApyBaTOK KOHCTPYKLIEI JETAIbHO OOrOBOPIOETHCA,
OCKIIBKHA JYX€ BaXXJIMBO BpPaxOBYBAaTH JIOKAJIbHY Je(opMaiiio B 30HI KOHTAKTy IpHU
PO3p0o0IIi MOJIEI MPOrHO3YBaHHS 1CTOPii KOHTAKTY. [leperiisamaeTbcst MexaHiuHa MTOBEIIHKA
MIHOIJIACTOBUX Ta CTUIBHUKOBUX MaTepialiB, a TAKOXK €KCIIEPUMEHTaIbHI pe3yJIbTaTH Ta
MOJIeJII TPOTHO3YBAaHHS 3aKOHY KOHTaKTy MIX TJaJKAM IIapoOM Ta CTPYKTYpOIO
3aroBHIOBaya. Takoxk O0OTOBOPIOETHCSA PO3poOKa MaTEeMaTUUHUX MOJEJEH MPOTrHO3yBaHHS
1CTOP11 KOHTAKTHUX CHUJI Ta 3arajbHO1 Peakilii CTPYKTYpH.

[IpoTsirom ocTaHHIX JBOX JAECATUIITH OCOOJIUBO 3POCTAE MOMUT HA BUCOKOS(EKTUBHI
JIETKI KOHCTPYKIIii, 1[0 CTUMYJIIOBAJIO 3HAYHY TEHJCHIIIO JO PO3BUTKY BIOCKOHAJICHUX
MoOJENel I MIapyBaTHX IUIACTUH Ta 000J0HOK. OCHOBHAa MeTa 1€l aumceprarii —
JOCITIJIKEHHST TMHAMIKHA TPHIIAPOBUX 0OO0JIOHOK 00E€pTaHHS 3 AUCKPETHUM HEOTHOPITHUM
3alOBHIOBAYEM 1 MOJIENIOBaHHS iX MOBEIIHKM MpPU PI3HUX BUJAX KOHCTPYKLIA 1 mii
HECTaI[lOHAPHUX HaBaHTaXeHb. llepeBaxkHa OUIBIIICTH POOIT MO AWHAMII TPUIIAPOBUX
OOOJIOHOK TIPUCBAYEHA TPUIIAPOBUM CTPYKTypaM 3 JIETKUMHA MAaJIOMIIIHICHUMU
BJIACTUBOCTSIMU 3allOBHIOBAaya, TOBIIMHA SKOrO OUIbIIA 32 TOBLUIMHU HECYYHX IIAPIB.
[TocTiiiHuii 1HTEpeC M0 MIMPOKOrO BUKOPHCTAHHS TOCKOHAIUX INAPYBAaTUX KOHCTPYKIII

npu OYJIBHUIITBI BJOCKOHAJEHUX HAJ3BYKOBUX / TINEP3BYKOBUX JILOTHUX amapariB Ta
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0araropa3zoBUX KOCMIYHUX TPAHCIIOPTHUX CHUCTEM IPOSIBUBCS ABAALSATH POKIB TOMY, 1 1is
TEH/ICHIIISI TIPOJIOBXKYETHLCS 1 MMOCHITIOETHCS B HACTYIHI poku. Tak B ctarTsax [113,114, 122,
123] mociimkeHa moBeIiHKa TPUIIAPOBUX IMMaHECH 3 MOABIHHOI ["aycoBOIO KPHUBHU3HOIO,
K1 CTUCKAIOTHCS KpalOBUMM HABAaHTAXKEHHSIMH 1 MIJJIATAIOTh i IMITYJILCY HOPMAJIbHOTO
TUucKy. [Ipym 1IbOMYy BUKOpHCTaHa HENiHIMHA MOJENb CJIa0KOTO 3allOBHIOBAaYa, Yy SIKOTO
MOKpalleHl  CTPYKTYpHI TMOKa3HUKU TMOPIBHAHO 3  XapaKTEPUCTUKAMHU  MIITHUX
3all0OBHIOBAYIB, IO MPHU3BEIO A0 HOro IIMPOKOTO BHUKOPHCTAHHA B JU3aliHI Cy4acHUX
JHOTHUX TPAHCIOPTHHMX 3aco0iB. B poOoTax mociipKeHO HeTIHIMHUN TUHAMIYHUN BIATYK
[OJIOTO1 TPUIIAPOBOi OOOJIOHKM 3 ypaxyBaHHSIM BIOCKOHAJIEHOI MOJEJ CTHCIUBOCTI
3al0BHIOBaYa Ha BUOYXOB1 HaBaHTaKEHHsI. JleTanbHe TOCHIIKEHHS poii KIHEMaTUYHHUX Ta
¢G13MYHUX MapaMeTpiB MaHeJel MoKa3ye, SK 3MEHIIUTH MUTOMY Bary uHiapyBaToi
CTPYKTYpH TIpu 30€peKeHHI MINHICHUX BJIACTUBOCTEH. ABTOpPM BIJ3HAYaIOTh, WIO
creniagi3oBaHa JITepaTrypa, O CTOCYEThCS AMHAMIYHOI peakii mapyBaTUX CTPYKTYp Ha
M1JIBOJTHI Ta MOBITPsIHI BUOYXHU JOCUTH HEJOCTATHSI.

B crarri [124] mnpoBeaeHO MOACTIOBaHHS JMHAMIYHOI peakiii Ha BUOYXOBI
HABAHTAKEHHS TPUIIAPOBUX MOJIOTMX OOOJIOHOK IMOJBIMHOI KPUBHU3HU 3 JTAMIHOBAaHUMHU
HecyuuMH Imapamu. B pobOoTi po3poOsieHa HOBa HEIIHIMHA MOJETb OPTOTPOITHOTO
CTHCIMBOTO 3amoBHIOBaua. CucreMa pO3B’SI3yHOUMX DPIBHSHH BHBEICHA 3a JOMOMOTOIO
npuHIMNy ['aMilibTOHA B moe€aHaHHI 3 npuHIUnoMm Peiicuepa-Xemtinrepa. ocmimkeHo
BUKPHMBJICHHSI TaHeNi, aHI30TpOoMmii Ta TMOCHIAOBHOCTI VYKJIaJaHHS HECYy4uXx IIapiB,
MOTIEPEYHOT OPTOTPOMii 3alOBHIOBAYa Ta CTPYKTYpPHOro JeMr(yBaHHS Ha JAUHAMIYHY
peakuio Mpu 3aJ]eKHOMY BIJI 4acy HaBaHTaXeHHs. IMmynbcu BuOyXy MOB's3aHl 3
BUOyXaMH y MOBITplI ab0 3 OJyKalOUMMH yAAPHUMH XBWISIMU. ABTOPU MIAKPECITIOIOTH
HOBU3HY OTPUMaHUX pe3yJbTaTiB, fAKI MalOTh BaXJIWBE 3HAYCHHSI B PO3pOOII
BJIOCKOHAJICHUX IIapyBaTUX OOOJOHOK, IO EKCIUTyaTyIOThCS TIpU HECTalllOHAPHUX
HaBaHTaXeHHAX. [IpuiiHaTa MeTO10I0Trisl pO3B’S3KY, 110 0azyeThcs Ha MeToAl ["anbopkina

B MO€JHAHHI 3 MepeTBOpeHHsM Jlamaca, 103BOJIsiE OTPUMATH AHATITUYHI PO3B'SI3KHU, SIK1
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MOXYTh CJIYryBaTH BIAMIHHAUMM TpUKIAJaMU JJIg TOPIBHSHHA 3 YHCEIbHUMU
pPO3B’sI3KaMHU.

[Toganemuii pO3BUTOK I JOCHIDKEHHS 3HaWmm B podoti [125], ne Bmepie
JOCITIDKEHO 3TMH TOJBIMHO BHUTHYTOI IapyBaToi mMaHeN, MiJ i€ JOKaJIbHOTO
30CEPEHKCHOT0 HABAHTAXKEHHS, PIBHOMIPHOTO THCKY Ta TapMOHIYHO PO3MOIIIICHOMY
HABAHTAXKEHHIO, 1[0 0a3yBaBCsi Ha HOBIM BJIOCKOHAJEHIM Teopii IIapyBaTUX MaHelen
BUIMIOTO TOpsanky. Ockinbku aedopmariiss MOMEpEeYHoro Tmepepidy Oyma  TOYHO
3MO/IeIbOBaHa 11€I0 TEOPi€r0, BOHA HE MOTpedyBasa >KOAHOr0 KOPUTYIOUOTo KoedillieHTa.
Takoxx naHuii aHami3 BKItOYaB (akTop Tpamerienomionoi d¢opmu (ymoBu 1 + z / R)
KPUBOJIIHIMHOTO eJleMeHTa naHenl. ['eoMeTpisa BpaxoByBaja BUKPUBIIEHHSI HECYUUX IIApIB,
B TOM yac sIK 3aloOBHIOBa4Y OyB CylubHMM. Ha BigMiHy BiJ OUIBIIOCTI BIJOMHX pOOIT,
3all0BHIOBAY MII' MaTH JOBUIbHY TOBIIMHY. PO03B’s3yBajbHI pIBHSHHS OyJid OTpUMaH1
3TIIHO BapialliHUX MPUHLMIIB MIHIMyMY HOTEHIIIHOI eHeprii. BUBUeHO TakoX BIUIMB
TUIIB TPAaHUYHUX YMOB, BHUJ TMPUKIATCHUX HABAHTAXKEHb, KOEQIIIEHTa KPUBU3HU
3alOBHIOBAaYa JI0 HECYYMX IApiB Ta PEaKI[il0 pajlyciB KPUBH3HHM TOBCTOrO 3allOBHIOBaYa
Ha 3THUH.

B crarri [126] BuKOHaHHWi aHami3 BUIbHUX KOJIMBAaHb TOBCTHUX IMUIIHAPUYHUX
KOMITIO3UTHUX IIapyBaTHUX MaHEJe Ha OCHOBI HOBOi BIJOCKOHAJIEHOI TEOpil MIapyBaTHX
naHeseil Bumoro mopsaky. Ilpw mociimkeHHI BUKOPUCTOBYIOTHCS MOJIIHOMU TPETHOTO
MOPSZIKY Ui TUIOMIWHHHUX TIOJIB TEpPEeMINIeHb 1 JPYroro MOpSAKY IS HOpMalbHUX
IPOTHMHIB 3alIOBHIOBaYa. Y I[bOMY BHUIAJKy HEBIIOMUMHU OyiH Koe(]illieHTH MHOTOUJICHIB
Ha JIOJATOK JO TEPEeMIIEeHb BEPXHHOIO Ta HWIKHBOTO HECyuux ImapiB. B 1pomy
JTOCHIKeHH1 OyJlM BpaxoBaH1 BCl JUHaMi4HI €(deKTH 3allOBHIOBaua Ta HECYUYHX IIApIB.
Buxonsun 3 mpuniuny ['aminsTOHA, BUBENIEHI PO3B'A3yI0Ul PiBHAHHS. JlOCTIIKEHO BILTUB
BiTHOIIIEHHSI TOBIIMHHM 3allOBHIOBAYa 0 3arajJlbHOI TOBIIMHH OOOJOHKH, BiTHOIICHHS
JOBKMHU JI0 PajilyCy 3aloBHIOBaya Ta MOCIiJOBHOCTEM KOMIIOHYBAHHS I111apiB HA XapaKTep
KOJIMBaHb TPUIIAPOBOi CTPYKTypu. Pe3ynbTatu miATBEpIKEHI BIAOMHUMHU B JITepaTypil

JaHHMMH, a TaKOX pE3ylibTaTaMH pOSanYHKiB OTPUMAHUX 3 JOIIOMOI'O IIPpOTrpaMHOTIO
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3aco0y ckindenux enemeHTiB ABAQUS. TlokazaHo, 1m0 O1bI1 TOBCTI OOOJOHKHU 3 OUIBII
TOBCTHM 3allOBHIOBaYeM 3a0€3Me4yloTh OUIBIIY CTIHKICTh 10 PE30HAHCHUX KOJIMBAHb.
Kpim Toro, 301bl1€HHS] TOBIIMHA HECY4YHX IIapiB BHU3UBA€ €(dEKT 3HAYHOTO 301IbIICHHS
BJIACHUX YaCTOT KOHCTPYKIIIi.

B poGotax [127 - 132] ocHOBHa yBara MpUCBSYECHA IOCIHIKEHHIO HAIPYKEHO-
ne(OpMOBAaHOTO CTaHy TPHIIAPOBUX OOOJIOHOK OOEpTaHHS 3 JIETKUM IMPYKHUM
3allOBHIOBaUEM IPH IMITyJIbCHUX HaBaHTaXeHHsX. Bimomo [132], mo cyTTeBOIO BajoI0
TPUIIAPOBUX KOHCTPYKIIIN 3 JIETKUM TPYKHUM 3alIOBHIOBAYE€M € TE, 1[0 3allOBHIOBAY HE
MO>K€ PIBHOMIPHO MEPEPO3MOAUIATH TAHTEHITIATbHI 3yCHUIUIA MK HECYYHMHU IIIapaMu, TOMY
B 3 €JHYBAJIbHUX BY3JIaX, 3aKpIJIEHHSAX 1 B 30HAX [li JOKAJbHO PO3MOAUICHUX CHII
HEOOXITHO TmependavyaTu cCreliaibHl KOHCTPYKTHBHI OCOOJMBOCTI JJig 3amoOiraHHs
MICLIEBUX BM ATHH 1 pydHYBaHb. TpuIIapOBI €IE€MEHTH KOHCTPYKIIM MpU JUHAMIYHHUX
HaBaHTaxeHHX MaioTh HJIC 13 3HauHUMM TpajieHTaMHu TEpeMIllleHb 1 HamnpyxeHb. Lle
BUKJIMKA€ HEOOXIAHICTh CTBOPEHHS HOBUX 1 PO3BUTKY ICHYIOUMX BapiaHTIB MPUKIAJTHUX
TEOpid, PO3BUTKY METOIB pPO3paxyHKy KOJWBaHb INApyBaTUX OOOJOHOK 13 3HAYHOIO
pi3HHIICI0  (I3UKO—MEXAaHIYHUX  XapaKTEPUCTHK  IIapiB  MpU  HECTalllOHAPHUX
HaBaHTaKeHHAX. [Ipyu 3HauYHIA BIIMIHHOCTI (DI3UKO—MEXaHIYHUX TMapaMeTpiB IIapiB
JOIIJILHO 3aCTOCOBYBATH TeOpii 0OOJOHOK 3 BUKOPHUCTAHHSM HE3AJCKHUX TINOTE3 s
kokHOTro 13 mapiB [31, 32]. BuBix piBHSHb KOJMBAaHb Ta MPUPOJHUX TPAHUYHHUX YMOB
MPOBEICHUI Ha OCHOBI BapialiiiHoro nmpuHIMNy PeliccHepa npu NpUWHATTI HE3aNEKHUX
KIHEMaTHYHHUX Ta CTATUYHHX TIMOTE3 J0 KOXKHOTO IIapy 1 3 BUKOPUCTAHHSAM HEJIHIHHOTO
BapianTy Teopii npyxHux o6o0soHOoK C.II. TumoieHka B KBagpaTHUYHOMY HAOJIMKEHHI.
BBonuTbCsl TMpUNYIIEHHS PO HEPO3PUBHICTh BCIX IIapiB, TOOTO MIapd OOOJOHKU
nehopMyroThCcsi 0€3 TPOKOB3yBaHHA 1 BiapuBy. s po3B'sa3ky 3amadi MoauQiKOBaHHIMA
YUCEJIbHUN METOJI, B OCHOBI SIKOTO JICKHUTh SIBHA CKIHUEHO—PI3HUIIEBA CXEMa THUITY “‘XpecT”
110 TIPOCTOPOBIN Ta 4acoBii koopauHataMm. [IpoBeneHui MOPIBHAJIBHUMN aHAII3 XapaKkTepy
HJC tpumapoBux 000J0HOK 00epTaHHS 3TIAHO MPUKIATHUX TEOPid JO3BOJIUB 3pOOUTH

OIIIHKY MEX 3aCTOCYBaHHS BKa3aHUX TEOPIA TPUILIAPOBUX OOOJOHOK B Jilaria3oHi 3MIHH
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TOBIIIMH HECYUYHX IapiB 1 BIJHOIICHHS MOJYJIB MPY>KHOCTI OOIIMBKK Ta 3allOBHIOBaya.
[TponoBxkeHHs NHUX PoO3poOOK 3HaiNLI0o B pobortax [33 - 37], me 3amponoHOBaHWH
YUCEJbHUM MeTOJA JUIsi BUPINIEHHS [OYaTKOBUX KpalloBMX 3ajady 0a3yeThcsi Ha
BUKOPHUCTaHHI 1HTETPO-AU(PEPEHIIIMHOTO MIAXO0AY JJisg MOOYJOBH CKIHUYCHO-PI3HUIIEBUX
CXE€M IIOAO0 MPOCTOPOBHX Ta YacCOBUX KoopauHAT. OTpUMAaHO YHUCENbHI PO3B'SI3KH JIA
JTUHAMIYHOTO JehOpMyBaHHS BIAKPUTHUX TPHUIIAPOBUX CHEPUUHUX 1 EJIINCOiTaIbHUX
00OJIOHOK, B IIMPOKOMY JIiara30Hi T€OMETPUUYHUX 1 (I3MYHUX MapaMeTpiB 3allOBHIOBAYa,
JUISL PI3HUX THWINB TPaHUYHUX YMOB. HaBeneHO MOpPIBHSUIbHUI aHali3 pe3ysibTaTiB
JOCIIIJIPKEHHSI TUHAMIYHOI MOBEIIHKH TPHUIIAPOBUX OOOJIOHOK OOEpTaHHSA 3 JOMOMOTOIO
piBHAHb 000J0HOK TUIly TuMomenko ta Kipxroda-JIsBa 3 BUKOpUCTaHHIM yH1()IKOBAaHUX
riIoTe3 IO TeTEPOTreHHIN CTPYKTYp1 000JIOHOK.

Criz BiA3HAYUTH, 110 HABEJICHI BUIIE POOOTH BIIHOCITHCS O TOCTIKEHHS TUHAMIKH
TPUIIAPOBUX OOOJIOHOK MPHU PO3MOAIICHUX HECTAllIOHAPHUX HABAHTAXKECHHSX, a JIOKAJIbHI
JTMHAMIYHI HaBaHTa)KCHHS PO3TJIAAAIOTHCS JIMIIEC B MOOJUHOKHUX pobotax [126] i B [133],
JIe 3alpONOHOBAHA TUHAMIYHA MEXaHIKO-MaTeMaTUyHa MOJIEJb HUIIHAPUYHOT TPUILIAPOBOL
00O0JIOHKH 3 3aroBHIOBadYeM Tuma Binkiepa. JlocmimkeHl BUIbHI 1 BUMYIIIEHI KOJMBAaHHS,
Opy JIOKAIBHUX KUIBIIEBUX HABAaHTKEHHAX. BCTaHOBIEHO, IO TMpH 3aCTOCYBaHHI
MICIICBUX HABAaHTAKCHb TMEPEMIIICHHS IIBUAKO PO3MANAIOThCS 31 30UIBIICHHSIM
YKOPCTKOCTI 3aITOBHIOBAYA.

[TapanenbHo 3 JOCHIIKEHHSMHM CTaTUYHOI TOBEIIHKM TPHUILIAPOBUX OOOJIOHOK 3
nuckpetHuM 3anoBHIOBadeM [107-112] po3BuBasiocsi BUBUEHHS JUHAMIKA TPUIIIAPOBUX
000JIOHOK OOEpTaHHS aHAJOTIYHOI CTPYKTYpU MPU HECTAI[IOHAPHUX HaBAaHTAXKECHHsX. B
NEepIINX CTAaTTAX cniBpoOiTHUKIB [HCTHTYTY MexaHiku iM. C.I1. Tumomenka HAH VYkpainu
[134 — 139] Oyma po3pobieHa MOJC/b AUHAMIKH TPUIIAPOBOI OOOJIOHKH OOEpTaHHS 3
JUCKPETHUM 3allOBHIOBAYEM Yy MeEXaxX TIEeOMETPUYHO HEeNIHIMHOI Teopii 0O00JIOHOK 1
ctpwkHiB C.II. Tumomenka. TpumapoBa 00070HKa 3 BpaxyBaHHSIM JAUCKPETHOCTI
BHYTPIIIHBOTO 3alIOBHIOBaYa MPECTaBIsiE COO0I0 MPYKHY CTPYKTYpPY, SKa CKIAJAEThCS 3

BHYTPIIIHBOI Ta 30BHIMIHKOI OOLIUBOK 1 HAOOPY pedep, 10 KOPCTKO 3’€IHAHI 3 BKa3aHUMU
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oOmuBkamu. [Ipu BUBOJII PIBHAHb PYXy TPUIIAPOBOI CTPYKTYPH BPAXOBYBAIMCS BCl BUIU
nedopmarliii 1 iHepIIiHHI CKIaJA0B1 peOPUCTOro 3amoBHIOBaYa. JIJist AOCTIHKEHHAS JUHAMIKH
TPUIIAPOBUX OOOJIOHKAX 3 PI3KOK 3MIHOK TEOMETpii KOHCTPYKII 3a paxyHOK
JUCKPETHOTO PeOpUCTOro 3aMoBHIOBaYa MPU BUMYIICHUX JUHAMIYHUX HaBaHTAKCHHSIX
JIOLITBHO 3aCTOCOBYBATH, TaK 3BaHW, "mUCKpeTHO — cTpykrypHuil" mertox [140,141].
Buxoasuu 3 BapiamiitHoro npuHIMITY ctarioHapHocTi ["'aMiibroHa—OCcTporpajachKoro, s
JUHAMIYHUX TMPOLECIB, OTPUMAaHI PIBHSIHHS KOJMBAHB 1 BIAMOBIIHI MPUPOIHI TPaHUYHI 1
MOoYaTKoBl YMOBU. P03poOneHuil 4uMcenbHUN aarOpuTM PO3B'SI3aHHA 3a/lad BUMYIICHHX
KOJIMBaHb TPUIIAPOBUX IMUIIHAPUYHUX 000JIOHOK 3 KYCKOBO-OAHOPITHUM 3allOBHIOBAYEM 1
JOCJIIKEHO HECTAllIOHAPHY MOBEIIHKY TaKoi 0O0JIOHKU MPH IMITYJIbCHUX HABAHTAKECHHSX,
0 € PO3BUTKOM YHCEIBbHOTO MIAXOAY [0 pO3B'S3aHHSA JMHAMIYHMX 3a7a4 Teopii
JTMCKPETHO MiAKPIIICHUX 000JI0HOK . B poboTax [142 — 145] po3risiHyTI OCeCHMETpHYHI
BUMaaku, a crtarti [146 — 148] MokHa BigHECTH OO0 MOCIIIKEHb HEOCCCHMETUYHHX
Bunajakie. B [149] po3riasHyTO MOCTAaHOBKY 3a/adi JUHAMIYHOI MOBEIIHKH TPHIIAPOBUX
UWTIHAPUYHUX OOOJOHOK Yy pa3l MPUUHATTA HE3aJeKHUX KIHEMAaTHYHHUX 1 CTaTHYHHX
rinore3 A0 KOXHOro mapy. Buxomsuum 3 BapiamiiiHoro mnpuHiuny PeliccHepa ms
JTWHAMIYHUX TPOIIECIB, OJICPKAHO PIBHSHHS KOJHMBAHb 1 BIAMOBIIHI IPUPOJIHI TPAHUYHI Ta
noyaTtkoBl yMmMoBU. HaBeneHO YHMCIOBMI anropuT™M pO3B'A3KY 3a7ad BUMYILIEHHX
HEBICECUMETPUYHUX KOJIMBaHb TPUIIAPOBUX IUITHAPUIHUX 00OJIOHOK.

Pesynbrati moOMIOHUX JOCHIIXEHb OCECHMMETPUUYHUX KOJIMBaHb TPHUIIAPOBUX
KaHOHIYHUX OOOJIOHOK OOepTaHHsS 3 JUCKPETHUM 3arllOBHIOBaYE€M HaBEIECHI B POOOTax
[150- 151].

[Toganpmuii pO3BUTOK AOCIIKEHb JTUHAMIKM TPUIIAPOBUX OOOJIOHOK OOEpTaHHS 3
JUCKPETHUM 3alOBHIOBAYEM TMPU HECTAIllIOHAPHUX HABAHTAXEHHSX OTPUMAHO B POOOTI
[152], ne BuBencHi pIBHAHHA JWHAMIYHHX OCCCHMETPUYHHMX KOJHBAHb TEOPIil
eNINCOiIaJbHUX  OOOJIOHOK 3  KYCKOBO-OJHOPIAHMM  3allOBHIOBAYEM  TPHUIIAPOBHUX
MATIHAPUYHUX OOOJIOHOK ENIMTUYHOTO TEPETHHY 3 JUCKPETHUM HAIMOBHIOBAYEM IpHU

HECTal[lOHAPHOMY HaBaHTa)XX€HH1. YMCIOBUI METOJ pO3B'I3yBaHHS IMHAMIYHHUX DPIBHSHb



36

0a3yeTbCsd Ha 3aCTOCYBaHHI 1HTETPO-1HTEPIOJAIIMHOTO METOAY IOOYIOBH CKIHUYEHO-
pI3HUIIEBUX CXE€M JJs PIBHSAHb 3 PO3pUMBHUMHU KoedimieHTamu. HapenmeHo po3B'si3ok
KOHKPETHOT 3aJ1a4i Ta MpoaHali30BaHO pe3yJIbTaTH.

B crarti [153] po3misHYTO IOCTaHOBKY 3aga4 MpO JUHAMIYHY IOBEHIHKY
TPUIIAPOBOT IIIIHAPUIHOI OOOJOHKH ENNTHYHOTO Tiepepidy. [IpuitHsITO yTOUHEHY
MOJieNib Teopii 000JOHOK TuIly TuUMOIIEHKa JUIsi BChOTO MakeTy. YWCIOBUU METON
PO3B'sI3aHHA JUHAMIYHUX PIBHSIHb 0a3y€ThCSl HAa 3aCTOCYBaHHI 1HTETPO-1HTEPIOSIIIIHOTO
METOJy TOOYIOBH CKIHYCHHO-PI3HUIIEBUX cXeM. JlocmDKeHo 3agady JUHAMIYHOI
MOBEJIIHKA TPHUIIAPOBOI IUWIIHAPUYHOI OOOJOHKH eJINTUYHOIO TMepepidy Yy pasi
PO3MOIJICHOTO HECTAIIIOHAPHOTO HABAHTAXKECHHS.

B poGotax [154, 155] po3risiHyTi TpUIIapoBl HUWIIHAPUYHI OOOJIOHKH EIINTHYHOTO
MOTIEPEYHOT0 Tepepidy 3 ypaxyBaHHSIM TMO3J0BKHBOTO TUCKPETHOTO peOpUCTOTro
3aIIOBHIOBAaYa 3 BUKOPHUCTAHHAM «IHUCKPETHO-CTPYKTYPHOTO» MiaXoay, Oepydd A0 yBaru
BIIMOBIAHI TiOTe3n THUMOIIICHKA /711 000JIOHOK 1 CTPHIKHIB, 3T1AHO T€OMETPUYHO JIHIHHOT
teopii. [Ipym BUpIlIEHHI KOHKPETHUX KpalOBHUX 3aJady BUKOPUCTAaHA SIBHA CKIHYEHO-
pi3HMIIEBA CXeMa IHTErpyBaHHS PIBHSIHB. B SIKOCTI YHMCIIOBOTO MPUKIAAY MPEACTaBICHO
pillIeHHS 3a/ia4yl MpPO BUMYIICHI OCECHMETPUYHI 1 HEOCECMMETPUYHI KOJWUBAHHSA IaHOI
HEOJHOPIAHOI OOOJOHKOBOi CTPYKTYpHM TMpU Jii HECTallOHAPHOTO PO3MOAUIEHOTO
HABAHTAKCHHS.

B nocmipkeHHsX HaBeaeHUX B poborax [156 — 165] nmokiageHo BUBYCHHS CTIHKOCTI,
nedhopMyBaHHS Ta BUTLHUX KOJWBAaHb TPHUIIAPOBUX IMUJIIHAPHUYHUX MOJOTUX O0OOJTOHKOBUX
OyIiBENTbHUX KOHCTPYKIIM CUMETpUYHOI OYyJOBH 3 JIETKMM TPaHCBEPCATHHO-130TPOITHUM
3alOBHIOBAYEM, SIK1 MIJIKPIIJIEHI peOpaMu dKOPCTKOCTI B MO3/I0BXKHBOMY Ta MONEPEUYHOMY
HarnpsMKkax. [Ipu mboMy 1J1s1 30BHINTHIX HECYYHX MIapiB 000JIOHKH MPUUMAIICS TIMOTE3U
Kipxrodpda - JlsBa, a ang 3amoBHIOBaYa — JIHIAHUN 3aKOH 3MIHU TaHTEHIATbHUX
nepeMiiieHb no ToBuMHI. [lonepeuni aedopmallii 3aroBHIOBaYa HE BPaxoBYHOThCs. [l
pebep mpuifHATI TinmoTe3u bepHyni Ta BpaxoByBaBCs TIIbKU 3TMH pedep B BEPTUKAIbHIM

IJIOIIMHI, a Mo JiHIAX pedep He BpaxoByBajach jAcedopmallisi 3CyBy B pebOpax.
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Po3B’s13yBasibH1 PIBHSHHS BUBEICHI Ha OCHOBI JMCKPETHOI'O MiAXOJy, IO 0a3yeThbcs Ha
BUKOPHCTaHHI BapiariHoro npuanuny I aminbrona-Octporpaachkoro. Jms mociimkeHHs
BUIbHUX KOJIMBaHb HABEJICHUX BUIIE TPUIIAPOBUX HUIIHAPUYHUX OOOJIOHOK BUKOPHCTAHI
YHCEIbHO - aHANITH4HI MeToau. B crarrsax [162 — 165] mocmimkeHo KpaioBwil edekT
PelicHepa 1 HaBeAGHO 3HA4YeHHS TApaMeTpa BIIBHUX KOJWBAaHb TMEPIIOI YacTOTH
TPUIIAPOBOT MOXMJIOT MJIIHIPUYHOI OOOJIOHKHM 3 JIETKMM 3allOBHIOBaYeM, MIAKPIIUICHOI
OJTHUM 1 TPhOMa MOTNIEPEUYHUMH PeOpamMHu.

Cnin Bim3HauuTH, MO nounHaoud 3 2009 poky B HayKoBiM jiTeparypi 3'saBuiiacs
JIOCUTh 3HayHa KUIBKICTh POOIT, B SAKUX EKCIEPUMEHTAJIHLHO 1 METOJIaMU CKIHYEHUX
€JIEMEHTIB JOCIIJKYBAIKMCS CTAaTUKA 1 AUHAMIKa TPUILAPOBUX IUIACTHH 1 OOOJOHOK 3
JIETKUM/M'SIKUM 3allOBHIOBaYEM, SIKHH IMiICHITIOBaBCA MTU(TAMU, KOJIOHaMH a00 TpyOamu
[166 — 169]. BigmiueHo, 110 Taki MiAKPIIICHHS 3HAYHO IiJIBUIIYIOTh MIIIHICTb 1 CTIHKICTD
TPHUIIIAPOBUX CTPYKTYP HA CTHUCK.

OcTaHHIM 4YacoM TaKOX 3aciIyroBYIOTh Ha yBary poOOTH €KCIEpUMEHTAIBHOTO Ta
YUCEBHOTO JOCIIHDKCHHS IMOBEIIHKM KOMITO3UTHHX IIApyBaTHUX IaHEJIeH 3 KPUBU3HOIO
npu pisHMX HaBaHTaxeHHsx [170, 171]. 3 miero MeTor OyinO PO3IJISIHYTO MIapyBati
naHesi/000J0HKHU 13 3alOBHIOBAYEM 3 KBAJpPAaTHUX Ta aHi3orpimHux pedep. Kommosuthi
CEH/IBIY-TIaHEeIl 3 )KOPCTKOIO CITKOIO, SIKl CKJIaJat0ThCS 3 HECYUHX IIAPIB Ta PEIIITKU THUITY
karome. Lli cTpykTypu MOXyTh OyTH BHUKOPUCTaHI SIK ajlbT€pHATHUBA KOHCTPYKIIISIM,
apMOBaHUM CTpo(iHramu, MmapyBaTUM TMaHEIsIM 3 CTUIBHUKOBUM a00 aJIFOMIHIEBUM
CITYaCTHM 3aMTOBHIOBAYEM.

B mnaBenmenux Bwuie poOOTax BHUKOHAHI KOHKPETHI PO3PAXyHKH TPUILIAPOBUX
000JIOHOK OOepTaHHS 3 JAWCKPETHUM 3allOBHIOBAYEM CHUMETPHYHOI KOHCTPYKIIii 3TiTHO
«TUCKPETHO-CTPYKTYPHUX» Mojeeil. YUncenpHul anroputM pPoO3B’S3Ky HECTaI[lOHAPHHUX
3alady Teopii TPHUIIAPOBUX OOOJOHOK 3 KYCKOBO-OJHOPIAHUM 3allOBHIOBAaYE€M IIpU
BUKOPUCTAaHHI HE3aJeKHUX KIHEMATHYHUX Ta CTATHYHUX TIMOTE3 /10 KOXKHOIO IIapy, 3
ypaxyBaHHAM TOINEPEUYHUX HOPMAIBHUX 1 3CYBHHX JedopMaiiii B 3amoOBHIOBadi

IPYHTYETbCSI Ha OJHOMY 3 BapiaHTIB PI3HUIICBOI allpOKCHUMAIlli BUX1JHOTO BapialiifHOTO
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dbyHkmionany. B cuiy JHOBUTBHOCTI Bapialiii MepeMillieHb 1 Hanpy>KeHb, ITICI
CTaHJIaPTHUX MEPETBOPEHD y BapiauiiHoMy (pyHKiioHani PeiicHepa, oTpuMaeMo B1 rpymnu
piBHsHb. OjHA 3 HUX ABJIsIE COOOIO0 PIBHSHHS KOJIMBaHb TPHUIIAPOBUX OOOJOHOK B
3YCUJIIAX - MOMEHTAX, SIKl 3alUCYIOThCS I 00JacTel OJHOPITHOTO 3alOBHIOBAaYa, JApyra
- CIIBBIJIHOIIEHHS y3arajibHEHOTO 3aKkoHy ['yka. OCHOBOIO YHCETHHOTO AITOPUTMY € SIBHA
CKIHYCHO-PI3HHUIIEBA CXEMa THUITY «XpecT» IO IPOCTOPOBIM 1 YAaCOBIH KOOpJHWHATAM.
[lepexin Bia HemepepBHOI CHCTEMHU DPIBHSIHB /0 KIHIEBO-PI3HHUIIEBOI BUKOHYETHCA B JBa
eranu. llepmuii etam mojsirae B CKIHYEHO-PI3HUIIEBIA alpoOKCUMaIlll JUBEPreHTHHUX
PIBHSIHb KOJIMBaHb B 3YCHJUIIX-MOMEHTaxX B OO0JACTSX OJHOPITHOTO 3allOBHIOBaYa, IO
€KBIBaJIEHTHO BHUKOPUCTAHHIO 1HTETPO-IHTEPIOJISIIIHHOTO METOy alnpOKCHUMAIlil PIBHSHb
pyxy. Ilicnst craHmapTHUX MEPETBOPEHb, OTPUMYEMO PI3HUIEBI PIBHAHHS KOJMBAHb
TPUIIAPOBOI OOOJIOHKH OOEpTaHHS BIJHOCHO HE3aNEKHUX (YHKIIN NepeMillleHb Ha
noBepXHI mmapiB. [[pyruil eramn anpokcumaili piBHSHb MOJSATa€E y BUOOPI €HEPreTUYHO
Y3rOJDKEHUX  CKIHYEHO-PI3HUIIEBUX  aMpOKCHUMAIlM  BEJIWYUH  3yCHJIb-MOMEHTIB 1
BIAMOBIAHUX JedopMarlii B 00JacTsIX OAHOPIIHOTO 3alOBHIOBaua, 00 BUKOHYBABCS
CKIHUEHO-PI3HUIIEBUN aHAJIOT €HEPreTHMYHOTO PIBHSHHSA. BUKOPHCTOBYIOUM SIBHY CXEMY
«XpecT», KOMIOHEHTHU Y3arajlbHEHOTO BEKTOpa MEPEeMIIIeHb almpOKCUMYIOTh B IIIJIMX
TOYKaX PI3HMIIEBOI CITKH, a KOMIIOHEHTH y3arajJbHEHOTo TeH30pa jAedopmaliiii 1 3yCuIis-
MOMEHTH B HAIIBIIUIMX TOYKaX CITKH. Takwil miaxia J03BOJIIE€ 30€perTH TUBEPreHTHY
dbopMy pPIZHUIIEBOTO MPEACTABICHHS IU(EPEHIIINHUX PIBHAHb, @ TAaKOX 1 BUKOHAHHS
3aKOHY 30epeKeHHS TOBHOT MEXaHIYHO1 €HEPTii Ha PI3HUIIEBOMY PiBHI.

PosrisHyTo psij AMHAMIYHMX 3a7ad TEOpil CUMETPUYHHMX TPHUIIAPOBUX OOOIOHOK
o0epTaHHsl 3 CYUUIBHUM 1 KYCKOBO-OJHOPIJIHUM 3allOBHIOBAYE€M MPU OCECUMETPUUYHMX
HECTAIlIOHAPHUX HaBaHTAKCHHAX. Hibkye HaBeAeHI ITOCTAHOBKM 3a7ad 1 YHCENIbHI
AITOPUTMH  PO3B'S3aHHS PIBHAHb KOJMBAaHb TPHIIAPOBUX OOOJOHOK OOEpPTaHHA 3
BUKOPUCTAHHSAM HE3aJeKHUX TINoTe3 10 KokHoro mapy. IlpeacraBieHi uMcenbHI
pEe3yNbTaTH PO3B’SA3KYy AWHAMIYHUX 3a7ad HECTaIllOHAPHOI TOBEIIHKU TPUIIAPOBUX

000JJ0HOK  oOepTaHHs 3 KYCKOBO-OJHOPIIHUM  3alOBHIOBa4YeM  (LIMJIIHAPUYHUX,
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chepuuHUX, KOHIYHHX ) B IIUPOKOMY Jiana3oHi 3MiHU (i3UKO-MEXaHIYHUX 1 TEOMETPUUHUX
napameTpiB, MPU PI3HUX BUJAX TPAHUYHUX YMOB 1 BUJaX HABAHTAKCHHS.

PosrmsnyTi 3amadi  mpo  AMHAMIYHY TMOBEAIHKY TPHIIAPOBUX OOOJIOHOK 3
3allOBHIOBAYEM, SIKUW TIPEACTaBiisgse COOOI0 HaOlp AMCKPETHUX KUIBIIEBUX pebep, Ipu
BHYTPIIIHHOMY HOPMAaJbHOMY OCECUMETPUYHOMY IMIyJbCHOMY HaBaHTaxeHHI. [Ipu
[[bOMY BHUKOPHCTaHI PIBHSHHSA KOJMBaHb 3 YpaXyBaHHSIM JHUCKPETHOCTI 3allOBHIOBaYa 1
pPIBHSHHS ~ KOJHMBAaHb  3TIHO  KOHCTPYKTHUBHO-OPTOTPOMHOI  Teopii  TPHUIIAPOBHX
WIHIPUYHUX 000J0OHOK. OueBUAHO, IO OOOJOHKM 3 YpaxXyBaHHSIM JUCKPETHOCTI
3all0BHIOBaYa MOYKHA BIJIHECTH JI0 MEPIIOTO MiX0ay MoOya0BU MoJienel OaraTomapoBux
000JIOHOK, SIKMI1 BpaXOBY€ KIHEMAaTU4HI 1 CTATUYHI apaMeTpu KokHoro mapy. HaBenenuit
aHaJi3 JOCIIKEeHb HeCTaIllOHAPHUX KOJMBaHb HEOTHOPITHUX 000I0HOK [35 -37] mokasas,
10 3a/1a4yl IpO BUMYLIEHI OCECUMETPUYHI 1 HEOCECUMETPUYHI KOJIUBAHHS CUMETPUYHUX 1
HECUMETPUYHHMX TPUIIAPOBUX OOOJOHOK OOEpPTaHHS 3 YypaxyBaHHSAM JHCKPETHOCTI
3aIOBHIOBaYa MPU HECTAIlIOHAPHUX HABAHTAXKEHHSIX PI3HOTO XapaKTepy € aKTyaIbHUMHU.

Mera poGorum - noOyayBaTH pO3PaxyHKOBY MOJIeNIb Ta PO3POOUTH aITOPUTM
BUBYCHHSI BUMYIIICHUX KOJMBAaHb CUMETPUYHHUX 1 HECUMETPUUHUX TPHUIIAPOBUX 0OO0JIOHOK
oOepTaHHS 3 JIETKUM 3alI0BHIOBAYEM, SIKM apMY€EThCS TIOTIEPEYHUMU TIPOCTUMU PeOpaMHu.

TpuiiapoBi maHesnl 3py4YHO BHKOPUCTOBYBATH B IIMBLILHOMY OYIIBHUIITBI 3aBASKA
BHCOKOMY CITIBBIIHOIIIEHHIO MIITHOCTI Ta Baru, MPOCTOTI Ta IIBHUIKOCTI MOHTaxy. Imes
TPUIIAPOBUX CEKI[IA TMOJiArae B TOEAHAHHI TOHKHUX 1 MIIHUX OOIIMBOK 3 JIETKUM
3allOBHIOBaYeM, a BUOIp BUKOPHUCTOBYBAHMX MaTepiajiB JO03BOJISIE OTPUMATH OakaHy
noBeAiHKy. OOHMM 3 TaKuX NPUKIAAIB TPUIIAPOBUX TMMaHENEH pI3HOI TeoMeTpii €
TPUIIAPOBI OOOJOHKK OOEpTaHHSA 3 AUCKPETHUM 3'€IHAHHSIM MIIHUX HECYy4YuX IIapiB, a
IpocTip MK 3'€emHylOYMMH peOpamu 3anmoBHeHUUW miHomiactoMm. [lomibHe mnuTaHHA
IIMPOKO OOTOBOPIOETHCS B poOOTi [91].

Bigomo, 1110 TOHKI TpHIIapoBi IMaHell Ta 000JIOHKH IMIMPOKO BUKOPHUCTOBYIOTHCS SIK
€JIEMEHTHU PI3HUX 1HXEHEPHUX KOHCTPYKIINA 3 TOHKUMHU CTIHKaMH, TaKUX SIK MOBITPSHI /

KOCMIYHI TPaHCHOPTHI 3acOo0M, MiJABOJHI O0'€KTH, MAIIMHU TOIIO. BUKOpUCTaHHS HOBUX
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KOMIMO3UIIMHUX  MaTepiajgiB  JI03BOJISIE  MPOCKTYBAaTH  MIIlHI ~ KOHCTPYKIli, IO
3aJI0BOJIBHSIOTH Cy9acHI BUMOTH, TaKi K JIETKICTh, BUCOKA ITUTOMA YKOPCTKICTh, Oe3Ieka,
O€3IIYMHICTh Ta XOpOIlla CTIUKICTh 10 3TMHaHHS. TouyHEe MPOTHO3YBaHHS KOHCTPYKTUBHUX
SAKOCTEH IIMX TPUIIAPOBUX EJIEMEHTIB € HaJ[3BUYAHO BaXUIMBOIO MPOOJIEMOIO Ha eTari
MPOEKTYBaHHS MOJIOHUX MIAPYBATUX KOHCTPYKIIH
Bucnoeku 00 neputozo po3oiny

3 HaBEeNEHOro BHUIE OMISAY JITepaTypud CIiaye, IO IIapyBaTi OOOJIOHKH
PI3HOMaHITHUX KOHCTPYKLIM 3HaXOAATh IIMPOKE 3aCTOCYBAHHS B PI3HUX Taly3X TEXHIKH.
[Tpu BUBYEHHI OararomapoBux 000JIOHOK aBTOPH JOCIHIKEHb B OCHOBHOMY CIIUPAJIMCS Ha
JIBI PO3paxyHKOBI MOJIE]i: MOJENb OaraTolapoBUX OOOJOHOK MpPU MPUNHATTI €IUHUX
KIHEMaTUYHUX Ta CTaTUYHUX TINOTE3 /0 BCi€l CTPYKTYpH Ta MOJENIb OaraTolapoBHX
00O0JIOHOK IMPH MPUIHATTI HE3AJIEKHUX KIHEMAaTUYHUX Ta CTATUUHUX TINOTE3 0 KOXKHOTO
mapy («IMCKpETHO-CTPYKTYpHA» MOJeib). HailOinbin po3mOBCIOKEHE 3aCTOCYBAaHHS B
TEXHII 3HAWIILIN TPUIIAPOB1 00OJIOHKH PI3HOMAHITHOI KOHCTPYKIIi 1 reoMmeTpii. OcobivBe
MICIIE cepell TPHUIIAPOBUX OOOJOHOK 3aliMarOTh OOOJOHKH 3 JIETKHUM TMPYXHUM
3alMoBHIOBaYeM, 0O 3aBIAKM Taklid TPUILAPOBIN CTPYKTYypl MOXHA IOCATTH HEOOX1AHOI
YKOPCTKOCTI MpU Maiii mutomid Baszi. Lle TakoX cTOCyeTbcsl TpPHUIIAPOBUX OOOJIOHOK 3
JUCKPETHUM peOpHUCTHM 3amoBHIOBaueM. B sSIKOCTI mpuKIIa/iB BUKOPUCTAHHS IIapyBaTUX
O00O0JIOHOK, B SIKMX KOXXEH IIap BUKOHYE OJHY a00 NeKUIbKa (PYHKIINA, MOXHA Ha3BaTU
KOPIyCH HAaJ3BYKOBUX JIITAaKiB, paKeT-HOCIIB, Cy4YyaCHHUX TIOTATIB, a TaKOX Pi3HI
KOHCTPYKTHBHI €JIEMEHTU OO0JIa[HAHHA aTOMHOI €HepreTuku. Takuii mepenik MpUKIIaIiB
MO’KHA 3HAYHO MPOJIOBKUTH. TOMYy € HEOOXIAHICTh yIOCKOHAIUTH METOAUKY BU3HAYCHHS
JUHAMIYHOT TIOBEAIHKA HECHUMETPUYHUX TPUIIAPOBUX UWIIHIPUYHUX Ta 3pi3aHUX
KOHIYHUX 1 c(epuyHux OOOJOHOK MpU PIZBHOMAHITHUX TPAHUYHUX yMOBax 1
HECTAIIOHAPHUX PO3IMOIIICHUX 1 JOKaJbHUX HaBaHTaXEHHSX. P0O3B’sA3aHHS BiANOBITHUX
KpallOBUX 3a/lay IOB’s3aHE 3 TPYAHOIIAMH OOYHUCIIOBAILHOTO XapakTepy, 10 BHMarae
MpU JOCTIPKEHHI MEXaHIYHOI MOBEIHKK TPUILIAPOBUX OOOJIOHOK 3 CYy4aCHUX MaTepiaiiB

BJIOCKOHAJICHHSI €(PEKTUBHUX UYUCEIbHO-aHANITUYHUX MIAXO/IB 1 BUKOPUCTAHHS CY4aCHHUX
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CKIHYCHO-EJICMEHTHUX KOMILJIEKCIB. Y BHUIIAJIKy, KOJU PO3MIpU pedep, BIACTaHI MK HUMU
Ta TOBIIMHM HECYYMX IIapiB TMOPIBHSAHHI 3a BEJIWYMHOIO, MOXHA BHUKOPHUCTATU
KOHCTPYKTUBHO-OPTOTPONIHY MOJieib. B TpumapoBux o00O0JOHKaxX 3 PI3KOK 3MIHOIO
reoMeTpii KOHCTPYKLIi 3a paxyHOK JHUCKPETHOrOo peOpHCcTOro 3amoBHIOBaYa IMpU
BUMYILIEHUX JTUHAMIYHUX HABAHTAKEHHSIX BHUHUKAE€ BEJIMKOTPAIIEHTHUI HaMpyXeHUN
CTaH, TOMY JUISl iX JTOCHIJIPKEHHS CJiJl 3aCTOCOBYBATH "IUCKPETHO — CTPYKTYPHHUI" METO/I.
Oco06:11BO 11e HeOOX1AHO ISl TPUIIAPOBHUX CTPYKTYD, B SIKUX pO3MipH pedep 3armoBHIOBaYa
3HAYHO MEHIIl HDXK BiJICTaHI MK HUMHU. B 1IbOMy HamnpsMKy € He3HayHa KUIbKICTh poOIT
JUTsl 0OOMEXKEHOT0 BUy KOHCTPYKIIiH 1 cloco01B iX HaBaHTaxeHHs. Ha modyatkoBoMy cTaHi
3HAXOMATHCA  JOCHDKEHHS  TPHUIIAPOBUX IWIHAPHYHUX TOJOTHX  OOOJIOHKOBUX
OyIiBeNbHUX KOHCTPYKIIIM 3 JIETKMM 3aloOBHIOBaYeM, fAKI MIAKPIIUIEHI pedbpamu
KOPCTKOCTI B TIO3I0BKHBOMY Ta TOIMEPEYHOMY HampsiMKax. B HaBegenux Buine poboTax
BUKOHAHI KOHKPETHI PO3pPaxyHKH TpPHUIIAPOBUX OOOJOHOK OOEpTaHHA 3 JUCKPETHUM
3alIOBHIOBAYEM JIUIIE 111 CAMETPUYHHUX KOHCTPYKIIIH.

Cni BII3HAYWTH, IO OCTAHHIM YacoM 3 SIBHWJACS BeJIMKa KIJIBKICTh JOCIIIKECHB
CTaTUKMA 1 JWHAMIKM TPHUIIAPOBUX OOOJIOHOK BUKOHAHUX 3 JOTMOMOIOI CKIHYEHO-
€JIEMEHTHHX 3aC00iB.

Buxonsun 3 MpUBEACHOTO JITEPaTypPHOTO OISy MOKHA 3pOOWUTH BUCHOBOK, IIIO
MPaKTUYHO BIACYTHI JOCHIDKEHHS TMPOIECIB BHUMYIIEHHWX KOJMBAaHb Ta aHali3
3aKOHOMIPHOCTEHN MPOTIKAHHS XBHJIBOBUX IMPOIIECIB B TPUILIAPOBUX OOOJIOHKAX 3 JIETKUM
3allOBHIOBAYEM, SIKHA apMOBAaHWA JUCKPETHUMH pedpamMu, a TaKOX HECUMETPUYHHX
TpUIIapoBux cTpykTyp. Lleit daxTtop oOymMOBIIOE aKTyalbHICTh TEMHU JOCTIIKEHb, SKa
NOJISITa€ Y BUBYEHHI IMHAMIYHOI MOBEIIHKU TPUIIAPOBUX OOOJIOHOK OOEpTaHHS 3 JIETKUM
3allOBHIOBAYEM, apMOBAHUM JUCKPETHUMHU PeOpaMH, a TaKOX BIUIMBY HECUMETPUUYHOCTI
TPUIIAPOBUX OOOJIOHOK 1 XapakTepy HECTAI[lOHAPHOI'O HaBAaHTAXXEHHS Ha iX HaIpY>KEHO-
nehopMOBaHUH CTaH.

Chig TakoXX 3BEpHYTH YBary Ha BJOCKOHQJICHHA YHCEIbHMX METOMIB Ta

pOBB’H?:YBaHH}I KOHKPETHHUX 3aaa4 3 JOIIOMOI'0IO CKIHUEHO-EJICMECHTHHUX 3ac001B.
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HasiBHiCTh MIMPOKOTO KOJa TMOPIBHSUIBHUX JAHUX JO3BOJUTH BHUSBUTH XapakTep i
CTYIiHb BIUIUBY JUCKPETHOTO HEOTHOPIAHOTO 3allOBHIOBAY, YTOUHUTH MEXKI MPUAATHOCTI
MPUKIIAIHUX JTBOBUMIPHHUX PIBHSHB 1 B X paMKax BKa3aTH HAHOUIBII MPOCTI 1 B TOH e Yac
JIOCUTh TOYHI MMJAXOAW JIO aHaji3y AWHAMIKHA TPHUIIAPOBUX OOOJOHKOBUX CHUCTEM 3
JTUCKPETHUM HEOTHOPITHUM 3aIIOBHIOBAYEM.

3araJibHUH BHCHOBOK TMOJIATa€ B TOMY, IO HEOOXiJTHI MOJAIbIIl KOMILIEKCHI
eKCIIEPUMEHTAIbHI Ta TEOPETUYHI JOCTIKEHHS JUIsi TOro, MO0 OTpUMaTH TIUOOKE
PO3YyMIHHS JyXK€ CKJIQJIHOT TOBEAIHKA TPHUIIAPOBUX CTPYKTYp MPHU HECTallOHAPHUX

HaBaHTAa)>XCHHAX.
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Po3aia 2
PiBHAIHHS KOJIMBAHb HECUMETPUYHUX TPUILIAPOBUX
000JI0HOK 3 BPaXyBAaHHAM HEOAHOPIJHOI0 JUCKPETHO-
CUMETPUYHOI0 PeOPUCTOrO 3aIMI0BHIOBAYA JIETKOI0,

APMOBAHOI0 pedpamu, 3al10BHIOBAYA

TpwuimapoBi CTPYKTYpH 3 MOMJIMBOIO 3HAYHOKO BIAMIHHICTIO (hi3MKO—MEXaHITHHX
XapaKTEPUCTUK IapiB IMUPOKO BUKOPUCTOBYIOTHCS B SIKOCTI €JIEMEHTIB KOHCTPYKIIiil. B
JaHli  poOOTI PO3MISAAIOTECA TPUIIAPOBI OOOJOHKM OOEpTaHHS CHUMETPUYHI 1
HECUMETPHUYHI 3 BPaXyBaHHSIM HEOJHOPIIHOTO AUCKPETHO-CUMETPUUHOTO 3alI0OBHIOBaYa
— JIETKUI MaTepiall apMOBaHUN TUCKPETHUMHU pedpamu, MPU BUMYIIEHUX JUHAMIYHUX
HABaHTAXEHHSX. ApPMYyIOUl €JIEMEHTH 3aKpilUIeHI Ha BIACTaHAX, SIKI 3HAYHO
MEPEBUIIYIOTH IX MOMEPEYHI PO3MIpH, 1 PO3TAIIOBAHI B3/IOBXK I'OJIOBHUX JIIHIA KPUBU3HU
Hecyuynx ImapiB. HecHMeTpuyHICTP  AOCHII)KYBAHMX  TPHILIAPOBUX  CTPYKTYpP
00OyMOBJIEHa BUTOTOBJIEHHSIM HECYUYHUX IIAPIB P13HOI TOBIIMHM a00 3 Pi3HUX MaTeplaiB.
3 miTepaTypu BiJJOMO, 11O MPU 3HAYHIM BIAMIHHOCTI (DI3UKO—MEXaHIYHUX MapamMeTpiB
mapiB JOIIBHO 3aCTOCOBYBAaTH TeOpii OOOJOHOK 3 BUKOPUCTAHHSM HE3AJICKHUX
rinoTe3 AJisi KOXKHOTO 13 mapiB — "AUCKPETHO — CTPYKTYPHUIR" MiAX1.

BukopuctoByroun — BapialliiiHMii ~ NPUHIMI  cTamioHapHocTi  [aminbToHa—
OcTporpascbkoro, 3 ypaxyBaHHSIM YMOB KOHTAaKTy 3allOBHIOBauY—HECydi Imapw,
OTpUMMaHI 3arajbHi PIBHSAHHS KOJIUBaHb HECUMETPUYHHUX TPUILIAPOBUX OOOJOHOK 3
BIJIMTOBITHUMHA HATyPAIBHHUMH TPAaHUYHUMH Ta TIOYaTKOBUMH yMoBamH. J[s
HECUMETPUYHUX TPHUIIAPOBUX OOOJIOHOK 3 JIETKHM 3allOBHIOBaYE€M, apMOBAaHUM
pebpamu, TOTpiOHE OUIBII aKypaTHE IBOBHMIpDHE MOJICNIOBAaHHS B TOPIBHSIHHI 3
OararomapoBUMu OOOJIOHKAMH 3 OJHAKOBUMH T€OMETPUYHUMH TapameTpamu [38].
bepyuu 1e 3ayBaxkeHHs 10 yBaru, NMpu BHUBEACHHI CHUCTEM PO3B'S3yBAIBHHUX PIBHSIHBb
JUHAMIKM HECHMETPUYHHMX TPUIIAPOBUX OOOJIOHOK OOepTaHHS 3 BpaxyBaHHSIM
HEOJHOPIAHOCTI JUCKPETHOTO pPEOPUCTOTO 3arloBHIOBAaYa, B JaHId poOOTI Oynu

BUKopucTaHi BianosiaHi rinore3u C.I1. Tumomenka /st 000JI0HOK i cTprkHIB [172].
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2.1. BuxiaHi moyioxxeHHs Ta piBHAHHA JAedopManii NPy KHUX TiJ
BBakaemo, 1m0 TUIO BIIHECEHO M0 OPTOTOHAIBHOI KPHUBOJIHIMHOI CHUCTEMHU
KOOpAMHAT Ol1,0lp,Z, M JAl€l0 AesIKuX cuil aepopmyerbcsi. B Takomy BUManky,
JOBIIIbHA TOUYKa TUIa M, 110 Mae KoopauHaTu (0lq,0lp,Z ), OTPUMAE NEPEMIIIECHHS, SKE
MOKe OyTH MpeACTaBlIeHE TPhOMa IMPOCKIIISIMH BEKTOpA IOBHOTO TEPEMIIICHHS B
HanpsMKax JOTUYHUX 0 KOOPAMHATHMX JIHIN Olq,0lp,Z
u? = ui(,,2)
ui = uz (%, 2) (2.1)
uf = uf(e,045,2)
JloaTHUI HaNIPSIMOK BiC1 Z BU3HAYAETHCA MPABUIIOM JIOAATHOI TPIMKH BEKTOPIB.
B okomi Touku M(0y,0p,2) nehopmMoBaHuii cTaH Tijla 000JOHKH, B paMKax Teopii

NPY)KHOCTI, XapaKTePU3y€EThCS HACTYITHUMH CITiBBiIHOIICHHSIMU [ 36]:

1 ) 1 2 2
€11 :e11+5 ell+(5621+0)3j +(5e13—0)2j , (22)

[, 1 2 2
€99 =€ + |55 +| =€1p —3 | +| =€+ ®
22 =822+ €22 (2 12 3] (2 23 1)

[, 1 2 2
€33 =€33+—| €53 +| €13+ @y | +| =€y —
33 =633+ €33 (2 13 2) (2 23 1)

1 1
€2 =€pp 911(5911 - 033) +€2 (5912 + 0)3j +

(e -0z | jem o)
2 13 2 2 23 1

1 1
€13 =83 + 511(5913 + 032) + 933(5913 - 032) +

[ Ge oo | Jem ot
2 12 3 2 23 1|
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1 1
€23 =823 + € (5923 - COi) + e33(5323 + 001) +

_1auf+ 1 OHy o, 1 OH

= 5+ uj, 2.3)
Hl aOL]_ H1H2 80(2 H1H3 0z

ne ej; (i,j=1,3)

€11

1ouj, 1 aHy . 1 0H ,

€20 = uz + uy,

22" H,00, HoHs 0z ° HH, doy *
z oH oH

€33 = 1 8u3+ 1 3uf + 1 3ug,

H3 0z H1H3 8oc1 H2H3 80(2

912=H2 o | uj L Ha uf
Hl 80(1 H2 H2 80(2 Hl ’

elszﬂi uf L Hs 0 u3
H3 0z Hl Hl 80c1 H3 ’

e23:H3 0 |uz|, Hpo[uj)
H2 8&2 H3 H3 0z H2 ’

20y = L {a (H3u§)—%(H2u§)_

(2.4)

202 = H11H3 {%(Hlu%)_ai(mué):

o
203 = H11I—I2 {%(qué)—a(%(muf)}.

Jlnst moOymoBu Teopii TPHUIIAPOBUX OOOJIOHOK B cmiBBimHOMICHHSX (2.3), (2.4)
Benmuman Hi = H; (o, a5), (i =1, 3) — koediuientn Jame [21] MArOTh BUTIAL;

Hy = Aq(oyg,02) A+ Kkq2), (2.5)
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Hy = Az (ag, o)+ kp2),
ne Kqi,Ko — rosnoBHi KpMBH3HH cepeqMHHOI MOBEPXHI OOOJOHKH, SIKi BU3HAYAIOTHCS
HactynmauM unHoM Kq =1/Rq,ky =1/R5, Rq,Ry — pagiycu roioBHHX KpHBH3H;
Aq(oq,a9), As(oy,0p) — koedimieHTH mepioi KBaapaTHaHOT Hopmu.
Koeogimientn mnepmoi kBagpatnunoi ¢opmu Aq,A, mMOB’s3aHi 3 BETMYMHAMH

Ki,K, criBBinnormenusmu [Nayca—Kopari:

0 O0A 0 O0A

——(koAp) =k; =, (kaAy) =k, —L, (2.6)
o4 ooy  Oay ooy
d0 (1 0A N 0 (1 0A)_ Kk AA,.

Ooq\ Ag O0aq ) Oopl| Ay day

[Ipn pmochiKeHHI pO3NMOAUTY NPYXKHUX JAepopManiid 1 HampyKeHb B
aH130TPOIHOMY Tl OyJIeMO MOKJIaJaTH, 10 TUIO B Mpoiieci aedopmaliiii 3aauiaeTbes
OPYKHUM 1 3aJI0BOJIbHSIE y3arajdbHEHH 3akoH ['yka Juis JaHOro aHi30TPOIHOTrO Tija
[18, 22]. 3okpema, OyneMo po3rIsaaTH OPTOTPOIHE TiJIO, y AKOTO Yepe3 KOKHY TOUKY
TiJ1a POXOJUTH TPU B3a€EMHO OPTOTOHANIBbHI IJIOMIUHUA TIPYKHOT CUMETPIi. 3B’ SI30K MK

KOMITOHEHTaMH TeH30PiB HANPYKeHb 1 nedopmariiii y Takomy Tii mae Burisin [18]:

1 V12 V13
€1 = E—Gn —E—Gzz —E—033 , (2.7)
1 2 3
_ Vy 1 Vo3
€22 ~TE. c511+E—022 TE. 033,
1 2 3
_ V31 V32 1
€33 =——_-011 —— Op + 033,
Eq E, Ej
1 1 1
€12 =-012,83= 013,823 = 023"
G1o G13 Gos

B ¢dopmynax (2.7) npyxHi crani maioTh HactynHuit 3mict Eq, Eo,E3 — mMomymi
NPYKHOCTI Y BIANOBIAHMX HampsiMax Oq,0p,Z; Gqo, Gi3, Gog — Moayni 3cyBy s
INOBCPXOHb Z = const, o = COﬂSt,OLZ = const ; V12, V21,V13:V31: V23, V32 —

koedimienTu [lyacona, o xapakTepu3yrOTh OTIEPEUYHUN CTUCK MPU PO3TATY B HAMIPSAMI
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ocell KoOpauHAT (HmepuInil 1HAEKC MOKa3ye HAmpsM MOMEPEYHOT0 CTUCKY, APYTUHA —
HaANpsM i1 CHK). 3aBKA YMOBaM CUMETPii MaeMo:
E1vi2=Eova1, Esvaa=Eovas, Eqvis=Esva;.
2.2. OcunoHi rinore3u C.I1. Tumomenka B Teopii 000J10HOK
PosristHeMo  0GOJIOHKY TOCTIHHOT TOBIIMHA N 3  TIIAJKOK CEPEIUHHOIO

IIOBEPXHEI0 B OPTOrOHAIBHIA KPHUBONIHIMHIA CHCTEMI KOOpPAMHAT Ol1,09,Z.
KoopnunatHi niHii 01,019 Ha cepeanHHIN oBepxHi 000oHku npu Z =0 chiBmagaoTh

3 JIHISMH TOJIOBHUX KPUBHU3H; KOOPAMHATHA JIIHIS Z € TPSIMOI0, sIKa OPTOTOHAJIbHA J10
CEepEeNMHHOI TIOBEpXHI. byaemMo BBaxkaTH BENWMUMHY Z JOAATHOKO, SKIIO TOYKa
3HAXOJMUTHCS 31 CTOPOHU OITYKJIOCTI CEPEIMHHOT TOBEPXHI.

Sk cmigye 3 jmiTepaTypd B PI3HMX OO0JAcTAX TEXHIKHM HIMPOKE 3aCTOCYBaHHS
3HAWIIIM JTIOCUTh TOHKI TpHUIIApoBI 000sOHKH. ToMmy B agaHiii poOOTI B OCHOBY
o0y I0BH MaTeMaTUYHOT Teopii 0000HOK nokiaaeHi rimote3u C.I1. Tumornenka [172].

1. Iloknanaerbest, 10 HOPMaIb A0 BUX1AHOI MOBEPXHI 10 AedopMaliii 3auIaeThCs
NPSMOJIIHIMHOI Mmicis JaedopMariii; HE 3MIHIOE CBO€E1 JIOBXKHUHH, ajieé MOBEPTAETHCS
BIJIHOCHO ITi€] TTOBEPXHI HA NEAKUN KyT. 3TiTHO I[UX MPUITYIIEHb 3aKOH PO3MOAIICHHS

nepeMillieHb puiMaeThes y BUrisiai [172]:

uf(ay, az,z) = uy(ay, az) + 2@, (ay,az), (2-8)
uz(aq, az,z) = ux(ay, az) + 2¢2(aq, az),
uf(ay, az,z) = uz(a,, az),

ne ?1(ay,@z), @2(@y, @2)_ xyTu moBOpOTY HOPMAJII.
2. Kowmmonentu Tten3zopa nedopmaiiiii BH3HAYAIOTHCS 3TIIHO  CIPOIICHOTO
HEJTIHIHHOTO BapiaHTy Teopii OOOJOHOK B KBaApaTuyHOMYy HaOmmkenHi [158]. 3
BpaxyBaHHsIM Qopmyn (2.5), (2.6), (2.8) cmiBBigHOmeHHs (2.2) B IIbOMY BHUMAIKY

MalOTh HACTYITHUNA BUIJISII
z
&1 = Ell + ZKll’ (29)
z
€99 =Egpp +ZKy),

Z
e12 = E1p +ZKy5,



z Z
€13 =1 01, €33 =0, +07,
pi(¥

1 1
Ell:e11+§912’ Eoo =€ +§9%, (2.10)
E12 =M+ 9192 ,

0 o
K12 =‘Cl+—2+‘52 +—1

Ry R,
e11:i6u1+ 1 6A1u2+$’
e, LUz L 0Ay  us

A2 8(12 A1A2 aOL]_ RZ
R NCL B W L R
Alaal A2 8062
O=m + Oy,
1 ou 1 OA
o= L

= Uq,
A]_aOC]_ A1A2 5&2 !

W7 = - us,
A2 8(12 A1A2 80(1

1 8([)1_ 1 oA
Alﬁocl A]_AZ 8@2

K11 0y,

1 8([)2+ 1 8A2

Kooy = ’
27N, 00y AR, dog 1t
109, 1 0A
T]_: — (‘Pl’
A]_ aOtl A1A2 8(12
10 1 0A
T2 = P1_ 2 0y

- A2 5062 AlAZ 8(11



49
3. Po3p’s3yroun meplii Tpu pIBHSAHHS CHIBBIAHOLIEHb (2.7) BIAHOCHO G171, Oy 1
BPaxoBYIOYH, 0 €33 =0, a TAKOK HEXTYIOUH 1 BEJIMYNHOIO G33 B MOPIBHSIHHI 3 Gq i
G9p, OTPUMAEMO HACTYIHI ()OPMyJH, IO 3B’SI3yIOTh HAIPYKEHHS 3 BIANOBLIHUMHU
nedopmanisamu:
z z
o11 = Bragr + Byaedy, (2.11)
Gy = Boiefq + Booes
22 — P21°11 22922,

ne Beanunun Byq, Boo, Bio, By, Biz MatoTh HacTynHUiA BUIIIS

E E
Bjy=—"— Byp=—T"_—,
1-vipvar 1-vipvar
E.v E v
B,=By,=—""—=—2%—, Bys= Ki°Gys,

1=vivy  1=vivy
2 . .
ne K;“ - koedirmient 3cyBy B Teopii o6osonok C.I1. TumoreHka.
4. HanpyxeHHsA IONEPEYHOr0 3CyBYy G713 1 Op3 3MIHIOIOTBCSA IO TOBIIMHI

OOO0JIOHKH 10 3aKOHY:
613(0, 012, 2) = Gyqefs(ay, 09, 2), (2.12)

G3(0, 02, 2) = G p3e53(011, 042, 2),
ne Gi3, Go3z — Moayni nonepeyHoro 3cyBy.
2.3. OCHOBHI MOJIOKEHHS TeOPil KPUBOJIIHITHIX CTPUKHIB 3
BpaxyBaHHAM AedopMaliid MONEPEYHOro 3CyBY

PosrisitHeMo TOHKMI KPUBOJIHIMHUNA CTPYIXKEHb JOBUIBHOTO  IOIMEPEYHOTO
nepetudy. [loyaTox KoopAWHAT 041YZ, PO3MICTUMO B IIEHTpPI Barum IUIONIUHU
HONIEPEYHOI0 NIEPETUHY CTPUXKHS, IPUUOMY BICh Olf HalpaBJe€Ha B3JI0BX BiCl CTPHUIKHS,
a Bici Y 1 Z TmapaielbHI TOJOBHUM OCSM IIbOTO TIOTIEPEYHOTO TIEPETHHY.
[IpunyckaeThcsi, MO B3AOBXK BICI TOMEPEYHUN TEPETUH CTPUKHS HE 3MIHIOETHCS.
Koopnunarna ninist oy pu Y =0, Z =0 cniBnazae 3 JiHi€r0 roJI0BHOT KPUBH3HY; JiHIT

Y 1 Z SBIAOTBCA OPTOTOHAIBHUMU 10 KOOPJMHATHOL JiHIi 0. BennunHa Z paxyerscs
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J0JTaTHOIO, SIKIIO PO3TJISTHYTa TOUKA JIEKHUTH 31 CTOPOHH OIYKJIOCTI KOOPAUHATHOI JiHII.
Cucrema KOOpIMHAT 01YZ — OpTOTOHAJIbHA 0 TOOYI0BI 1 11 Koedimientu JIsime MaroTh
BUTJIA
Hl =A1(O(,1)(1+ Zkl), H2 =1 H3 =1, (213)

ne Aj(oq)— mapamerp Jlsme cepemuHHOi JiHIl; Kq— TOJOBHAa KpHBH3HA, MPHIOMY
ki =1/R;, Rq — paziyc rogoBHOI KpUBH3HH.

[TpuiiHATTS rinoTe3u HeaehOPMOBAHOCTI MOTIEPEUHOTO MEPETHUHY KPUBOJIIHIHHOTO
CTpWXKHS, TPU BpaxyBaHHI MaJHMX PO3MIpPIB IONEPEYHOTO TEPETHUHY CTPYDKHSA B

HampsMKax Y 1 Z B MOPIBHSHHS 3 WOTO JOBKHUHOIO JIO3BOJISIE BUPA3UTH KOMIIOHCHTH

BEKTOpa NEPEMIICHb MONEPEYHOr0 NEPETUHY Y BUIIISAL:
uy*(ag,y,2) =Up(ag) +yri(oag) +2va(0g),  (2.14)
uy* (o, ,2) = Up(og) +2y5(ag),

u3*(ay,y,2) = u(og) — ywa (o).
®opmynu (2.14) cniBnanawTh 3 BiioMuMu (HopMmysiaMyd B TeOpii KPUBOIIHIHHUX
ctpwkHiB [172]. IIpencraBnenns (2.14) m03BoJise€ OMMCyBaTH CYMICHHM PO3TIT— CTHCK,
3THH, 3CYB, 1 KDyUYCHHS B CTPHIKHSX.
VY BUNagKy reOMETpUYHO HENIHIWHOTO BapiaHTy TEOpii CTPMXKHIB, nedopmariiiHi
CHIBBIAHOLIEHHS JJIsI KPUBOJIIHIMHOTO CTPUXKHS B KBaJPAaTUYHOMY HAOJIM)KEHHI MAaIOTh

BUTJIA (YaCTKOBHI BUIAA0K PiBHSHB (2.2)—(2.4)):

1
el =)’ +> (67%)% + (039)%], (2.15)
Z Z
e7,=0, &f5=0,

yz _ .Yz yz _ .Yz .Yz _
€ =€, &3 =63, &33=0,

ac

vz_ 1 1 ou”
1 l+Zk1A1 80(.1

+kqu¥?, (2.16)
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yz_ 1 1ou¥f 8u
_1+Zk1 Al aOL]_ Gy

yz yz
u ou

13_(1+zk1)— 1 |, Lt 10U ,
0z 1+Zk1 1+ZklA1 60(,1

1 1
YZ L oY? aY? yZ

yZ _
0)2 =

1 2 (A1(1+ zkl)ufz)—a— ,

1
2 A((1+2ky)| 02 ooy

yz yz
oz 1| L 10uy oy
3 2|1+zky A; doy By

JonoBauMO 3anexxkHocTi (2.14)—(2.16) cniBBiAHOIIEHHAMHU 3aKOHY ['yka:

Gll = Esll : (2.17)
G12 =G 812 ’
013 =G 813 ’

ne E, G — Momyns npykHOCTI Ta KOe(ili€HT 3CyBY MaTepiary CTPUIKHSI.
2.4. IlocTaHOBKA 3a/1a4 TA PiBHSAHHSA KOJNBAHb HECUMETPUYHUX
TPUIIAPOBUX 000JIOHOK 3 BPAXYBAHHAM HEOJHOPIAHOI0 TUCKPETHO-

CUMETPHUHYHOI'O JICTKOI'0, apPMOBAHOTI'0 peﬁpaMn, 3aliOBHKOBa4ia

Hecumerpuuna tpuiapoBa 000JIOHKA 3 HEOAHOPITHUM JUCKPETHO-CUMETPUYHUM
3aIIOBHIOBAYEM SIBJISIE COOOI0 TIPY)KHY CTPYKTYPY, SKa CKIIAIa€ThCS 3 BHYTPIITHBOTO
(irmexc 1) 1 30BHIIHBOTO (1HAEKC 2) HECYYHX MIAPiB, PI3HOT TOBIIMHU 1 BUTOTOBJICHUX 3
pI3HUX MaTepiaiiB, 1 HAOOPY MUCKPETHUX pedep, 110 KOPCTKO 3’€JHaHI 3 BKa3aHUMHU
HECYYMMH IIapaMu 1 PO3TAIIOBAHWMHU B3JOBXK JIiHIA TOJOBHUX KPHUBU3H OOOJOHKH.
HeomaHOpigHICT, MHCKPETHOTO pPEOPUCTOTO 3aloBHIOBAYa OOYMOBJICHA HASIBHICTIO
JIETKOT0 MaTepialy B MOPOKHUHAX Mk peOpamu 1 HecyunmHu Imapamu. [lependavaerscs

17eanbHe 3'€IHAHHS MK JIETKUM 3allOBHIOBAYEM 1 HECYYMMH IapaMu 1 pebpamu 0e3
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BIIPUBY 1 MPOKOB3yBaHHS. BupizaHuil eleMeHT TPHUILAPOBOI CTPYKTYpU CXEMATHUHO
300paxeHo Ha puc. 2.1.

[TpuiimMaeThes, MO HANPYKEHO—Ie(POPMOBaHUN CTaH HECYYHX IIapiB MoOXe OyTH
BHU3HAUEHUI B paMKax r€OMETPUYHO HENiHIHHOI Teopii 0000HOK Tty TuMolieHka —
criBBigHomeHHa (2.8) — (2.12). Jlng po3paxyHKy AMCKPETHHMX peldep NpUUMAaEThCs
IrCOMETPUYHO HENHIMHUN BapiaHT Teopii CTpHKHIB THMOIIEHKA — CIIBBIIHOIICHHSI
(2.13)—(2.17). Ins po3paxyHKy JETKOTO 3allOBHIOBauYa MPHUIMAETHCS BapiaHT Teopii

npyxHux Tia (2.1)—(2.5).

Puc. 2.1. CxemaTuuHe 300pakeHHsI €IEMEHTA TPUIIAPOBOi 0O0JIOHKU
3 JIETKMM, aPMOBHUM IOB3I0BXXHbO—TIONIEPEUHUMU peOpaMH, 3alI0BHIOBAYEM
JedopmoBaHmil cTaH BHYTPIIIHBOTO 1 30BHIIIHBOIO HECYYMX IIapiB MOXe OyTH
BU3HAUEHUN  dYepe3  KOMIIOHEHTH  y3arajJbHEHOro  BEKTOpa  IEpeMilleHb

U= (u%,ulz,u%,(p%,(plz)-r i U= (u?, uz,ui @2, p?). JebopMoBaHHii CTaH ApMYyIOUOTO
pebpa, HanmpaBICHOIO B3IOBXK BiCl O, OyZeMO BH3HAa4aTH y3araJbHEHUM BEKTOPOM

nepeMilleHHs 1eHTpy Baru ioro nonepeunoro nepetuny U; = (Ugi, Ui, Usi, @1, Po; )"

BignosigHo, apMmyrodoro peOpa, HaIpaBIEHOTO B3IOBXK BICI Olp — BEKTOPOM
U; = (Ugj,Uni,Usi, @15,00:) . Jledo i 6
j = (Ugj,U2j,Uzji Prj, 92j) - PMOBaHUN CTaH JIETKOTO 3alOBHIOBaya OyaeMo

: T7 t ot ot gt T
BU3HAYATHU y3araJlbHEHUM BEKTOpPOM IepemiteHs U, = (ui, u5, uz @3,93)",
Ha ocHoBi Teopii o6ooHok C.I1. Tumornienka [172] nepeMilieHHs] HECyYUX MIapiB

3 MAJIMMU JIIHIAHUMHU NTEPEMILIEHHSAMU BUPAXKAIOTHCS HACTYITHUM YHHOM:
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(o, ey, 2, 1) = uyglery, @ t) + 2y (ay, ey, t) (2.18)
u(ay, a2, t) = ugpay, oy, t) + 20 (ay, ay,t),
uh(ay, @y, 2, 1) = uhp(ay, a,, t),

Kinematuyni piBHSHHS 175 AedopMallii HeCydMx IIapiB BU3HAYAIOTHCA 3TIAHO
dopmyn (2.9), (2.10).

KoMIioHeHTH BeKTOpa MepeMillleHb MONEPEUYHOro NEPETHHY KPUBOIIHIHHOTO
CTpYXHS mpuiiMeMo y BUrIl (2.14), a kiHeMaTHyH1 piBHSIHHS A7 Aedopmariiil Takoro
CTPYOKHSI MaroTh BUTIIAL (2.15), (2.16).

3B'SI30K MK KOMIIOHEHTaMH BEKTOPIB TEPEMIICHb, 110 OMUCYIOTh HAMPYKEHO-
nedhopMoOBaHUIl CTaH HECYYMX IIapiB, 1 BIJAMOBITHUMU BEJIUYMHAMU JUCKPETHUX
apMYyIOUYUX €JIEMEHTIB 3alUCYIOTHCA 3T1AHO POPMYII:

- JUIsl HECYYHX IIapIB 1 JUCKPETHUX MOB3JOBXKHIX apMyIOUYUX pedep 3ar0BHIOBAYA
u; (g )=uf (o, op;) + HE@f (o1, %5;); (2.19)
up; (00 )=us (¢, &) + H @ (o1, ¢5,);

uz; (o )=uf (o¢q, 0);
@13 (0¢ )= (g, o;);
@i (o) =5 (<1, X3;), k=1,2
- JUIsl HECYYHX IIapiB 1 JUCKPETHUX MOMEPEYHUX apMYIOUHX pedep 3amoBHIOBaYa!
uyj(o¢)=us (o, 065 ) + Hfpf (ocy 1, 0¢5); (2.20)
U ; (o, )=uf (“1;1 Ocz) * H;c{P; (O‘:UJ O{z)i
U, (0c; )=uk (‘KUJ g )J
@1;(%,)=qk (‘XUJ ‘xz)J
@o; (¢, ) =g (‘xu:‘xz); k=1,2

B cmiBBigHomenHax (2.19),(2.20) me oj; — KOOpAMHATU JIHIM TOYOK MPOEKLIN
LIEHTPIB Bard MONEPEYHUX MEPETUHIB i-r0 i J-ro pedep 3 BiANOBIAHMMU CEPEAMHHUMU
nosepxHamu; h,;=05h, +H;;, h(k=12) — TOBIMHM C(EPUYHMX BHYTPIIIHBOI 1
30BHIIIHBOI HeCy4nx 0OOJIOHOK; H,,— BincTaHi Bif Bici i,] — ro pedpa 10 MOBEPXOHb

IJIaJKUX OOOJIOHOK, 0y — KOOpAMHATA JIiHIi MPOEKTYBaHHS IIEHTPIB Baru MONEPEUHUX



54

NEPETHHIB MOB3OBXHBOIO apMyI04Oro j-ro pedpa, HalpaBJICHOTO B3JOBX JIHIT Op, Ha
BIJIMOBIJTHY CEPEAMHHY IMOBEPXHIO Hecydoro mapy. J[ns maHoi mocTaHOBKHM 3amadi
maemo: 2Hi=2H;=A;, h— ToBIMHA Jlerkoro 3anoBHoBava. CIIiJl TaKOX 3ayBa)KUTH, IO
CEepeNrHHI JIiHIl apMyrounx pedep CIBMAJal0Th 3 CEPEIUHOI0 IMOBEPXHEIO JIETKOTO
3aloOBHIOBAYa.

[Tonst nmiHIAHUX TEpeMIlIeHb y JIETKOMY 3aMOBHIOBAaYl MPHUMMAIOTHCS Y BUIJISII

[174]:

wi(ayayz,t) = [1 T E:_;] wo(eg @y t) + z,ui (@ ast) (2.21)
uj [:“1.“:.: ,r} = (l T ;;) “?:c-[:“i.“:.f} +zub(x v t)
1‘2[:“1-“:-: ,r} = “?ac-[:“i.ﬂ:.f}

ne Rit, Ryt — paniycu KpuBH3HU CEpEeIMHHOI TOBEPXHI JIETKOTO 3alI0BHIOBAYA.
KinemaTuuHi 3a1€XHOCTI JUIsl JIETKOTO 3allOBHIOBaYa MpU Malux JedopMariisx
3aMHIIeMO HACTYITHUM YHHOM
. 1 duf  ul
&1 = +
(1+2z/Ry) \O0ay  Ry¢/, (2.22)

Et — 1 (aug u_g')
22 (1+2/R»:) \Ba, Rot ’

yE = gt — 1 aul 1 duf Vi — 2¢f, — 1 ouf  uf. | dub

12 12 (1+2/R,;)8a, = (1+2/R,)da,’ '12 13 (1+2/R,) “da, R, = a8z’
1 dut ut out

t _ t 3 1 1

Y13 = 2813 = o

-+
(1+z/Ry;) da; Ry 0z
YMOBU HEMepepBHOCTI TEPEMIIIEHh Ha MOBEPXHIX CTUKY HECY4YHMX IIapiB 1

JICTKOT'O 3aIlOBHIOBAYa 3amuIieMo 3rigHo [175]:

=
Il

2 — .t
=l b ] =l
2 2

t 1 _ .t
hy =u| m =
== |2:=f us |22=h22 ul |2:=—? (2.23)

2

L = ul ui|  n, =ub h
Uz u3|2t=£ sl, _n 3|Zt=__t

|21=—% 2 =z 2

ne hy (k=1,2) - ToBuMHM HECY4HX IIapiB, hy- TOBIIMHA JIETKOTO 3aIIOBHIOBAYA.
BuxopuctoBytoun monst mepemimieHb Juis Hecyunx mapiB (2.18), nerkoro

3anoBHIOBaya (2.21) Ta yMOBH HenepepBHOCTI nepeminieHsb (2.23) BUBEAEMO CIPOLIEHI

YMOBH CYMICHOCTI NEPEMIIIEHb:
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1 -3 1 -
Uip :E[Um‘l‘uiﬂ';(hiu% — houy )l;

1 1 -
u;= hf[uln::- — Uuip _;UH'M% + hous )J;

ubo = 3 [udo + udo5 (hyud —hyud ) (2.24)

Jl51s1 BUBOY PIBHAHD KOJMBAaHb HECUMETPUUHOI TPUILIAPOBOI MPYKHOT CTPYKTYPH 3
JIETKUM  3allOBHIOBAYE€M, AapMOBAaHMM JIUCKPETHUMH peOdpaMH, BUKOPHUCTOBYETHCS
BapialiiiHuii mpuHIMn ctarioHapHocTi [Maminsrona—Octporpaacekoro [36], 3riHO
SKOTO:

t
6f(K—H+A)dt:O, (2.25)

51
ne K — moBHa KiHeTUYHA €HEprid MpYy>KHO1 cucTemu, I — moBHa MoTeHIIaIbHA €Hepris
IPYKHOI cucteMu, A — po0oTa 30BHIIHIX cui, {1 1 Ty — pikcoBaHi MOMeHTH Hacy.
Bupasu 115 oBHOT NOTEHUIANBHOT 1 KIHETUYHOT €HEeprii 3alnuCYIOThCS Y BUTIISIL:
6 =832, I +8 ¥, 11, +8%)_ m,+ 8%, IT° (2.26)
0K = 6%, K' +8 Y1 K+ Y] K, +0)s, K; (2.27)

Ry
2

ST = f [ f (T 88h1 + T5y885, + Tio8 ety + Ty 85y + Tia8eis + Tj36e5; +

5; h

> (2.28)

R¢
2

SI* = f [ f (T118e}, + Thy8eh, + Th8el, + Thy 8eky + T 6ef; + Ths8ek; +
Se _he
P
+M716K]; + M5, 016, + M1;0K1; + M316K51)dz,]dS: (2.29)

oll; = fLI_(T11£5511:: + T1p;0815; + Ti3i6€13; + (2.30)
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+My1;0K11; + My9;0k15;)dL;,
55{} = fLi(Tzzj(SEzzj + sz_j(sgzj_j + ngjfsgzgj + (231)
+ M21j6K21j + M22j6K22j)dLj )

i 2 1

8%} 6211" ;. 8%u ; n? ro%g ;
SKI {J I:pi[ at21 5 I atZZ 5“‘% + at23 5“’5) +rGI E( at21 S(PE +

+6¢1) dzi}dsi (2.32)

(2.33)

_ 8%y 8%ugj 8% u;
0 = I, |ory By (G sy + 5 8usy + 53 81y ) + (2.34)

(2.35)
B pisusHnsx (2.32) - (2.35) semuumnn hy, Ny, Fy, Ly, I, Fjly, Ly BIAIOBIAAOTH

T€OMETPUYHUM XapaKTEPUCTUKAM BIJAMOBIJHO MOB3J0BXKHIX 1 MONEPEUHUX APMYIOUHMX
pebep, pri , Prj MIUTOMI Bark MaTepialliB BiAMOBiIHUX apmyrouux pebdep; pi (i=1,2), p
MUTOMI Bard MaTepialliB HECYYHUX IIapiB 1 JIETKOTO 3aMIOBHIOBaYA BiATOBIIHO.

Crig B1I3HAUMTH, 1O TPU OOpaxyBaHHI MOTEHIIANBHOI 1 KIHETUYHOI €Heprii s
JIETKOTO 3amoBHIOBadya y BHpaszax S11° i §K' iHTerpyBaHHS NpPOBOAUTHCA MO 00'eMYy,
BEJIMUMHA SKOTO 30U7IbIIIEHA HA BEIMYMHY 00'eMy apMmyroumx pebdep. Ase meit dakr
OPAaKTUYHO HE BIUIMBA€ HA 3arajbHy MOXHMOKY Teopii OOOJIOHOK, OCKIJIbKU 00'eM
apMyrouux pedep B CKJaJl 00'eMy JIETKOTO 3alOBHIOBaYa JJisi TPUIIAPOBUX OOOJOHOK

oOepTaHHs He nepeBuIye 2,5 <> 5%.
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B mopmanpmmx BHKIAAKaX MNPUAMEMO HACTYIHI CHPOILEHHS: 03=X, 0p=Y, a y
criBBigHOIIEHHX (2.9),(2.10),(2.16) nokmanemo — 6= 6,=0.

[Ipu BHUBOAI pIBHSHH KOJMBAaHb HECUMETPUYHUX TPHUIIAPOBUX OOOJIOHOK
oOepTaHHS 3 JIETKUM apMOBAaHUM 3allOBHIOBAYE€M HE3AJIEKHOMY BapilOBAHHIO

H1JIATa0Th! KOMITOHEHTH y3arajabHEHUX BEKTODIB HECY4HX mIapiB

Ulz(u%,ulz,u%,(p%,(plz)-r, U, =( f,u%,u%,(plz,(p%)-r i Jlerkoro 3amoBHIOBaYa

Ut = (Uio,u;l,u;o,u;l,u;o) , @ TakoX KOMIIOHCHTH Yy3araJbHCHHX BEKTOpIB
MepeMIllleHh IIEHTPIB Barud IIOMEPEYHOTO IIEPETUHY BIAMOBIIHO TOB3JIOBXKHIX
U; = (Uy, Uy, Ug, @55, 5)" 1 TIOTIEPEUHIX Uj = (Uy;, Uy vu3j1¢1jv¢2j)T apMyro4HX pedep.

[Ticnst crangapTHUX MIEPETBOPEHD y BapialiiiHOMY piBHsAHHI (2.25), 3 BpaXyBaHHSIM
cruiBBigHomens (2.19),(2.20),(2.23),(2.26)—(2.35), oTpuMaeMo IBi CHUCTEMH pPIBHSHb
JBOBUMIPHUX  KOJWBaHb HECHUMETPHYHOI TPHUIIAPOBOI OOOJOHKHM 3  JIETKUM

3aII0BHIOBAY€M, APMOBAHUM JTUCKPETHUMH peOpaMHu, IBAALSTOrO MOPSAKY:

aT. ari, Ti, 1M, 4 Ul
B, T2, s, 2T 2oy, = p h——t
dx dv R, h, dv ks Patt . (2.36)
0T}, L aT;, 4+ T e ; 0°u;
S M L a2
ax | dy R, h2 T Pl
oT., aTi _(Til Tilz) ~ e, — Lo, 2 1 9Mi;
ox dy Ry  Ry” Ryhe Rezhe hy 0x
2
iﬂMég_(H hl)(H h, )P 0 ugg |
h’t 5}’ - ZR]_I' - 2R2i ' it atz ' i=1,2
. . 2
oMy  OMi . 2k . _ hld e,
Ax £ 13 ’1"-.; ! 13_."3':1 5?2 !
aMi, M., . 2h, h? 8%,
.L T = —Tj3 +—5 M3 =p,— t’f ;
dx dy h: 12 dt= i=172
ary, ari 1 [fami, . ) 8 . a9 ul,
o & o - 1 — T." ——_llll'f".-. _ . .
51‘ 5_1.' R-j_:— (\ a} 11 13 ) S 13 .lo. t arj
E:?_-'ufi*i 5:’@:1 . 1 . 5:14ﬁ_1
—+ = —TL +—M!, =ph. ;
ax a}, 13 R:.-l 13 .I':| 'ﬂ. arj
oTi, oTf, 1 ("a_-'uf{ﬂ . Tf) yt — a7 u,
A A H..: . A 13 23 1: 23 — A, arf
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aMi,  IMi, . et o dtuby
ay | ax B3R, m T PlTaa
aTf; dT;; 1 1, 07 ut,
o Tay Ry R, 2 Py
~ 10T, o%u,;
S|+ —— +Kk T, = pF —3,
[ ]I Al ax 1 713i pl i 8t2
1 0T, o°U,,
T +— 12i _ F 2|’
[22]| Al 8X IOI i 8t2
1 0Ty o°uy,
[T23]i+xla—)l(3_-rllikli = pk 5'[23
1 oMy, 0? @,
[Mlz]u Xl axll T3 ||1| 8'[21,
1 OM, o
M = 12i 2i :
[ 22]| A\1 8X i kri atz
1 0Ty, d%uy
[Tll]j A_ a I 2 1
2 0Y ot
1 0T, — 6‘2u2-
[S]A A, ay’+kij23,-=Pij—at2’,
1 0T, azua.
[TlS]j+A_2 6yj k 2j = p]F atzj,
1 OMy; o°p;
[Mll]] A ay —= pjlkrj Gtzj ]
1 aMzz; 8 (/)21
[MlZ]j A oy —Tu=pl—7 at?
B piBusHHAX (2.36) Bean4yMHU E:_lnT——El— [§]i;2:2:1 TiE = [T,] T, T = [Tl

T2 MiT = [My,];; T2, MiF = [M,,], BIAMOBINAIOTE 3yCHILIAM—MOMEHTAM, SIKi TifOTh Ha

] — ¥ IUCKpPETHUIA €eIEMEHT Ha JIiHii pO3pHUBY X1=X1j, AaHAJIOTTYHO A7 Y1=Y1;

TakpM 4YWHOM, MaeMoO Bl

CUCTEMM PIBHSIHb JBAAISTOTO TMOPSAKY. Y

crmiBBigHOIIEHHSX (2.26)—(2.35) BBemeHI HACTYIHI IHTErpaNbHI XapaKTEPUCTUKH IS



59

Hecyyux MmapiB (iHAeKC | BIAMOBiJa€ BHYTPIIIHbOMY, 1HAEKC 2 — 30BHILIHBOMY) 1
BHYTPIIIHIM apMYIOUUM JTUCKPETHUM pedpam — i, j, a JUIs JIeTKOTOo 3armoBHOBava — t.
3ycuiuIs 1 MOMEHTH AJIsl HECYYUX LIapiB MOKHA BU3HAYUTH HACTYITHUM YHHOM
hy hy hy
T, = fﬁa‘ dz;; Ty, = jﬁaézdzi; T, = kg jﬁa{zdzi; (2.37)
e e

LC]
2

G
=

|
—)2

i )
053dZ;;

el

i N i T
0,dz;; Tf5 = 015dz;; Ty =

21 —

=
|
G

;

|
""E
4

=

z;0},dz;

el

=

;

hi hi
2 2
i i Y S i Lo
1= J-Ziaxxdzir 22 = fztﬂzzdzir M, =
2 2

n
2

i i .
M;, = [ inZIdzir
h

2

i=12

JUIsL TUCKPETHUX apMyIOUHX peOep 3aloBHIOBaYa
T = J-FI_ 011;dF;, Tipi = J‘-FI_ 012:dF;, (2.38)

i

Ti3; = f oy3;dF;, Myq; = f Z;011;dF;,
F F

i
My = f Z;019;dF;
F;

I, 021,45, (2.39)

Tyy; = fpj Oy2;dF;, Ty1; =

Tz_gj :J’ JZS_JdF Mle :J’ ZJledF
F; F;

JIJ1s1 TerKoro 3anoBHIOBAaYa:

L Iy
2 2
} th —h;

- (2.40)
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2 2
t _ Tyt . t _ t
Tis 1+ 01,dz; Taq 1+ 05,dZ; ;
1t 2t
_h’t _h’t
7 7
h’t h’t
2 2
t t t . - t
1t 2t
_h’t _h’t
7 7
ht ht
2 2
1t h, 2t

¢ ( Z¢ Zy
M:, = ] z, (1 + )(1 + 24yt da,;
R]ﬁ 2t

dopmyiu, 1110 3B’ A3yI0Th HAPYKEHHS 3 BIATOBITHUMH J1eopMarlissMu o 110Hi J10
bopmyn (2.11), (2.12).

PiBHSIHHSL pyXy HEOAHOPIAHOI MPY>KHOI CTPYKTYPH JTONOBHIOIOTHCS TPAHUYHUMU 1
MOYAaTKOBUMHU YMOBAaMH, IO BUTIKAIOTH 3 BapiaiiitHoro mpuHiumny (2.25). Y Bumaaky

BIJIBHOTO KPAIO NPH X= X;g, 800 X = @y (X190 = X = X;y) TPaHUYHI YMOBU MAarOTh

BUTJIAL.
- ISl HECYYHX IIIapIB:
T{y =0, S'+kH =0 T{;=0M;=0, 1L,=0(=12); (2.41)

- IS TIOB3JIOBKHIX apMYyIOUYUX IUCKPETHUX pebep 3armoBHIOBAYA!

;=0 T_1125 =0 T:lai =0,My; =0,Mp;;=0,(i= I,N)._ (242)

VY BumNaaxy >KOpPCTKOIO 3allleMJIEHHS KpaiB IIPU X = X;g, @00 X = X;y I'PaHUYHI

YMOBH 3aIIUCYIOTHCA.

- JIJIs HECYYUX II1apiB:
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u=u,=uy=¢ =p,=0, (i=12); (2.43)
- JUIs IOB3JIOBXKHIX apMYIOUYHX TUCKPETHUX peOep 3aroBHIOBAYA!
Uy =Uy, =Uy =@, =9, =0, (i=ﬁ)- (2-44)
[MTouarkoBsi ymoBu npu t =0 MaroTh HACTYIIHMIA BUIJISL;
— JUIs HECYYMX ILIApiB:
d=t=u =gl = =0, (=12, (2.45)

8uil B 8ui2 B 6ui3 B 6(0{ B 8(p§ B

ot ot ot ot ot

— JJIA HOBS,ZIOB}KHiX APMYIOYUX JUCKPCTHUX pe6ep 3alI0BHIOBAyYa.

Ugj = Upj =Usj = @i = o =0, (i=11), (2.46)
OUpjj OUp; OUgi 0@ 0@y _

ot ot ot ot ot

Bucnoeku 0o opyzozo po3oiny

B nanomy po3nauii JaHa MOCTAHOBKA 3aJa4 Ta BUBIJ PIBHSHb HEOCECUMETPUUHHUX
KOJIMBaHb HECHUMETPUYHUX TPUIIAPOBUX OOOJOHOK OOEpTaHHS 3 YypaxXyBaHHSIM
HAsiBHOCTI ~ JIETKOIO  JMCKPETHO-CUMETPUYHOTO  3alOBHIOBaYa,  apMOBAHOIO
nuckpetHuMu  peOpamu. Iloknanmanocs, 1m0 HampykeHO—IehOopMOBaHUN  cTaH
HEOJHOPIAHOI TPUIIAPOBOI MPYKHOI CTPYKTYpPH, @ CaMe€ — HECYUYHUX IIapiB 1 apMYyIOUHX
JTUCKpETHUX pedep, Moke OyTH BH3HAYEHUN B paMKax Teopili 0OOJIOHOK 1 CTPUIKHIB
sriggo rimote3am C.I1. Tumomrenka [172]. KineMaTuuHi 3ajeKHOCTI IS JIETKOTO
3allOBHIOBaYa BHOpaHi 3rimHO JiHiHHOT Mopmemi [174], a yMOBM HenepepBHOCTI
nepeMilieHb MK 3allOBHIOBAYE€M 1 HECYYMMH IIapaMy 3alldcaHi 3a 3pa3koM poOOTH
[175]. Jns BuBOAY pIBHSHBb KOJHMBAaHb HECUMETPUYHOI HEOIHOPIAHOT TPHUIIAPOBOI
CTPYKTYpH BHUKOPHCTOBYETHCS BapialliiHUN TPUHIIMAII CTaIliOHApHOCTI ['aMiibTOHA —
OcTtporpancbkoro. 3anmucyrOThCS BHUPA3HW JJIs TMOTCHIATBHOI Ta KIHETUYHOI €HEepTii
HECy4YMX IIapiB, JIETKOTO 3allOBHIOBaYa Ta BIAMOBIAHMX JUCKPETHUX apMYIOUHUX pedep
JKOPCTKOCTI, SIKI BHUTOTOBJICHI 3 BIAMOBiAHWX MatepiamiB. Ilicas crangapTHHX
NEePETBOPEHb B BapilalliiHOMY ()YHKIIOHAJl, OTPUMAHO PIBHSIHHS HEOCECUMETPUYHMX

KOJIMBaHb 11 HECYYMX IIapiB, JIETKOTO 3allOBHIOBAaYa Ta BIAMOBIJHUX IMOB3OBXKHIX 1
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MOTIEPEYHUX JTUCKPETHUX apMyIOUMX eneMeHTiB. [li KonmBaHHS HECUMETPUYHHUX
TPUIIAPOBUX TPYXKHUX CTPYKTYpP ONHUCYIOTBCA JIBOMa CHUCTEMaMd  DPIiBHSHB
MatematudHoi ¢i3uku 20 mopsaky. [IpuBeneHi npupoaHi TpaHWYHI Ta IOYATKOBI
YMOBH JIJIsl HECYYHX IIIapiB, JIETKOTO 3alIOBHIOBAYA 1 TUCKPETHUX apMYIOUUX €JIEMEHTIB

3aIIOBHIOBA4a.
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Po3ain 3
JocaimxeHHs1 3aKOHOMIPHOCTEH NMPOTIKAHHA XBHJIbOBHX
MPOLECiB B HECUMETPUYHHUX TPUILAPOBUX HUJIIHIAPUIHUAX
000JIOHKOBHMX CTPYKTYPAX 3 JUCKPETHO-CUMETPUYHUM
JIETKMM, AapMOBAaHUM pedpamu

3AIIOBHIOBaA4YEM

Buxoasun 3 BHUBEICHUX pIBHSHb KOJIMBAaHb HECHMETPUYHHUX TPHUIIAPOBHUX
00OJIOHKOBUX CTPYKTYp Ta METOJAIB PO3B’SI3Ky BKa3aHUX 3ajlady, Kl BHUKJIAJICHI B
JpYyroMy Ta TpPETbOMY pO3JUIaX JHCepTallii, METOI JaHOTO PO3JAUIY € PO3B’SI30K
KOHKPETHHX  3a7a4  JUHAMIYHOI  TOBEIIHKHM  HECUMETPUYHUX  TPHUIIAPOBHUX
HWTIHAPUYHUX OOOJIOHOK PI3HOI TeoMeTpii MpU HECTAI[lOHAPHUX HABAaHTAXKCHHSIX Ta
JOCIIIJIPKEHHSI 3aKOHOMIPHOCTEM MPOTIKAHHS XBHJIBOBUX TMPOIECIB B OOOJOHKOBUX
CTPYKTypax 3 BpaxyBaHHSIM JIETKOTO 3allOBHIOBaYa, SIKHA MOXKEe OyTH, apMOBaHHUI
JTUCKpeTHUMHU peOpamu. BukiageHi pe3ynbTat 1 aHalli3 YMCEIbHUX PO3B’S3KIB 3a1a4
KOJMBAaHb HECHMETPUYHUX TPHUIIAPOBUX IMIIIHAPUIHUX OOOJIOHOK OOEpTaHHS IpHU
OCECHMETPUYHUX HECTAIlIOHAPHUX HABAHTAXKCHHSX. PO3TISHYTO 3a7adi JMHAMIYHOTO
nedhopMyBaHHS MIIIHIAPUYHUX OOOJOHOK TPH PIZHUX KOHCTPYKIIAX 3alOBHIOBAYA.
[IpoBeneHO BU3HAUEHHS MEPITUX BIACHUX YAaCTOT KOJIMBAHb MPHU PI3HUX T€OMETPHIHUX
1 (i3uKO-MEXaHIYHUX TMapaMeTpax HECUMETPUYHUX TPUIIAPOBUX IHJIIHIPUIHUX
000JIOHOK 3TiTHO BUKJIAJCHOI B TUCEPTAIlli TEOpii.

3.1. Po3paxyHOK HeCcTAliOHAPHUX BUMYIIEHUX 0CECUMETPUYHUX

KOJIMBAHb HECUMETPUYHUX TPUIIAPOBUX HUIIHAPUYHUX 000JI0HOK 3

JICETKHUM 3alI0BHIOBaA4YEM
[Toyatok po3risay 3anad JUHAMIYHOI MOBEAIHKM HECUMETPUYHOI TPUIIAPOBOI
MWTIHAPUYHOT OOOJIOHKH 3 JIETKUM 3allOBHIOBaY€M, apMOBAHUM peOpamu, MOKJIaIeHUN
B JIOCH/DKEHHI BIUIMBY HECHUMETpIi TPUILIAPOBOI UMJIHAPUYHOI OOOJIOHKU 3

MIHOTUTACTOBMM  3allOBHIOBaYeM Ha 1  HampyxXeHo-nepopMoBaHWUN CTaH MpHU
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BHYTPIIIHEOMY HOPMaJbHOMY OCECHUMETPUYHOMY IMIyJIHCHOMY HaBaHTakeHHI [1,2,5].
BukopuctanHs 3amoBHIOBaya 3 JIETKUX MaTepiaiiB JO3BOJSE TPU HEBEIUKOMY
301IbIIEHH] Baru KOHCTPYKIIi ICTOTHO MiJIBUIUTH i 3TUHAIBHY YKOPCTKICTh, @ TaKOXK
3HAYHO 3OUIBIIMTH 11 JeMI@dyroul MOXIJIMBOCTI. 3a CBOIMH BJIACTHUBOCTSIMHU 1
KOHCTPYKIIIEIO TPHUIIAPOBI OOOJOHKU TMOIIISIOTHCS HAa CUMETPHYHI 1 HECUMETPUYHI.
CUMeTpUYHUMHU BBaXAlOThCS TPUIIAPOBI OOOJIOHKH, B SKHUX CEpPEIWHHA MOBEPXHS
SBJIIETbCSI CUMETPUYHOIO BIJIHOCHO 3alOBHIOBaya 1 Hecydyux mmapiB. [lociixeHHIo
cramionapanx [181-183] 1 HecramioHapHUX MPOIECIB B CHUMETPHUYHUX MIAPyBATUX
00o0yIoHKax mpucBsYeHo O6arato poOiT [35-37,129]. /luHamiuHa MOBEMIHKA TPUITIAPOBUX
00O0JIOHOK 3 HECUMETPUYHOIO CTPYKTYpOIO NaKeTy IIapiB BUBYEHA Habarato MeEHIIE
[123-126]. Pa3oM 3 TiM Taki 00OJIOHKH SIBISTIOTHCS IOCUTH )KOPCTKUMHU KOHCTPYKITiSIMH,
11X JOCHIIPKEHHS Ma€ SIK TEOPETUYHE, TaK 1 IPAKTUYHE 3HAYCHHS.

HecuMeTpuyHICT, JaHOi TPUILIAPOBOI LMIIHIPUYHOI CTPYKTYpH 3 JIETKUM
3alI0BHIOBAYEM CKJIQ/Ia€TbCd B TOMY, IO il HECydl IIapyW BUTOTOBJIEHI 3 PI3HUX
MarepiamiB. llepenbadaerbcs iAcanbHe 3'€IHAHHS MDK JISTKUM 3allOBHIOBAYeM 1
HECYyYMMHU IapaMu Oe€3 BIIPUMBY 1 MNPOKOB3yBaHHS. JlOCHIIKEHHS HecTallloHapHUX
KOJIMBaHb ~HECUMETPUYHOI TPULIAPOBOI LMIIHAPUYHOI OOOJOHKM 3  JIETKUM
3alIOBHIOBAYEM TNPHU BICECUMETPUYHOMY IMITYJIbCHOMY BHYTPIIIHBOMY HaBaHTaKEHHI
NPOBENECHO Ha 0a3i piBHAHB (2.36). [{ns BICECUMETPUYHOTO BUIAJKY 1 MPH BIACYTHOCTI

apMyrouux pedep 11l piBHSHHS IPUAMaIOTh BUTIISL;

B B 2 5
0Ty, T3 4 M, = p ] 0 up,
+—=—-—=Mi=ph
. 1.9 13 3 2
dx Ry Bk boate (3.1)
. , 342
aM:, o 2h, - h* 3@}
ax 13 .1”.; <13 Ig: 2 a?:_z
8T{s T, 1 ... 18Mf; LI #ub, .
dr R, n,h,Mll + h, dx Uizn,-)P" = pih 12 i=1z2
6T, 1 8 1 8% ut,
— + T +—M;—=—T5=ph—
8 R. = hy & R, & 7 gt
aME . 1 d%uf
a.;l_ 13 +R_,Mi3 =ptht?’_‘1
2
t t

Ox _R_t 11 = Py r;?

[le cucteMa piBHSHb JIEB'SITOTO MOPSAKY.
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[Ipu pmocmipkeHHI KONMMBaHb HECHMETPUYHOI TPHUILAPOBOI  LUJIIHAPUYHOL
00OJIOHKM 3 BpaxyBaHHSM JIETKOTO 3allOBHIOBaYa MU >KOPCTKOMY 3allleMJICHHI KpaiB

rpaHu4Hi yMoBH nokmaganmcs npu X = 0, X = L (L — moBxnHa 000JIOHKHN) Y BUTIISIIL:

ul(0,t) =ul(0,t) =0; i=1.2
ul(L,t) =ul(l,t)=0; i=12 (3.2)
HynpoBi mouaTkoBi ymoBu nipu t = 0 moksaganucs:
ul (x,0) = a“;a{f“} -0,  i=172
ul (x,0) = W0 _ o g (3.3)

at

Ha 060110HKY Ji€ BiCECHMETpUYHE BHYTPIIIIHE IMITYJIbCHE HABAHTAXKCHHS Y BUTJISIL:

P; = Asfnﬁ?t [n(®) —n(—1)]. (3.4)

B pospaxyukax mnokmamanmocs A=10°Tla; T = 50-10°% mpm mHacrymmx
T€OMETPUYHUX Ta (PI3UKO—MEXaHIYHUX MapameTpax:

L =0,25m; R = 0,20m; L/h;= 250; hy = h3 = 0,001 m;. R/hy =200; h/h; = 6; h/R=0,04.

BinmoBiaHi 3a1a4i po3B's3aHi METOOM CKiHUCHHUX eleMeHTiB [184].

PosrisitHeMo miicTh BUNAAKIB JIMHAMIYHOI MOBEIIHKH TPUIIAPOBOI HUTIHIPUYHOT
OOOJIOHKM 3 JIETKMM 3allOBHIOBaYe€M TIPU HECTAI[lOHAPHOMY HaBaHTaXEHHI 3
BpaxyBaHHSIM MapaMeTpiB, sKI HaBedeHl Bumle. OTpuMaHI YHMCENIbHI pPE3yJbTaTh
JO3BOJISIIOTH  XapaKTepu3yBaTH HAMNpyXeHOo — JaeGopMoBaHUN CTaH TPHUIIAPOBOI
NPY)KHOT CTPYKTYpH IWIHAPUYHOTO THUITY B Oynb—sSIKHA MOMEHT 4dYacy Ha

JOCITII)KYBaHOMY 4aCOBOMY 1HTEpBaJIi 3riHO BUIIEBKa3aHUX MOCTAaHOBOK. Po3paxyHKH

MIPOBOJIMIINCS B IHTEPBAIl Yacy 0<t<40T,

IBunagok. 1 — BHYTpIIIHIA Hecy4yuil map, 2 — 3aloBHIOBAaY, 3 — 30BHIMIHIN
necyunii map; h; = hy =1 mwM, Moxys mpyxHocti E; = 7-10% Ila, minbHicts p; =
2,7-10° kr/m’; koeoimient Ilyacona v =0,3; hy = 6 mMm; musa hy BigHomEeHHST MOIyIiB
npyxHocti Ey/E; = 50; 1 Ey/E; = 500, miiapHICTh py= 25 KT/M, koedimient Ilyacona V=
0,33.

TakuM YHHOM, Ma€eEMO CHUMETPUYHY TpPHUIIAPOBY OOOJOHKY 3  JIETKUM

3al0BHIOBAYEM, SIKa HABaHTA)KEHA BHYTPIIIHIM IMITYJIbCHUM THCKOM. PO3risiHyTi aBa
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BapiaHTH BJIACTHUBOCTEH JIETKOTO 3amoBHIoBava: nepmwuii (1) Ey/E; = 50; 1 npyruii (2) —
Ey/E; =500. Ha Puc 3.1 HaBeneHi NOpiBHSUIbHI Tpadikd MaKCUMaJbHUX MPOTHHIB
KOJIMBAJIbHUX TIPOIIECIB B CEPEIMHHINA MOBEPXHI JIETKOTO 3allOBHIOBAYa CUMETPUYHOI

TPUIIAPOBOI LMIHAPUYHOI OOONOHKM Wi — IHIEKC | O3Ha4ae HOMEp BHIIAJKY

po3tamyBaHHs mapiB (1 =3), a j (j = ﬁ) HOMED BIIACTUBOCTI 3amoBHIOBa4Ya. OCKUIBKU
rpadikd MaKCUMaJbHUX IPOTHHIB CHMETPUYHI BIJHOCHO CEpPEIWHHU OOOJIOHKH JIJIs
BUMAAKY >KOPCTKOTO 3aIllEMJICHHS KpaiB OOOJOHKHM, TO Ha JIiBI YacTUHI PUCYHKY
HaBeJieH1 rpadiku nporuHiB (1), a Ha mpasiit — (2). Ciia 3ayBaXuTH, 10 MAKCUMYMHU
NPOTHHIB 1T CHMETPUYHOTO BHMAJIKy KOHCTPYKIIi TPHUIIAPOBOi CTPYKTYypH

nocsirarotees ipu t = 7,0T.

W, 10°(m) | | |
ia 50 500
2.4 -

2.0 i ] //
16 LTIN N

A LN
T T N

4%
0.4 3/?{ ' 1

0 lr” /
2
-0.4
0 0105 01 0115 0/2 0.25X,(m)

Puc. 3.1. MakcumaibHi iporuau 15 (X) B cepeAMHHIN OBEPXHI JIETKOTO 3allOBHIOBAaYa

CUMETPHUYHOI 1 HECUMETPUYHOI TPUIIAPOBOT IIMITIHAPUIHOT 0OOIOHKU
AHani3 rpadgiyHOro Martepianxy J1aB MOXJIMBICTh 3pOOMTH HACTYITHI BUCHOBKH: 13
puc 3.1 crmigye, mo MakcMMaldbHAa BETUYHMHA MPOTHHIB MO MPOCTOPOBIA KOOPIWHATI
(xpuBi 3 1HIEKCOM 1) 31 3MEHIICHHSAM BigHOIEHHs E1/F; cTae Oiabioro Ha 14%; Takox
CYTTEBO 3MIHIOETbCS  SIKICHA KapTMHA XapakTepy KOJMBaHb, fKI  CTalOTh
XBUJIENOAIOHUMHU. BuTbll CyTT€Ba PI3HHULSL CIIOCTEPIraeThes sl KOJOBUX HANpyKeHb

M0 TPOCTOpPOBi KoopauHaTi 65,(x) — (Puc. 3.2). 3 rpadikiB BumHO, MO s

cmiBBigHOIIeHHsS (1) MakcHMMaibHE 3HAYEHHS HAMPYXEHHS 65,(x) Jocsrae 3HAuYCHHS
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U292 1075, Ma . . .
" 50 500
g q
/\ -
G

Y
7 Vg N

R A

0 0105 011 0/15 0!2 0.25X,(m)

-3

Puc. 3.2. MakcuManbH1 Hanpy>KeHHS 65, (x) B CepeIuHHII MOBEPXHI JETKOTO

3aI0BHIOBaYa CUMETPUYHOI 1 HECUMETPUYHOI TPUIIAPOBOT LIMITIHAPUIHOI 0OOJTOHKHU
5 . . ..
11,5-10° Ila (xkpuBa 3 iHmekcoMm 1, 3miBa ), a I CHIBBIAHOMIEHHS (2) Take X

HaIpy>KeHHA 65,(x) B 2,1 pa3u MeHie (kpuBa 3 iHAeKcOM 1, crpaBa). XBUIENOAIOHUI

XapakTep KOJMBaHb 30epiraeThcs B 000X BUmMajakax. Tpeda BiA3HAYWTH, 110 OTPUMAaHI
pe3yabTaTh A00pe Y3ro/DKYIOThCS 3 pe3yibTaTamMu cTarti [114].

PosrisHeMo Apyruii BHUIMATOK HECHMETPUYHOI TPHUIIAPOBOI OOOJOHKHU 3 JIETKHUM
3aI0BHIOBAYEM, SIKa HABAHTa)KE€HA BHYTPIIIHIM IMIYJbCHUM THUCKOM. JlOCHIIKEHO aABa
BapiaHTH BJIACTUBOCTEH Jjerkoro 3amoBHioBaua: nepumid (1) (E;+Ez)/2E; =50; i
npyruit (2) — (E1+E3)/2E, = 500; 1 — BHyTpimHii Hecyuuil map, t — 3amoBHiOBa4, 3 —
30BHIIIHIA Hecyunid tmrap; hy = hy = 1mm; hy= 6 mwm; mis hy Mmoaynas mpykHocTi E; =
7x10* Ta, wiinericTs py = 2,7-10% kr/m>; st hg MOMYJIb TIPYKHOCTI E3 = 2x10™ TTa,
HIUTBHICTh P3 = 7,8-103 KF/M3; koedimientu Ilyacona v =0,33, mua h; BimHOIICHHS
moayaiB npyxuocti (Ei+E3)/2E; = 50; 1 (E;+E3)/2E; = 500, wminsHicTh py = 25 Kr/M>,
koediuient Ilyacona v = 0,3.

Ha puc 3.1 naBeneHi nopiBHsUIbHI rpadiki MAaKCUMAJIBHUX MTPOTHUHIB KOJUBATBHUX
MPOIIECIB B CEpEAMHHIN MOBEPXHI JIETKOTO 3alIOBHIOBaYa HECUMETPUYHOT IIMITIHAPUIHOL

o0osioHKH (KpuBl 3 1HAeKcoM 2). KpuBl MakcMMalbHMX MPOTHHIB MOOY/I0BaHI
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aHAJIOTIYHO TEPIIOMY BHUMNAAKYy. MaKCUMyMU TPOTHHIB JJIS JPYroro BHUIAIKY
HECUMETPHUYHOI KOHCTPYKIIIT TPUIIAPOBOI CTPYKTYpH JocsiratoThes npu (1) t = 5,15T, a
s (2) mpu t = 5,3T.

AHaui3 rpadigyHOro mMaTtepianay JaB MOXJIMBICTh 3pOOMTH HACTYITHI BUCHOBKH: 13
puc 3.1 cimiaye, Mo MakcHUMalbHa BEJIMYMHA MPOTHHIB IO MPOCTOPOBIN KOOPJIWHATI
(xpuBi 3 iHACKCOM 2) 31 3MeHIeHHaM BigHomeHHs (E1+E3)/2E; crae Ginmbimoro Ha 16%);
TaKOXX CYTTE€BO 3MIHIOEThCS SIKICHA KapTHHA XapakTepy KOJUBaHb, 5Kl CTalOTh
XBWJICTIOAIOHUMU. BulbIl CyTTeBa pi3HUIA CIOCTEPITA€ThCSA A KOJIOBUX HANPYKCHb

0 TMPOCTOPOBiK KkoopauHaTi 65,(x) — (Puc. 3.2). 3 rpadikiB BUAHO, L0 IS
cruiBBigHOWEHHS (1) MakcuManbHE 3HAYEHHsI HANpPYKXEHHs 65,(x) JocsArae 3HAYEHHS

4,4-10° a (kpHBa 3 iHmEKCOM 2, 371iBa), a [T CITiBBiAHOMEHHS (2) TaKe K HAIPY/KCHHS

65, (x) B 1,27 pa3u Oinblie (KpuBa 3 1HAEKCOM 2, cIipaBa). XBWICHOIIOHUIN XapakTep

KOJIMBaHb 30epiraeTbes y BUNaaxy (2).

Posrissaemo Tpetiit Bunagok. hy = hy =1 mm; hy = 6 mm; 11t hy Moay/s py»KHOCTI
E; = 2x10" ITa, minsHicTs p1 = 7,8-10° kr/M3; hg MOJYJIb MPYXKHOCTI E3 = 7x10™ a,
IIIBHICTh P3 = 2,7-10° I(I‘/M3, koeoimientu Ilyacona v =0,33; mus hy BigHOIICHHS
momyniB mpyxuocTi (E+Ez)/2E; = 50; i (E1+E3)/2E; = 500, minsHictb py = 25 Kr/m’,
koedimient Ilyacona v; = 0,3.

Ha puc 3.1 nHaBeneH1 nmopiBHsIbHI Ipadiku MAKCUMATBLHUX MPOTHHIB KOJUBATLHUX
MPOIIECIB B CEPEIMHHIIN MOBEPXHI1 JIETKOTO 3all0BHIOBaYa HECUMETPUYHOI LIMTTHAPUYHOT
oOonoHkn (kpuBl 3 1HAeKcoM 3). KpuBl MakcMMalJbHMX MPOTHMHIB MOOY/I0BaHI
aHAJIOTIYHO TIEPIIUM BUIMAIKaM. MaKCUMyMH TMPOTHUHIB ISl JIPYroro BUMAAKY
HECUMETPUYHOI KOHCTPYKIIil TPUIIIApOBOi CTPYKTYpH nocsraroTbes npu (1) t = 5,05T, a
st (2) mpu t = 5,6T.

AHani3 rpadgiqHOro MaTepianxy J1aB MOXJIMBICTH 3pOOUTH HACTYITHI BUCHOBKH: 13
puc 3.1 cruigye, M0 MakcHMMallbHa BEJIMYMHA MPOTUHIB MO MPOCTOPOBIM KOOpPAMHATI
(kpuBi 3 iHAEKcOM 3) 31 3MeHIeHHIM BiaHomeHHs (E1+E3)/2E; cTae menmoro Ha 52%;
TaKOX CYTTEBO 3MIHIOETHCS SIKICHA KapTHHA XapaKTepy KOJMBAHb, Kl CTAIOTh OLIbII

XBUJIENONIOHUMHU. BBl CyTTEBA PI3HUIIS CIIOCTEPITAETHCS ISl KOJIOBUX HAMPYKEHb
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0 TMPOCTOPOBiK koopauHaTi 65,(x) — (Puc. 3.2). 3 rpadikiB BUAHO, L0 IS
crniBBigHOWIEHHS (1) MakcuManbHE 3HAYEHHsI HANpPYKEHHs 65,(x) JocsArae 3HAYEHHs

5 . . .
8,3-10° I1a (kpuBa 3 iHAEKCOM 3, 3J1iBa), a JUIs CIIBBIIHOIIEHHS (2) Take K HAIPY>KCHHS

Ty g 1,89 pa3u MmeHmie (kpuBa 3 1HJAEKCOM 3, crpaBa). XBHJICHOMIOHUN XapakTep
KOJIMBaHb 30epiraeTbes y BUNaaKy (2).

3aBASKA OTPUMAHHM 3QJICKHOCTIM MaKCHUMAJIbHUX TPOTHHIB CEPEeIUHHOT
MOBEPXHI JIETKOTO 3all0BHIOBaYa HECUMETPUYHOI TPUIIAPOBOI HUITTHAPUYHOT 000JIOHKH,
K (QyHKIII MTPOCTOPOBOI KOOpAWHATH, MOKHA MOMITHTH, IO HECHUMETPHUYHICTh
TPUIIAPOBOI CTPYKTYpPH 3HAYHO BIUIMBAE HA ii JIMHAMIYHY MOBEAIHKY. Tak y BHUIamy
KOJIM IMITYJIbCHE HaBaHTAXXEHHS Ji€ Ha cTajeBui Hecyunit map Puc. 3.1 (kpusi 3), TO 31
3MeHIeHHaM BigHoteHHs (E;+E3)/2E; Makcumanbauil mporuH ctae MeHIMM Ha 14%; a
y BUIAJIKY KOJIM IMITYJIb,CHE HaBaHTaXEHHS Jll€ Ha Hecy4yul map 3 AMI'-6 (kpuBi 2), To
31 3MeHIIeHHsIM BigHomieHHs (E;+E3)/2E; MakcumanbHuil TpOTMH CTa€ OUIBIIUM Ha
11%; y BuUmaaxky, KOJM IMIYJbCHE HABaHTA)XCHHS Jl€ HA CUMETPUYHY TPHUIIAPOBY
HWTIHAPUYHY OOOJIOHKY 3 JIETKMM 3amnoBHIOBaueM (kpuBl 1), TO 31 3MEHIICHHSIM
BiHOMEeHHs Ei/E, MakcuManbHl MporuHu 30ublIyoTbes Ha 14%. Skmo nmopiBHATH
MaKCUMaJIbH1 MMPOTUHU JJIs1 BITHOIIEHb MOAYIIB npykHOCTI (1) 1 (2), 1715t cuMeTpuyHOi
cTpykTypH (kpuBi 1) 1 1j1s1 HecumMeTpudHOi (KpuBi 2, 3), To BigHOmIeHHS ckiane 84% (1)
141% (2). Ille Ginplua pi3HHUIL CIIOCTEPIrA€THCS JIJIT MAKCHMYMIB KOJIOBUX Harpy>KeHb

M0 MPOCTOPOBIN KOOpAUHATI 6%,(x) Puc. 3.2 Ay BigHOMIEHb, MOAYIIB MIPY>KHOCTI (1) 1

(2), nns cumeTpuyHOi CTpyKTypu (KpuBi 1) 1 ang HecumeTpuuHoi (KpuBi 2, 3), TO

BIJIHOIIIEHHSI MAaKCUMYMIB 6%, (x) ckiazae 2,63 pasu (1) 1 1,32 pas3u (2). Takum uuHOM,

MOXHa 3pPOOMTH BHUCHOBOK, IO BHUKOPUCTAHHS <JIUCKPETHO-CTPYKTYPHOTO» ITiIXOIY
7A€  MOXJIMBICTH JETANIBHO JOCHIIUTH JUHAMIYHY TIOBEAIHKY HECUMETPUUHUX
TPHUIIAPOBUX IMTIHIAPUIHUX OOOJOHOK 3 JIETKMM 3allOBHIOBAYEM IPH HECTaIllOHAPHHUX
HABAHTAKECHHAX 1 BUOPATH pallioHAIbHY KOHCTPYKIIIIO TPUIIAPOBOI CTPYKTYPH.

3.2. Po3paxyHOK HeCTaAlliOHAPHUX BUMYIIEHUX 0CECUMETPUYHUX

KOJIMBAHb CUMCTPHUYHHUX TPHIIAPOBHUX III/I.]'IiHIlpI/I‘lHI/IX 000JI0HOK 3
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AUCKPETHO-CUMETPUYHMM JIETKUM, ApMOBAHUM pedpamu

3alIOBHIOBaA4YE¢M

JlocuTh  PO3MOBCIOJKEHE 3aCTOCYBaHHS B TEXHINl 3HAWIUIM  TPUILAPOBI
KOHCTPYKIIi Y BUTJISIII 000JOHOK Pi13HOT reoMeTpii. 3aCTOCYBaHHS TaKUX O0OOJIOHKOBHX
CTPYKTYp TNpH KOHCTPYIOBaHHI Ta BHUTOTOBJICHHI OOJiagHaHHS 1 TpyOONpOBOMAIB Ha
eHeproosiokax AC motpeOye BIANOBIIHUX MPAKTUYHUX 1 TEOPETUYHUX JOCIHIKEHb.
BukopuctanHs 3amoBHIOBaya 3 JIETKUX MarepiamiB JO03BOJSE TPHU HEBEIUKOMY
30UIBIIEHH] Baru KOHCTPYKIl I1CTOTHO MIABUINUTA 1 3TUHAIBHY >KOPCTKICTH 1
MOKPALTUTH 11 TEIMJIOI30JAIINHY BIACTUBICTh. L[bOMy TakoX CHpUSAIOTH apMyroui
CJIEMEHTH TEIUIOI30JSIMHOTO 1Iapy, SIKI JIOCUTh ICTOTHO MiABUIIYIOTh MIIHICTb
TPUIIAPOBOI CTPYKTYpH. HacTo Taki OOOJIOHKH 3HAXOIATHCS MPU BICECUMETPUUHHX
EKCIUTyaTalllfHUX HABAHTAKEHHSX. [puUIlapoBa IWIIHAPUYHA OOOJIOHKA 3 JIETKUM
3allOBHIOBauEM, aPMOBAHUM JHUCKPETHUMH pedpamu, siBisie co00I0 MPYKHY CTPYKTYpPY,
sKa CKJIQIa€ThCs 3 BHYTPIIIHBOTO (1HAEKC 1), 30BHIMIHBOTO (1HAEKC 2) HECYUHX IIapiB,
TEIIO130JIAIIITHOTO 3amoBHIOBaYa (1HIeKC t) 1 Habopy AUCKpeTHHX pedep (1HaeKc j), Mo
YKOPCTKO 3’€/IHAHI 3 BKa3aHUMH HecyuynMH IapaMu. OO0JIOHKA Ma€ MOCTIMHY 3arajibHy
TOBIIMHY N 3 IJIagKOI CEPEeIUHHOIO MOBEPXHCID B OPTOTOHAJIBHINA KPUBOJIHIAHIH
cucTeMi KkoopauHar X, Z. KoopanHatHa niHis X HA cepeAMHHIN MOBEPXHI 0O0JIOHKH MPHU
z=0 cmiBnajae 3 0CbOBOIO JIHIEI0; KOOPAMHATHA JIIHIS Z € TPSIMOI0, sIKa OpPTOTOHAJIbHA

1o cepeaunHoi nosepxHi (Puc. 3.3).

Z

Puc. 3.3. ®parMeHT TpHUIIapoBOi MIJIIHAPUIHOT 0O0TOHKH 3 JIETKUM 3aIIOBHIOBAYEM,

apMOBAaHHUM JIUCKPETHUMH peOpaMH KOPCTKOCTI
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VY BUMaAKy HECHMMETPUYHOI TPHUILAPOBOI IMIIHAPUYHOI OOOJOHKH 3 JHUCKPETHO-
CUMETPUYHMM  JIETKMM  3allOBHIOBAYE€M, apPMOBAHUM JUCKPETHMMH peOpamu,

pO3TAIIOBAaHUX MO JHIAX KPUBU3H OOOJIOHKH, PIBHSAHHA (2.36) mpuitMaioTh BUTIISA:

Ty _E_i.w* =p.h 0"t
. 1.2 13 it
dx Ry, h: I (3.5)
; 2
ML, 2k e ) hl o @,
THs T oM T H e T2
dx h 2 9t i=172
B - 2 -
0T Ty 1 ., L oM [ h, JP —oh 0 usg |
A R, Eﬂ’hl nT Ay ~ 2R, =P ate '
Ty, 1 . . . . 8% ulp
+—(TE —TE)+—ME,. =p h, ———:
A R‘lr( 11 1) 2 M1 = 3t2
aME, N N a9 ul,
—Tj; +— My, 1, P
ax 13 R:.-l 13 = ar_
2.t
T, 1, P hté Ups

o%u,;
[Tll]j = ijj ngjr

o%u,,
[T13]j :Pij 8t23] '
82(p-
[Mll]j :pjl ]

“ o
P, (x,t),P,(x,t) — po3noijeHe BicCECHMETUYHE HABAHTAXKCHHS.

[le AB1 cucTeMU pIBHAHBb JEB’ATOr0 MOPSAKY. Bil3Hauumo, 10 OJAHIED 3
CKJIAQHOCTEH 3a7ad KOJMBaHb HEOTHOPIHUX TMPYKHHUX CTPYKTYp 3 BpaxXyBaHHAM
JMCKPETHOCTI pedep, apMyr4yux JIETKUM 3aloBHIOBAY, € HASBHICTh PO3PUBHUX
Koe(DIIieHTIB B TPhOX OCTAaHHIX PIBHAHHSAX KoJuBaHb (3.5). Buxoasuu 3 1b0rO0,
OyIyIOThCS 4YHMCEIbHI aJTOPUTMHU B TJIaAKIM 007acTi 1 “CKICIOIOTHCS Ha JIHIAX
pPO3pHBIB 3 BpaXyBaHHIM KiHEMAaTHUYHUX YMOB crpspbkeHHs. [ligxin, mpencraBieHuil B
naHii poOOTi, € PO3BUTKOM BIJIOMUX YHCEIBHUX aJTOPUTMIB JJIsi PO3B’S3KY 3aja4y
Teopii HEOJHOPIAHUX OOOJIOHOK 3 BpPaxyBaHHSM AUCKPETHOCTI MIAKPIIUIIOIOUUX pedep
[176]. 3ayBakumo, 110 HASBHICTh Cy4acHUX OOYMCITIOBAJIBHUX CKIHYEHO-EIEMCHTHHX

KOMILIEKCIB, JI03BOJISIE OTPUMYBATH YHCEIbHI PillleHHs Moi0HuX 3a1a4 [185 - 187].
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Po3rnssHeMo cHUMETpHUYHY TPHUILAPOBY IMIIIHAPUYHY OOOJOHKY 3 JIHUCKPETHO-
CUMETPUYHHUM JIETKUM 3allOBHIOBaYeM, apMOBaHUM peOpaMH >KOPCTKOCTi. B 1pomy
BUMAJKYy HECydl [Iapu MaloTh OJHAKOBY TOBIIMHY 1 BHUIOTOBJEHI 3 OJHAKOBUX
MartepiamiB. JlOCHIPKEHHS HampyXeHO-1ehOpMOBAHOIO CTaHy BKa3aHOI OOOJIOHKH

PO3IIIAHYTO MPU HACTYITHUX F€OMETPUYHUX Ta q)i3HI<0—MexaHquHx napameTpax:

hi=4o,-h1= 001Mh 10 =2; F; =Hh =2-10"*w’

1
Ef =Ef =E =7+10""Ma; v{ = v{ =1

h/R =0,4.

=0.3; p; = p, = p; = 2.7 - 10%kr/m*

Jns Momynsi mpy>KHOCTI JIETKOTO 3aloBHIOBaya E; BiHOIIEHHS 10 MOAYJIB
npyxHocti Ef /Ef = 50; E{/EF = 500; minsaicts py = 25 kr/m’; koedirient [Tyacona

=0,33.

Ha o6onoHKy i€ BiceCUMETpUYHE BHYTPIIIHE IMITyJIbCHE HABAHTAXKEHHSA Y
BUTJISIIL (3.4). Apmytoui €JIEMEHTHU pO3TalloBaHi B TOYKAX

=[11+ (k—1)-15]-Ax;k=1+5; Ax =L/80. B mnomampmmx po3paxyHKax
nokaaanocs K = 5.

[TocraBneHa 3a7a4da po3B'si3aHa METOJOM CKiHUEHHUX eleMeHTiB [184].

PosrisitHemMo nBa BUNAAKA JUHAMIYHOT TOBEAIHKA CHUMETPUYHOI TPUIIAPOBOI
MWTIHAPUYHOT OOOJIOHKU 3 JUCKPETHO-CUMETPUYHUM JIETKMM, apMOBaHUM peOpamu,
3aI0BHIOBAYEM IPU HECTALIOHAPHOMY HABaHTAXEHH1 3 BpaXyBaHHSIM IapaMeTpiB, sKi
HaBeneHl Bumie. OTpuUMaHI YWCENbHI PE3YNbTaTH JO3BOJIAIOTH XapaKTEpHU3yBaTH
Hanpy>XeHO — Ae(POpPMOBAHMI CTaH TPHUILAPOBOI MPYKHOI CTPYKTYpPH LHIIHIPUYHOTO
TUIly B OyAb—SIKHA MOMEHT 4acy Ha AOCIIPKYBaHOMY YacOBOMY IHTEpBall 3TiAHO
BUILEBKA3aHUX NTOCTAHOBOK. Po3paxyHku mpoBoauincs B iHTepBani yacy 0 = ¢ = 40T,

1-it Bunagok. 1 - BHyTpIIIHIA HeCy4Hii map, t - Jerkuii 3aroBHIOBaY, | — apMyrOUi
pebpa, 2 - 3oBHimHIN Hecyuwit map; h; = hy =0,01 M, Monyns mpyxHOCTI Epp; =
7-10%° [1a, uiAbHICTD p12=2,7" 10° KF/M3; koedimient ITyacona vy ,=0,3; hy= 0,02 m, ms
Ef pinnomenns Moxyiie mpyxuocti EL/Ef = 50, minsHicTs p; = 25 kr/m°, Koedimient
ITyacona vy = 0,33; mis apmyrounx pebep hj = 0,02 m, Moxynp mpyxkHoCcTi Ej =

7-10%° ITa, mineHICTS pj = 2,7" 10° Kr/M3; koedimient [Tyacona Vv; = 0,3.
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TakuM 4YWHOM, MA€EMO CHUMETPUYHY TPHUIIAPOBY OOOJOHKY 3  JIETKUM
3all0BHIOBAYEM, apMOBAaHMM peOpamMM MKOPCTKOCTI, SIKa HaBaHTA)K€HA BHYTPILIHIM
IMITyJIbCOM THCKY.

OTprMaHl 4YHCENbHI pE3yNbTaTH JO3BOJSAIOTH XapaKTEpU3yBaTH HaAIPYKEHO-
ne(OopMOBaHUI CTaH TPUILAPOBOI MPYKHOI CTPYKTYpU LMIIHAPUYHOIO THUILYy B OyIb—
KU MOMEHT 4acy Ha JOCIII)KyBaHOMY YacOBOMY I1HTEpPBaJi 3TiJHO BHUIIEBKAa3aHUX
nocTaHoBOK. Po3paxyHku mpoBoaunucs B iHTepBam 4yacy 0 = t = 40T. 3okpema, Ha
Puc. 3.4 HaBeneHl MOpIBHSAIBHI Tpadiku MaKCUMaJbHUX MPOTHHIB KOJHUBAIBHHUX

TIPOLIECiB B CEpENMHHMX IOBEPXHAX HECYdMX IIApiB uii uZ Bix HpocTopoBoi

KoopAMHATH X B MOMeHTH uyacy t = 5,95T (B 1eif MOMEHT BETHYHMHH U3 i U2 TOCATAIOTH

MaKCUMAaJIbHOTO 3HAYCHHS B IHTEpPBai PO3paxyHKY 10 vacy t).

KpuBa 3 inmexkcom | BimmoBimae ui (BHyTpimmili map), 3 iHmexcom 2 — u2
(30BHILIHIN mIap). BpaxyBaHHs AUCKPETHOCTI PO3MIIICHHS apMYIOUHX pedep Bi3yallbHO
CIIOCTEPITa€EThCSl HA PUCYHKY — 11€ TOYKH 3’€IHAHHS KPUBHUX 3 iHJEKcoM 1 1 2. Ilepma

BJIACHA YACTOTA JIAHOI TPUIIAPOBOI CTPYKTypH ckianae 1848,3 Hz.

Lie 15 fa)
T

gLt
Puc. 3.4. IlopiBHsuTbHI Tpadiku MAaKCUMAJIBHUX POTHHIB KOJUBAJIBHUX MPOIIECIB B

. 2. .
CepeIMHHNX MOBEPXHAX HECYUHX MApiB Ui i Uz BiJ MPOCTOPOBOI KOOPAMHATHU X B

1,pt
MoMeHT Yacy t = 5,95T ms Ef/E1=50.
2 BUnmaAoK. 1 - BHYTPINIHIA HeCy4ni map, t - TErIoi30/004HiA 3alOBHIOBAY, | -
apMyroui pedpa, 2 - 30BHIIIHIA Hecyuuit map; hy = h, = 0,01 M, Moaynb npyxHOCTI Ej 5

=7-10% [1a, miinbHICTb py 3 = 2,7" 10° KF/M3; koedimienT Ilyacona vy, = 0,3; hy= 0,02 M,
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TUISt E{ BiJIHOIIIEHHS MOAyNiB mpyxkHocTi ELf/Ef= 500, mimsHicTE p; = 25 Kr/m3,
koediuient Ilyacona v, = 0,33; st apmyrouux pebep hj = 0,02 M, Moxynb npy>kKHOCTI
E=17 10* ITa, minbHicTh pj=2,7 10% kr/m®; koedirient ITyacona v; =0,3.

Ha Puc. 3.5 HaBemeHi mnoOpiBHSUIBHI Tpadikd MaKCUMaTbHUX MPOTHHIB

. . . 2.
KOMMBATBHUX IIPOIECIB B CEPEIMHHUX MOBEPXHAX HECYdHX mmapiB uii U3 Bix

IPOCTOPOBOI KOOPAMHATH X B MOMeHTH dacy t = 3,50T (B 1eii MOMEHT BENMYMHH Ui i

u3 JOCATAI0Th MAaKCHMAJIBHOTO 3HAUEHHS B IHTEpBANI PO3paxyHKy IO dacy f).
BpaxyBaHHsI TUCKPETHOCTI PO3MIIIEHHSI apMYyIOUHUX pedep CIOCTEPIraeThCsl Bi3yalbHO
Ha PUCYHKY — II€ TOYKH 3 €JHaHHA KpuBHX 3 iHIekcoM | 1 2. Ilepmra BmacHa gactoTta
JTaHO1 TPUIIAPOBO1 CTPYKTYypH ckianae 1336,5 Hz.

B nopiBHAHHI 3 NEpIIMM BHIAJKOM MOXHa 3pOOMTH BUCHOBOK, WLIO IIpU

3MEHILIEHHI OPCTKOCTI JIEFKOTO 3allOBHIOBaYa MAaKCUMajbHI HOpPMajbHI MPOTMHU

: 2 . : .
30BHIIIHBOIO Hecydoro mapy Yz 3o0umbmmmcs Ha 15%, a MakcMMalibHI HOpMaJlbHI
TIPOTHHH BHYTPIIIHBOTO HECYUOTO MIApy Us 3MEHIIMIHCS Ha 55%. IIpu mpoMy mepmia
BJaCHA YacToTa KOHCTpyKuii 3MeHmmuacs Ha 38%. KonuBasibHi mpouecu MaroTh

JOCUTh BUPAKEHUN XBUIBOBUN XapakKTep.

B LI faal
I ]

m

o a0E LR Lls OLNE L4

Puc. 3.5. IlopiBHsuIbHI rpadiku MAaKCUMAJIBHUX POTUHIB KOJUBAJIbHUX MPOIIECIB B

. 2 .
CepeIMHHNX MOBEPXHAX HECYUMX MapiB us i Uz BiJ KOOpAMHATH X B MOMEHT 4acy t =

3.50T wis Ei /Ef= 500.
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Jlns Bu3Ha4YeHHs BIUIMBY JIETKOTO 3allOBHIOBaYa HA XapakTep KOJIMBAaHb
TPUIIAPOBOI CTPYKTYPH HPU HECTALIOHAPHOMY E€KCILTyaTal[iiHOMYy HaBaHTa)K€HH1 Oyiu
MPOBEJCHI PO3PaXyHKH KOJIMBAJIBHUX MPOLECIB TPUIIAPOBOI IMITIHAPHUYHOI 0O0TOHKU
JMIIE 3 CHMETPUYHO-TUCKPETHUM 3aTIOBHIOBAYEM.

Ha Puc. 3.6 HaBeaeHi TOPIBHUIBHI Tpadikl MaKCUMaJbHUX IIPOTHUHIB

) . .2 .
KOJIMBAJIBHUX IIPOLICCIB B CCPCAMHHUX IMOBCPXHAX HCCYUHUX IMMAPIB u_% iUz TpUIIapOBO1

WTIHIPUYHOT 000JIOHKH 0€3 JIETKOTO 3allOBHIOBAaYa BiJl MPOCTOPOBOI KOOPAUHATH X B

MoMeHTH dacy t = 3,5T (B meif MOMEHT BEIMYHHH Uj i uj JOCATal0Th MAaKCUMAaJIbHOIO
3HAUEHHS B IHTEPBaJl pO3paxyHKy 1o yacy t). BpaxyBaHHS TUCKPETHOCTI PO3MIIIICHHS
apMyr04HnXx peOep Bi3yallbHO CIIOCTEpIra€TbCs Ha PUCYHKY — 1€ TOYKU 3 €JIHAHHSA
KpUBHUX 3 iHAeKCOM | 1 2. OTpuMaHi pe3ynbTaTu J00pe Y3roKYIOThCS 3 pe3yIbTaTaMH,
ski HaBeneHi B poOoTi [139]. [lepmia BiacHa wactoTa JaHOI TPHUIIAPOBOI CTPYKTYPH

ckianae 2010 Hz.

5, 10° (m)

X.(m)

Puc. 3.6. IlopiBHsubHI Tpadiku MAaKCUMAJIBHUX MPOTHUHIB KOJUBAJIBHUX MPOIIECIB B

CepEeIMHHNX MOBEPXHAX HECYUMX IMIApiB U3 i uj BIJl TPOCTOPOBOI KOOPJIMHATHU X B
MOMeHT yacy t = 3,5T 6e3 jierkoro 3anoBHIOBaYA.
Buxoasuum 3 aHamizy YMCENbHUX pe3yJbTaTIB MOXHa 3pOOMTH BHCHOBOK,
10 JITKUW 3alOBHIOBAY 3HAYHO BIUIMBAE Ha XapakTep KOJWBaHb TPUIIAPOBOI
CTPYKTYypH. B MOpIBHSHHI 3 EPIIMM BUIAIKOM TPUIIAPOBOT MUITITHAPUIHOT 0O0TOHKH 3

JIETKMM 3allOBHIOBaYEeM MaKCHMaJIbHI HOpMaHBHi IIPpOTNHU 30BHIIIHBOTO HECY4Oro
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2 . : .

mapy 4z 3MeHummincs Ha 73%, a MakCUMallbHI HOPMaJlbHI NPOTMHU BHYTPILIHBOTO
1 . 0 . .

HECydoro mapy uz 30upmmucs Ha 26%. B mopiBHSHHI 3 JAPYrMM BHIAQJKOM —

MaKCHUMaJbHI HOpMaJII)Hi IMPOIrnHU 30BHIIITHBOTO HCCYHUOIro mapy L',_g- SMCHIIMJIMCA Ha

12%, a MakcuManbHi HOpPMajibHI MPOTMHU BHYTPIIIHBOTO HECY4YOro Iapy uj
30uTbImIncs Ha 9%. ICTOTHO 3MiHIOETHCS Mepila BiacHa 4acToTa JAaHOI TPUIIApOBOI
CTPYKTYPH: IS TIEPIIOT0 BUMAAKY BOHA ckitanae 9%, a mis apyroro Bumaaky — 50%.
JInst mociJKEeHHsT BIUIMBY T€OMETPUYHHUX IMMapaMeTpiB CUMETPUYHOI TPUILIAPOBOI
HWTIHAPUYHOT OOOJIOHKM 3 JIMCKPETHO-CUMETPUYHHMM JIETKUM 3allOBHIOBaYE€M Ha
XapakTtep ii MOBEIIHKM MPU HECTAI[IOHAPHUX HABAHTAXCHHIX MPOBEAEMO PO3PaAXYHKH
NPy HACTYNMHHUX TOBINMHAX Hecydywx Mmapie h; = 0,005 M; i TOBIIMHOI JIETKOTO
zanosHioBaya hy= H;= 0,01 m. h/R = 0,2. [nmi mapameTpu 3anumaiThes 03 3MiH.

Ha Puc. 3.7 HaBemeHi mNOpIBHAIBHI Tpadiku MaKCUMaIbHUX MPOTHHIB

: . 2 .
KOJMBAJbHUX NPOLECIB B CEPEOUHHUX NOBEPXHAX Hecyuux Mapie Uz 1 Uz Bij

IPOCTOPOBOI KoopauHaTH X B MOMeHTH yacy t = 2,2T s E{JEf = 50, [lepma BnacHa

4yacToTa JaHOi TPUIIAPOBOI CTPYKTYpH ckiamae 2135 Hz.

Us, 10 (m)
20

16

12

0 0,08 0,16 0,24 0,32 0,4

X,(m)
Puc. 3.7. IlopiBHsuTbHI Tpadiku MAaKCUMAIIBHUX TIPOTHUHIB KOJUBAJIBLHUX MPOIIECIB B
ool 2 .
CEepeIMHHUX MOBEPXHAX Hecyuux mapis Uz 1 Uz Big mpocTOpOBOT KOOPAMHATH X B

MoMeHT vacy t = 2,2T s Elllgf: 50.
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Ha Puc. 3.8 mpuBeneni nopiBHsIbHI rpadiki MakCHMMaJbHUX HAIpPYXEHb 077 B
CEpEeIMHHUX MTOBEPXHAX HECYUHX IIAPiB BiJl MPOCTOPOBOI KOOPAUHATH X B MOMEHT Yacy

t=2,2T nusa ElllEf = 50.

G55, 10% (Ma)
20

16

12

0 0,08 0,16 0,24 0,32 04

" X,(u)
Puc. 3.8. TlopiBHsUIbHI rpadiky MAKCHMATBHUX HATPYXKEHb 922 B CEPEIUHHUX
MOBEPXHIX HECYUUX IIAPiB BiJ MPOCTOPOBOI KOOPAMHATH X B MOMEHT dacy t = 2,2T ans
Ef |Ef= 50,

Ha Puc. 3.9 HaBemeni mopiBHSUIBHI Tpadikd MaKCUMaIbHUX MPOTHHIB

: . 2 .
KOJMBAJbHUX NPOLECIB B CEPEAMHHUX NOBEPXHAX Hecyuux Mapie Uz 1 Uz Bij

IPOCTOPOBOI KOOPAWHATH X B MOMEHTH vacy t = 2,25T nns E{ JE{= 500. [lepma BnacuHa

4acToTa JIaHO1 TPUIIAPOBOi CTPYKTYpH ckiamae 1954 Hz.

Us, 10°% (m)
28

24

20

8 X,(m)

Puc. 3.9. IopiBHsubHI Tpadiku MAaKCUMAIBHUX POTHUHIB KOJUBAJIBHUX MPOIIECIB B
S SP I B
CEepeIMHHUX MOBEPXHAX HeCyuux mmapiB Uz 1 Uz Big mpocTOpoBOT KOOPAUHATH X B

MOMeHT Yacy t = 2,25T nns E{ |ET = 500.
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Ha Puc. 3.10 HaBeneHi mnopiBHIbHI Tpadikd MaKCUMalIbHUX TMPOTHHIB

: . 2 .
KOJMBAJbHUX NPOLECIB B CEPEAMHHUX NOBEPXHAX Hecyuux Mmapie Uz 1 Uz Bij

npocTopoBoi koopauHatu X B MomenTd udacy t = 2,0T Ge3 jerkoro 3amoBHIOBaya.

[lepira BacHa 4acToTa JaHOI TPUILIAPOBOI CTPYKTYpH ckianae 1954 Hz.

Us, 10%(m)
32

28
24
20

16

oo

N

8 2 X,(m)
Puc. 3.10. INopiBHsuibHI rpadikl MAaKCUMAaIbHUX MPOTHHIB KOJUBAJIBLHUX MPOIIECIB

B CEpPEMHHUX MOBEPXHIX HECYUHX IIAPiB uz iug BiJI TPOCTOPOBOI KOOPJAUHATH X B
MomeHT Yacy t = 2,0T Ge3 jerkoro 3armoBHIOBaya.

[Tpu po3paxyHkax TpUIIapoBUX 0OOJOHOK HA MIIHICTH KOHCTPYKTOPY HEOOXITHO
3HATH PO3MOJIT MaKCUMAJIbHUX HAIpPY>KEHb B €JIEMEHTAaX TPHIINAPOBOI CTPYKTypu. B
3B'SI3KYy 3 UM TPOBEIEMO JOCIiKEHHS HANpPYXEHOTO CTaHy JaHOi CHMETPHYHOI
TPUIIAPOBOT  HUJIHAPUYHOI  OOOJIOHKA 3  JHUCKPETHO-CUMETPUYHUM  JIETKUM
3allOBHIOBAYEM.

Ha Puc. 3.11 mpuBeneHi mopiBHsIbHI rpadiki MaKCHMAIbHEX HANPYXKEHb 03> B

CEPEIMHHUX MOBEPXHAX HECYYMX IIApPiB BiJ MPOCTOPOBOi KOOpAMHATH X B MOMEHT

aacy t = 2,25T nns Ei/Ef= 500.
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022, 10°° (Ma)
20

16

12

0 0,08 0,16 0,24 0,32 0,4

4 X,(m)
Puc. 3.11. TlopiBHsABHI rpadiky MaKCUMAILHUX HAIIPYKEHD 072 B CEPEIUHHUX

MOBEPXHIX HECYYUX MIAPIB B MPOCTOPOBOI KOOPIAUHATH X B MOMEHT uacy t = 2,25T
1t
nms E1/E1= 500.
Ha Puc. 3.12. naBezeHi mopiBHsIbHI rpadikd MakCHMMAIbHHX HAIPYXKEHb 92> B

CEPEJIMHHUX MMOBEPXHAX HECYYHMX MIApiB BiJl MPOCTOPOBOI KOOpAWHATH X B MOMEHT

gacy t = 2,0T Ge3 nerkoro 3armoBHIOBava.

052, 10°¢ ()
20

12

0 0,08 0,16 0,24 0,32 0}4
-4 X,(m)

Puc. 3.12. TTopiBHsuIbHI rpadikn MAKCHMATBHUX HAMPYXKEHD 05> B CEPEIUHHIX
MOBEPXHIX HECYYUX IIapiB B MPOCTOPOBOI KOOpAMHATH X B MOMEHT vacy t = 2,0T 6e3
JIETKOTO 3alI0BHIOBAYA.

AHani3 OTpUMaHUX YHCEJIBHHX pe3yJbTaTiB BKa3dye Ha 3HAYHUM BILUIUB
KOHCTPYKIIIi TUCKPETHO-CUMETPUIHOTO 3 JITKMM, apMOBAaHUM pedpamu, 3allOBHIOBaYa
HAa JUHAMIYHI XapaKTEPUCTUKU TPUIIAPOBUX IIIHAPUIHUX OOOJOHOK. Tak st

TPUIIAPOBOT LMJIHAPUYHOT OOOJOHKM 3 TaKWMM 3allOBHIOBAYEM IMPU BIAHOLIEHHI
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h/R = 0,4 nepmia BiracHa 9actoTa 3MiHIO€ThCS B 1,5 pas3u, a mpu h/R = 0,2 — numie Ha 10

BIJICOTKIB.
3.3. Po3paxyHoKk HeCcTalliOHAPHUX BUMYIIEHUX 0CECUMETPUYHUX
KOJIMBAHb HECUMETPUYHUX TPUIIAPOBUX HUITIHAPUIHUX 000JT0HOK 3
JUCKPETHO-CUMETPUYHHUM JIETKUM, ApMOBAHUM pedpamu,

3allIOBHIOBa4YeM

Yacto 3 KOHCTPYKTMBHHUX MIpKyBaHb, a00 BHUMOT /IO MIIIHOCTI BHpOOY,
BUKOPUCTOBYIOTHCS HECUMETPUYHI TPUILIAPOBI CTPYKTYpHU. B 3B'SI3KYy 3 IIUM BUKOHAEMO
JOCIIIJIKEHHSI JUHAMIYHOI TOBEIIHKM HECUMETPUYHOI TPUILAPOBOi MHJIIHIAPUYHOI
OOOJIOHKH NPH HECTal[lOHAPHUX HaBaHTaXEHHSAX. HecUMMEeTpUYHICTh TaKOi KOHCTPYKIIIi
MoJIirae B TOMY, IO ii HECydi IIapy BUTOTOBJEHI 3 PI3HUX MaTepialiB ado 3 Pi3HOIO
TOBUIMHOO. J[OCIIIMMO KOHKPETHUI BUMAJ0K, KOJIHM HECYYl IIapH BUTOTOBJIEHI 3 PI3HUX
MartepiaiiB, a BCl apMyloul €JIEMEHTH BUTOTOBJICHI 3 MaTepialy OJHOr0 3 HECY4HX
mapiB. B nboMy BuUmasky cucrema piBHSHB (3.5) po3nagaeTbes Ha Bl CUCTEMH HE JIUIIE
3a paxyHOK HassBHOCTI apMyIO4HX pedep, a TakoXK 3a paxyHOK TOTO, II0 HECydi IIapu
BUTOTOBJICHI 3 PI3HMX MaTepiaiiB. BiamoBiiHa moyYaTKOBO-KpaiioBa  3ajaya
PO3B’SI3Y€ETHCS 3 JOMIOMOTOK0 CKIHYCHO-EIIeMEeHTHOro Metoay [184].

CtBOpeHa CKIHYEHO-€JIEeMEHTHA MOJIEIh 00O0JIOHKH, 10 BioOpakae B3a€MO3B'SI30K
MOTEHINIATBHOI eHeprii pedopMaliiii B TiJI1 3 MOTEHIIaJIOM 30BHIIIHIX HaBaHTAXKEHb Mae
BUTJISI;

II=E-W, (3.6)
ne E — notenmianbHa eHepris aedopmaritiii, a W — moTeHirian 30BHINIHIX HABAHTAKEHbD.

[Ticnst po30MBKHU CYLIUJIBHOT 00JIACTI HA OKPEMI €JIEMEHTH 3aJIeKHICTh (3.6) HaOyBae

BUIJISITY:

E

S 7 (3.7)

e=1

E
H:EEW—WMP

['moGanbHa MaTpuIls KOPCTKOCTI 1 TIO0ATBHUI BEKTOP-CTOBIEIh B MAaTPUUYHOMY

PIBHSIHHI

(KU ={F} (3.8)
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BIJIITOBITAIOTH CITIBBIIHOIIIEHHSIM:

e-1 (3.9)
Fl=-3 1)
e=1 : (3.10)
HocnimkeHuit  ITUHAMIYHUN  HamnpyxXeHo-AehOpPMOBAHUM CTaH JBOX  THIIIB
HECUMETPUYHOI TPUIIAPOBOI LMIIHAPUYHOI OOOJOHKHM 3 HECYYMMH IIapamMu, fKi
BUTOTOBJICHI 3 PI3HUX MaTepiaiiB.
['eomeTpuyni 1 (i3MKO-MEXaHIUHI MMapaMeTpH IMEPIIOro TUITY OOOJOHKH
HACTYIIHI:
L=04wMm;h;=0,01M=hy; hy=0,02 m; R; =0,08 M; R, =0,11 m; R; = 0,10 Mm;
E,=E; =7 10 TIa; vo=v;=03; po=p; = 2,7 102 xz/ae?;
E,=2-10"Ma v, = 03; p, =78 103%‘;; BIIHOIICHHSI MOJYJIB MPYXHOCTI
HECYYHMX IIapiB i JIerkoro 3amoBHioBava: (£, + E,)/2E, = 50; (E, + E,)I2E, = 500; p,
=25 xz/1¢%, h/IR =0,4.
st aqpyroro Tuiy 0O0JI0HKU:
L=04wm; h;=0,01M=hy; hy=0,02 m; R; =0,08 M; R, =0,11 m; R; = 0,10 Mm;
E;=E =7-10""Ma; v;=v; =0,3; p1=p; =2,7- 10° xz/as*;

E,=2-10"a; v, = 0,3; p, =78 10*Z . pigmomenns MOJYJIIB TPY>KHOCTI

.'IIE !
HECYYMX IIapiB 1 JIerkoro 3amoBHioBava: (E, = E,)/2E, = 50; (E, = E,)/2E, = 500; p,
= 25xz/v*, h/R =0,4.

B 000X MoJiensiXx BUKOPUCTAaHUN TPUBUMIPHUN 00'€MHUI CKIHUEHHI €JIEMEHT, SIKUI
rapaHTye TOYHICTH 1 JIOCTOBIPHICTh OTpUMaHUX pe3ynbrariB. CTBopeHa monens (Puc.
3.13), Brirovana 19200 ckinuenux enemeHTiB 1 22680 By3iB.

Ha o00onoHKYy 1i€ BicecMMETpUHE IMITyJIbCHE HaBaHTaxeHHs (3.4). Apwmytroui
€JIEMEHTH PO3MILITYBAJIUCS B TOUKAX:

x; = [11 + (k - 1)15]Ax; Ax = L/80 = 0,4m/80 = 0,05m. k = 1-5.



82

a b c d

Puc. 3.13. a — BepxHiit HeCyuHii map, b — HIKHIN HECYy4Yuil 1map, ¢ — apMyrodi pedpa,
d — nerkuii 3anO0BHIOBAY.

Ha Puc. 3.14, B mpuBeneHux macmrabax, HaBEICHI 3aJIKHOCTI MaKCHMAaJbHUX
HOPMAJIbHUX TPOTHUHIB Uz Bl POCTOPOBOI KOOPAMHATH X B CEPEAUHHUX IMOBEPXHSIX
HECYy4YMX IIapiB HECUMETPUYHOI TPHUIIAPOBOI  IMIHAPUYHOI OOOJIOHKU, Y SKOI
30BHIIIHIN HECy4Hil Iap BUTOTOBJICHUHN 31 cruiaBy AMI-6, a BHyTpimHIA — 31 crami
(mepuuit Bunagok). Jlerkuit 3amoBHIOBaY BiICYTHIN. JI71s1 m1aHOi TpUIIAPOBOI CTPYKTYPHU
Il MaKCUMYMH JOCSTAalOThCA B MOMeHT uacy t = 3,0T, a BrmacHa mepmia 4acToTa
KOJIMBaHb TaKOi KOHCTPYKIII HECHMETPUYHOI TPHUIIAPOBOI HUIIHAPUIHOI OOOIOHKHU

cTaHoBUTH 2517 '

Us, 10° (m)
6

0
0 0,08 0,16 0,24 0,32 04y (m)

Puc. 3.14. 3anexHOCTI MaKCUMaJIbHUX HOPMaJIbHUX MIPOTHHIB Uz BiJ] TPOCTOPOBOT
KOOPIMHATH X B CEPEIUHHIX MOBEPXHIX HECYUUX IIAPiB HECUMETPUUHOI TPUIIIAPOBOI

MATHAPUIHOT 000JIOHKH (TIEPIITNI BUTIAIOK )
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Ha Puc. 3.15, B npuBenennx mMacmrabax, HaBEACHI 3aJIKHOCTI HAMPY>KEHHS Gyp
BiT TPOCTOPOBOI KOOPAMHATA X B CEPEAUMHHHX TOBEPXHIX HECYYMX IIapiB

HECUMETPUYHOI TPUIIAPOBOT IMMITIHAPUIHOT 000I0HKH. JIeTKuii 3aIT0BHIOBAY BIJICYTHIM.

055, 10°% (fla)
10

X
Puc. 3.15. 3anexHOCT1 HaNIpy>KEHHS Gy, Bl MPOCTOPOBOT KOOPAUHATHU X B CEPEAMHHUX
MOBEPXHSIX HECYUHX IIapiB HECUMETPUYHOT TPUILAPOBOI LIMIIIHIPUYHOI 0O0JIOHKHU
(nepumii BUMAI0K).

Ha Puc. 3.16, B npuBegeHux Mmacmitabax, HaBeJEHI1 3aJ€KHOCTI MaKCUMaJIbHHUX
HOPMAJIbHUX TPOTUHIB Uz BIJ MPOCTOPOBOI KOOPAMHATH X B CEPEIMHHUX MOBEPXHSIX
HECYYUX IIapiB HECUMETPUYHOI TPHUINAPOBOI IMIIHAPUYHOI OOOJIOHKH, Yy SIKOI
30BHIIIHIN HeCyuuid IIap BUTOTOBICHWH 31 cruiaBy AMI-6, a BHyTpimHii — 31 crami
(mepmuit Bunaaok). Jlerkuii 3anouroBau: (E; = E,)/2E; = 50. [{ng aaHol TpUmiapoBoi
CTPYKTYpPH III MAaKCUMYMHU JOCATalOThCA B MOMEHT vacy t = 3,05T, a BrmacHa mepiua
YacTOTa KOJIMBAHb TAaKOi KOHCTPYKLII HECMMETPUYHOI TPUIIAPOBOI LMJIIHAPUYHOT

00O0JIOHKH CTAaHOBUTH 2715 T'11.

J3, 10° (m)

Puc. 3.16. 3anexxHOCTI MaKCUMaTBbHUX HOPMAJIBHUX MTPOTHHIB Uz BiJ] KOOPAUHATH X B
CEepEeIMHHUX MOBEPXHAX HECYUHUX IIapIB HECUMETPUYHOI TPUIIAPOBOI LUIIHAPUYHOT

obosnonku (nieprumii Bunaaok). Jlerkuit 3anmosuiosad: (E;=E,)/2E; = 50
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Ha Puc. 3.17, B npuBeneHnx Macmtadax, HaBEACHI 3aJI€KHOCTI MaKCUMAJIbHUX
HOPMAJIbHUX HAIMPY>KEHb Gy BlJl MPOCTOPOBOT KOOPAUHATH X B CEPEAMHHUX MOBEPXHSIX
HECYYHX IIIapiB HECHUMETPUYHOI TPHUILAPOBOI IMIIHAPUYHOI OOOJIIOHKH, Y SIKOI
30BHINTHIA HECYYM I1ap BUTOTOBIEHUM 31 citaBy AMI'-6 (nmepmmii Bunaaok). Jlerkuii

sanoBHIoBau: (E; = E,)/2E, = 50.

059, 10° (Ma)

X,(m)

Puc. 3.17. 3anexHOCTI MAKCUMaJIbHUX HOPMAJIbHUX HAIIPYXEHb Gpy Bl KOOPAWHATH X B
CEepEeIMHHUX MOBEPXHAX HECYUHUX IIapIB HECUMETPUYHOI TPUIIAPOBOI HUIIHAPUYHOT
obosonku (mepimii Bumaaok). Jlerkuit 3anosuioBad: (E;=E,)/2E=50.

Ha Puc. 3.18, B npuBegeHux Macmrabax, HaBeJIEHI 3aJIeKHOCTI MaKCHMaJIbHHUX
HOpMaJBHUX MPOTHHIB U3 BiJ] IPOCTOPOBOI KOOPAMHATUA X B CEPEIMHHUX TMOBEPXHIX
HECYyYyuX IIapiB HECHUMETPUYHOI TPUIIAPOBOi  IIMJIIHAPUYHOI  OOOJOHKH, fAKl
JocsraloTeess B MOMeHT vacy t = 3,15T, a y 00o0j0oHKM 30BHILIHIA HeCy4Mil miap
BUTOTOBJIIEHUH 31 crutaBy AMI -6, a BHyTpimHIi — 31 cTani (nepmuii Bunaaok). Jlerkuit
sanoHioBa4: (E1=E,)/2E; = 500. BiacHa mepiia 4yactoTa KOJIMBaHb TaKOi KOHCTPYKIII

HECUMETPUYHOI TPUILIAPOBOT LIMITIHAPUIHOI 000JIOHKK CTaHOBUTH 2549 I'm.

Us, 10° (m)

X,(m)

Puc. 3.18. 3anexxHOoCTI MaKCUMaTbHUX HOPMAJIBHUX MIPOTHHIB Uz BiJ] KOOPAUHATH X B
CEepEeIMHHUX MOBEPXHAX HECYUHUX IIapIB HECUMETPUYHOI TPUIIAPOBOI LUIITHIPUYHOT

obosonku (mepimii Bumaaok). Jlerkuit 3anmosuioBau: (E;=E,)/2E; = 500.
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Ha Puc. 3.19, B npuBenennx macmrabax, HaBEACHI 3aJIKHOCTI HAMPY>KEHHS Gy
Bl KOOpAMHATH X B CEPEAMHHMX TOBEPXHSAX HECYYHMX IIapiB HECUMETPUYHOT
TPUILIAPOBOT LUIIHAPUYHOI OOOJOHKHM (mepimuii BuUManok). Jlerkuil 3amoOBHIOBAY:
(E1=E,)/2E; = 500. Jlns maHoi TpUIIapOBOI CTPYKTYpPH LI MAKCHMYMH JOCSTAIOThCS B
MoMeHT yacy t = 3,15T, a BnacHa mepina 4acToTa KOJMBaHb TaKOi KOHCTPYKITIi

HECUMETPUYHOI TPUIIAPOBOI IMITHAPUIHOI 000JIOHKU CTAaHOBUTH 2549 I'L.

022, 10°¢ (fla)
10

X
Puc. 3.19. 3aneXHOCTI HallPY>KEHHS Gy, B1J IPOCTOPOBOI KOOPAUHATH X B CEPEAMHHHIX
MOBEPXHSIX HECYUHX IIapiB HECUMETPUYHOI TPUILIAPOBOI LIMIIIHIPUYHOI 0O0JIOHKHU
(mepmmit Bumanok). Jlerkuit 3anmosuioBau: (E,=E,)/2E; = 500.

Ha Puc. 3.20, B mpuBeneHuX maciitadax, HaBeICHI 3aJIEKHOCTI MaKCUMaJIbHUX
HOpPMaJbHUX NPOTHMHIB U3 BiJ MPOCTOPOBOI KOOPAMHATU X B CEPEIMHHUX IMOBEPXHIX
HECYyYMX IIIapiB HECHMETPUYHOI TPHIIAPOBOI IIIIHAPUYHOI OOOJIOHKH, VY SIKO1
30BHIIIHIN HECY4Mii 1Iap BUTOTOBJICHHM 31 CTalli, a BHYTpilIHINA — 31 cruiaBy AMI-6 —

(mpyruii Bumanok). JIerkuii 3anoBHIOBaY BiICYTHIH.

X,(m)

Puc. 3.20. 3anexxHOCTI MaKCUMaTbHUX HOPMAJIBHHUX MTPOTHHIB Uz BiJ] IPOCTOPOBOT
KOOPJIMHATH X B CEPEIMHHMX MOBEPXHAX HECYUHX IIapiB HECUMETPUYHOI TPUIIIAPOBOI

MATHAPUIHOT 000JIOHKH (Ipyruii BUmaaok) JIerkuii 3armoBHIOBaY BiACYTHIM.
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Jl5is naHoi TPUILIAPOBOi CTPYKTYPH 11 MAKCUMYMH JOCSTAIOTHCSl B MOMEHT Hacy t =
2,5T, a BjacHa mepIIa YacToTa KOJHBaHb TaKoi KOHCTPYKIIi HECHUMETPHYHOI
TPUIIAPOBOT IMTIHAPUIHOT 000IOHKH CTaHOBUTH 2394 T'11.

Ha Puc. 3.21, B npuBeneHux Maciutabax, HaBeACHI 3aJIEKHOCTI HAMPY>KEHHS Gyp
BiJl TPOCTOPOBOi KOOpPAMHATH X B CEPEAMHHHMX IMOBEPXHSIX HECy4YMX IIapiB

HECUMETPUYHOI TPUIIAPOBOI IIIIHAPUYHOT 000TOHKH (APYTUN BUTIATOK).

Oy, 10° (M1a)
3

14 X (m)

Puc. 3.21. 3anexHOCT1 HaNIpy>KEHHS Gy, Bl MPOCTOPOBOT KOOPAUHATH X B CEPEAMHHUX
MOBEPXHSIX HECYUHX IIapiB HECUMETPUYHOT TPUIIAPOBOI LIMIIIHIAPUYHOI 0OOJIOHKHU
(mpyruii Bunmanok). JIerkuii 3anoBHIOBaY BiICYTHIH.

Ha Puc. 3.22, B npuBegeHux Macmradax, HaBeJIEHI 3aJIeKHOCTI MaKCUMaJIbHHUX
HOpMaJBHUX MPOTHHIB U3 BiJ] IPOCTOPOBOI KOOPAMHATUA X B CEPEIMHHUX TMOBEPXHIX
HECYyYMX IIapiB HECHMETPUYHOI TPHIIAPOBOI IMIIIHAPUYHOI OOOJOHKH, VY SIKO1
30BHINIHIN HECY4YHWil IIap BUTOTOBJICHW 31 CTami, a BHYTpIilHIA 31 cimaBy AMI-6—
(mpyruit Bunanok). Jlerkuii 3anouroBad: (E;=E,)/2E; = 50. MakcuMym#u 10CSTraloThes B
MomeHT 4vacy t = 3,35T, a BiacHa mepiia 4yacToTa KOJIMBaHb TakKOl KOHCTPYKIIIT

HECUMETPUYHOI TPUIIAPOBOT IMIIIHAPUIHOI 0OOJIOHKH CTaHOBUTH 2651 1.

Us, 10° (m)

Puc. 3.22. 3anexHOCTI MaKCUMaIbHUX HOPMAJIBHUX MTPOTUHIB Uz BiJ] KOOPAUHATH X B
CEepEeNMHHUX MOBEPXHAX HECYUUX IIapiB HECUMETPUYHOI TPUIIAPOBOI IIUIITHIPHUIHOT

000JIOHKY (Ipyrui Bumaaok). Jlerkuii 3anosuioBau: (E;=E,)/2E, = 50.
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Ha Puc. 3.23, B npuBeneHnx macmiradax, HaBEJACHI 3aJIEKHOCTI MaKCHMAaJIbHHIX
HOpPMAaJIbHUX HAINPY’KEHb Gy B1JI IPOCTOPOBOI KOOPAUHATU X B CEPEAMHHUX IMOBEPXHAX
HECYYHX IIapiB HECHMMETPUYHOI TPHUIIAPOBOI HWIIHIPUYHOT O0O00JOHKH (Apyruit

Bumnazok). Jlerkuii 3amosuioBau: (E1=E,)/2E; = 50.

072, 10° (Na)

X (m)
Puc. 3.23. 3anexHOCTI MaKCUMaIIbHUX HOPMAaJTbHUX HANIPYKEHb Gy Bi KOOPIAUHATH X B
CEpEeIMHHUX MOBEPXHAX HECYUHUX IIapIB HECUMETPUYHOI TPUIIAPOBOI HUIIHAPUYHOT
obosoHku (npyruii Bunaaok). Jlerkuii 3anosutoBau: (E;=E,)/2E; = 50.

Ha Puc. 3.24, B mpuBeneHuX maciitadax, HaBEICHI 3aJIEKHOCTI MaKCUMaJIbHUX
HOpMaJbHUX IPOTHMHIB U3 BiJ IPOCTOPOBOI KOOPAMHATU X B CEPEIMHHUX IMOBEPXHSX
HECYYUX IIapiB HECUMETPUYHOI TPHUIIAPOBOI IWIIHIPUYHOI OOOJOHKH (Apyruit
Bunafok). Jlerkwit 3anoBuroBad: (E;=E,)/2E; = 500. Makcumymu J0CSraloThbcs B

MoMeHT yacy t = 2,95T, a BnacHa nepiia cknagae 2424 I'n.

Us, 10° (m)
A

X, (m)

Puc. 3.24. 3anexH0oCTI MaKCUMaIbHUX HOPMaJIbHUX MPOTUHIB Uz B
KOOPJIMHATH X B CEPEIMHHMX MOBEPXHSIX HECYUHX IIapiB HECUMETPUUHOT TPUIIIAPOBOT
HITIHAPUIHOT 000oHKH (apyruii Bunanok) (E,=E,)/2E, = 500.
Ha Puc. 3.25, B mpuBeneHux maciitabax, HaBeICHI 3aJIEKHOCTI MaKCUMaJIbHUX

HOPMAJILHUX HAMPYX€Hb Gy, BiJ MPOCTOPOBOI KOOPJIMHATH X B CEPEAMHHUX MOBEPXHSIX
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HECYYUX IIapiB HECHUMETPUYHOI TPHUIIAPOBOI HWIIHIPUYHOI O0O00NOHKH (Apyruit

Bunazok). Jlerkuii 3amosuioBau: (E1=E,)/2E; = 500.

0'22, 10° (Ma)

Puc. 3.25. 3anexxH0oCcTI MaKCUMaIbHUX HOPMAJIBHUX HAIIPYKEHb Gy BiJ KOOPAUHATH X B
CEpEIMHHUX MOBEPXHIX HECYUUX LIapiB HECUMETPUYHOI TPUIIAPOBOI LUIIHAPUYHOT
obononku (npyruii Bunanox) (E,=E,)/2E, = 500.

B Tabmumi 3BegHHI pe3ysbTaTH  JOCHIKEHb JUHAMIKM HECHUMETPUYHHUX
TPUIIAPOBUX IMIHAPUYHUX O00OJIOHOK Tipu nii HaBaHTakeHHs (3.4). BepxHs udacTHa

Ta0NMII BIAIPBIAAE BUNAAKY, KOJIM BHYTPIIIHINA HECYYHid Iap BUTOTOBJIEHUH 31 CTal, a

30BHIIIHIN 3 AMI -6, HWKHIA — HaBIIAKH.

[TapameTpu 1 — BHYTpIIIHS 1 Brmacua
p p t uBmax. 106 Gzzmax. 10-6
Koud. o6ou. 2 — 30BHIlIHA dactoTa, [
3,0T 1 4,61 8,01 2517
o/m
2 3,21 3,61
A/C 50 3,05T 1 4,35 10,75 2715
h/R =0,4 2 3,75 2,87
3,15T 1 7,45 7,15 2549
500
2 2,85 5,35
2,5T 1 -5,82 -12,05 2394
o/m
2 6,01 3,81
C/A 50 3,35T 1 3,95 8,51 2651
h/R =0,4 2 4,52 2,87
2,95T 1 -6,21 5,85 2424
500
2 534 534
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[IpoBeneni B maHOMYy pO3AUTL JOCHIIKEHHS BHUKOPHUCTAHHS B 3allOBHIOBAYl
MaTrepiaidiB 3 HU3BKHUMHM MAaCOBHUMH XapaKTEPUCTUKAMH JI03BOJISIE TIPU TOPIBHSHO
HEBEJIMKOMY 301IbIIICHH] Bard KOHCTPYKIii (Ha 1-3 BiZCOTKH) iCTOTHO MiABUIIUTH il
3TUHAJBHY KOPCTKICTb.

Bucnoexku 0o mpemuozo po3oiny.

B nganomy po3gini  mpoBeleHI JOCHIIKEHI 3aKOHOMIPHOCTEH MPOTIKaHHS
XBUJHOBUX TIPOIECIB B HECUMETPUUYHUX TPHUIIAPOBUX IIIIHIPUIHUX OOOJOHKOBHX
CTPYKTYypax 3 JUCKPETHO-CUMETPUYHUM JIETKUM, apMOBAaHUM peOpaMu 3all0BHIOBAYEM
Ipy  HECTAIIOHAPHWUX HaBaHTaXeHHAX. [loka3aHo, IO BHUKOPUCTAHHSA JIETKOTO
3al0BHIOBaYa 3 HU3bKUMH MAaCOBUMH XapaKTEPUCTUKAMH JIO3BOJIAE IMPHU TMOPIBHIHO
HEBEJIIMKOMY 301JbIIIEHHI Bard KOHCTPYKIIi Ha 1-3 BiJICOTKM 1CTOTHO MiABUIIUTH i1
3TUHAJIBHY KOPCTKICTh. TaKMM YHWHOM, OCITIDKEHHS HECTAI[lOHAPHUX KOJIHMBAHb
HECUMETPUYHHUX TPUIIAPOBUX UWIIHAPUYHUX OOOJIOHOK OOEpTaHHS, MPOBEACHI B
HIMPOKOMY [I1aia30H1 3MiHU (PI3UKO—MEXaHIYHUX MapaMeTpIB HECYUHX IIapiB, BUSBHIN
ICTOTHHMI BIUIMB HA MapaMeTPH KOJIMBAaHb: MPU BUTOTOBIICHHI BHYTPIITHROTO HECYYOTO
miapy 3i craii, a 30BHIIIHBOro 3 AMI™ 6, Ha 28% 3011bIIy€e KOJIOB1 HAINPY>KEHHS Gy, B
CTajll, a Iepuia BJIACHA YacToTa Takol OO0OJIOHKK 30uIblIIyeTbcss Ha 136%. Taki
pe3yNbTaTH JAEMOHCTPYIOTh 3HAYHHI BIUIMB JIETKOTO 3allOBHIOBaYa HA JIMHAMIYHY
MOBEJAIHKY HECUMETPUYHOI TPHUIIAPOBOI IMIHAPUYHOI 000J0HKK. Po3pobneHi
IHKEHEpHI  METOAM  PO3PAXYHKIB  HEOJAHOPIAHUX  TPUILIAPOBUX  UMIIHAPUYHUX
00O0JIOHKOBHUX €JIEMEHTIB MPU JTUHAMIYHUX HABAaHTAKCHHSX, 110 MA€ BEITUKE 3HAYCHHS

IIPU pO3paxyHKaxX TOHKOCTIHHUX KOHCTPYKIIIM Ha MIIHICTb.
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Po3nia 4
JOCHIIKeHHS] HECTALIOHAPHUX BUMYILIEHUX KOJIUBAHb
TPUIIAPOBUX KOHIYHUX 000JIOHOK 3 TMCKPETHO—
CUMETPUYHUM JIETKHUM, APMOBAHUM pedpamu

3allIOBHIOBaA4YE€M

JluckpeTHO—CUMETpHUYHA HEOJHOPIHA 110 TOBIIMHI MPYKHA CTPYKTYpa KOHIYHOTO
TUITy SIBJIsi€E COOOI0 CUCTEMY, IO CKJIAJAETHCA 3 BHYTPIIIHBOI 1 30BHIIIHBOI TIAJIKMX
KOHIYHUX OOOJIOHOK (BHYTPIIIHIM 1 30BHINIHIA HeCyduid map) 3 BIANOBIIHUMU
TOBUIMHAMU 1 paxaiycamu. lloknamaerbes, IO CEpelMHHI JiHIT LIHUX OOOJIOHOK
napajielibHi, TOOTO KyT KOHYCHOCTI O 3araibHUil. OOOJIOHKH >KOPCTKO 3’€JIHaHI MIXK
co00I0 AUCKPETHUMHU peOpamu 1 JIETKUM 3alloBHIOBaueM. BBakaeThcsi, 110 TpUIIapOBa
KOHIYHA CTPYKTypa HaBaHTaXeHa BHYTPIIMIHIM BICECUMETPUYHUM PO3MOJLICHUM

HECTAI[iOHAPHUM HOpMalbHUM HaBaHTaxeHHsM P3(S,t), me S i t — mpocroposa i

4acoBa KOOPJUHATH.
[Ipu posrisaal BiceCeCMMETPUYHMX KOJIMBaHb KOHIYHHUX OOOJIOHOK 3a3BHYaid

BUKOPUCTOBYETHCSI CUCTEMA KOOpAUHAT S, I, mpuyoMy KoopirMHaTa S BIIPaXOBYETHCS

BiJl BEpPIIMHU KOHYyca. Y BHMAJAKY 3pi3aHOi KOHIYHOI OOOJIOHKH, OUIBII 3pYyYHUM €
BUKOPUCTAaHHS KOOPJIMHATH S, SIKA BIIPAXOBYETHCS BIJ Kparo 0O0JOHKH 3 pajiycoM Ry.
B Takomy Bumajgky MOTOYHUN pajlyc KOHIYHOI OOOJIOHKM BHUPAXOBYETHCS 3T1THO
dopmymu: Rs= Ry + s-sina., 1e o — KyT KOHYCHOCTI.

Buxosuu 3 IpuBeIcHUX 3aJIe)KHOCTEH Ta piBHAHB (2.36), sIKi HAaBEACHO B APYTrOMY
po3AUTl AMcepTaii 3amuIIeMO pPIBHSHHS KOJIMBAaHb HECHMETPUYHOI TPHUIIAPOBOI
KOHIYHOT OOOJIOHKH 3 JIETKUM JIUCKPETHO-CUMETPHYHHUM 3allOBHIOBAYEM, apMOBAHUM

JTUCKPETHUMHU pedpaMu B HACTYITHOMY BUTJISIIL:

. . 2
Ty, ThL 4 . Pk
cosa—= +£—1—ﬂ;‘rf{n = p,h: ?1
ds R, hi B T gt (4.1)
; 352
aM:, 2h, hy 0" @}

Losg ~T+—=M3;=p

Ry 112 p¢
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t 2,0
1 £ ianrla_ h 9% uy,

9Ts Ty t —n.h. P—
cosa—, Ris Rpshy 1 hy ax (1+ 2R53)P! pihy Atz i=1z2
6]’_1::1 I - . 5:11-1-&
+ (TE — TR+ =ML =p.h.——
cosaa. R 1 13/ i Pelte=33
Mj £ 1o , a:“ih'l
cosa— == — Tis +R—E;ri’1n =Pihi—3
2
oTL 1 a"uf,
cosa -— "
ds R, t o2
1 0T, &%, 0%uy, gy,
[Tll]j+A_2 da, = ij ot [T13]j:pj|:j PYE [Mll]j:pjlkrj?l'

Lle nBi cucTeMu piBHSIHB JI€B’ITOTO MOPSIIIKY.

Ha ninisx po3pusiB B piBHAHHAX KomusaHb (4.1) [T,]:[T;]:[M,,], — Binnosizarots
3yCHJUIIM—MOMEHTAaM, SIKi JIFOTh Ha j— i TUCKPETHUI €IeMEHT 3 00Ky HECY4HX IIIapiB.

ChiBBiAHOIICHHS MK BEJIWYMHAMH 3YCHJIb—MOMEHTIB Ta  BIJNOBIAHUMU
BEJMYMHAMU JePopMalilii MatOTh BUTJISI

T1k1 = B]I.(l(glkl + V;‘c";z ) T2k2 = B:li.(l(gz + Vlkglkl) ) lea = stglksv M1k1 = Drl(Klkl + V;ng ) (42)
k k k k. k
M3, = D3 (122 + vy K71), Tzzj = Bzzjgzzj-

CHiBBIJHOIIEHHS] MDK BeIMYMHAMH Jedopmaiii Ta BEIMYMHAMHU Yy3arajlbHEHHX

BEKTOPIB MEPEMIIIEHB 3aMUCYIOThCS Y BUTIISIAIL:

ouk sina cosa ouk
51k1 = 881 ) 5;2 = R ujl.( + R ' 51k3 :(/’1k + 883 ) (4-3)
K K
k _ 8¢1k k _ Sln a
1= ) Ky = Z
0s R,

PiBusiHHst KkonmBaHb (4.1) [OMOBHIOIOTHCS BIAMOBIAHMMH TPaHUYHAMHU Ta

IMOYaTKOBUMH YMOBaMHU.

4.1. HecranioHapHi BUMyllIeHI KOJIMBAHHA CUMETPUYHUX TPHIIAPOBHUX
KOHIYHHMX 000JIOHOK 3 THCKPETHO—CUMETPUYHUM JIETKHUM, APMOBAHUM

pedpamMu 3aM0BHIOBAYEM
PosrisinyTa 3agaya AuHaAMI4HOTO Ae(OpMYBaHHS TPUIIAPOBOI KOHIYHOT 000JIOHKHU

3 JKOPCTKO 3allleMJICHUMHM TOPILSIMH TiJ J1€I0 BHYTPIMIHBOIO PO3MOA1IEHOTO
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HaBaHTAXCHHS P3 (s,t). I'panuuni ymoBH TIpH S =Sp, S=SN U1 Hecydux LIapiB

MAarTh BUTJISII: uf =Uu I;; = (pi( =0, k=12.; nouarkoBi yMOBH HYJILOBI: JJIs HECYUHX
mapiB mpu t =0 u} =uj =¢] =0, a;tl = 6;; = ﬁagil =0; (i=1 2).

HecrarionapHe iMITyJIbCHEe HaBaHTa)XCHHS 3aJ1aBajiocs y Burismi (3.4).

B pospaxynkax mokmagamocs A =106Ha; T =50-10"%¢. PospaxyHku

MPOBOJAMIIUCH MPU HACTYITHUX FEOMETPUUHUX Ta (P13MKO—MEXaHIUHUX MMapaMeTpax:

E1=Ef =E;=7-10"Tla; p; =py=p;=2.7-10°keis®, vi =vi=v =03

R;=0,3m;R;/h; =30; h;=h,=0,01 m; H=2hy; o0 =/12 = 15%, Fj=2 1074 M2,
3Bincu cuinye, Fy)= Hj-h;=2- 10 M2, ah;=0,01m.
JluckpeTHi MiIKpIIUIIOI0Ul €JIeMEHTH po3TamoBaHO B Toukax Sj = [6 + (K - 1)16]As
k=15, As=(sy—50)/80. (Sx-So)=0,39 m.
OTpumaHi 4YHCEIbHI PE3yJIbTaTH JO3BOJIAIOTH NPOBOJUTH aHAIi3 HAMpPYKEHO—
n1e(opMOBaHOTO CTaHy TPHIIAPOBOI MPYKHOI CTPYKTYPH KOHIYHOTO THITY B OyIb SIKUil
MoMeHT 4acy (po3paxynku mpoBoawiucs npu 0 <t <40T). Sokpema, Ha puc. 4.1, B

NPUBEICHOMY MacuITadl, HaBeIeH1 3aJI€KHOCTI BEJIMYMH HOPMAJIBHUX MPOTUHIB U3 BiA
npocropoBoi koopauHatH S. KpuBa 3 1Hzekcom 1 Bignosigae BenuuuHi Ug
BHYTPIIIHBOI KOHIYHOI OOOJIOHKH, a 3 IHIEKCOM 2 — BeNW4YMHI U3 30BHIIMIHBOT KOHIYHO]
obomonkn B MoMmeHT dacy t = 3,15T (wac mOCATHEHHS MaKCHMAaJbHOTO 3HAYCHHS
BenmuuuH Ujz). Jlerkwmii 3amoBHIoBau BincyTHid. Touku 3’emHaHHs KpuBux 1 i 2

BKa3ylOTh Ha pO3TalllyBaHHA JIHUCKpPETHHX pedep. Buxonasum 3 mnpenctaBieHOro
rpadiyHOro Marepiagy MOXHa Bi3yaJbHO BU3HAUWUTHU BIUIMB KOHYCHOCTI CTPYKTYpH Ha
AHTUCHMETPUYHICTh PO3NOALTYy BEJIWYMHU Ug IO NPOCTOPOBI KOOpAMHATI (SK
YaCTHHHUI BHIIQIOK, JUIA [HIIHIPUIHOI 000I0HKH Y BUmaaky o =0 crocrepiraerbes

CUMETPUYHA KapTHUHA BIJTHOCHO OCi S).
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Us, 105 (m)

0 0,065 0,13 0,195 0,26 0,325 0’39)(,(/\/!)

Puc. 4.1. 3anexuicts Besmaun U3 (1)1 uj (2) Bix mpocTOpOBOi KOOPAUHATH S B KOHIUHIN
000JIOHIII 3 peOpUCTUM 3aNIOBHIOBaYEM O€3 MHOIIACTY B MOMEHT yacy t = 3,15T.

OtpuMaHni pe3yibTaTd A0OpE Y3TrOKYIOTHCS 3 pe3yibTaTaMH, SKI HaBEJCHI B
poborax [136, 144]. Ilepmia BiiacHa 4YacToTa JaHOI TPHUIIAPOBOI CTPYKTYpU CKIIaaae
1602 Hz.

OxpiM 1BOTO, M1 BepHUPIKalii 00UNCITIOBAIIBHOI MPOrpaMU B PO3paxyHKax OyJio
noknaaeHo o =0, S = X. [Ipu 11boMy OTPUMYIOTHCSI PIBHSHHS IS IIMUTIHIPA PaalycoM
Ro1 moBxkunor L = Sy = 0,39 M. JluHamivH1 IPOIIECH TOCTIHKYBAIKCS B IPOMIKKY T10
yacoBi 0< t < 40T. Ha puc. 4.2 HaBezeHi rpadiku 3aJIe)KHOCTI HOPMAJIbHUX MPOTHHIB
st Hecyunx mapis ui(1) i uZ(2) Bix Mo3I0BXKHBOT KOOPAMHATH S B MOMEHT dacy t =
3,15T (uac nocsTHEHHS MaKCHMAaJIbHOT'O 3HAUCHHS BEJIMUHMH U3).

3 rpadika Ha puc.4.2. BUAHO, IO NPOTMHU U3 ISl TPHUIIAPOBOI HHUIIHAPUIHOI
00OJIOHKM CHUMETPHYHI BIAHOCHO LEHTPAIBHOIO MEPETUHY OOOJOHKH, IO TaKOXK €
MOoOIYHUM MIATBEPKEHHSM JOCTOBIPHOCTI PE3yJIbTaTiB, OTPUMAHUX JUIsI TPHUIIIAPOBOL
KOHIYHOI 00osoHku. Ilepmia BracHa yacToTa AAaHOI IMIIHAPUYHOI TPHOXIIAPOBOT

CTPYKTYPH CTaHOBHUTH 1533 I'L.
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0,065 ; 0,195 0,26 325 0,39
1 X,(m)

Pric. 4.2. 3anexnicTs Besmaun U3 (1)1 uj (2) Bix mpocTOPOBOI KOOPAUHATH S B
UTIHAPUYHINA 000JIOHIII 3 peOpPUCTUM 3aMl0OBHIOBAaYEeM 0€3 MIHOIIACTY B MOMEHT 4acy t
= 3,15T.

L{i pe3ynbTaT TaKOXK A0Ope y3roKYIOThCs 3 podoToro [148].

Ha puc. 4.3, B mnpuBeaecHoMy MacmTadl, HaBEICHI 3alie’KHOCTI BEJIUYUH
HOPMAaJTbHIX HAIPYKeHb 6 (1) 1 62,°(2) Bix MpoCcTOPOBOi KOOPAMHATH S B TPHIIAPOBIiA
KOHIYHIA o00onoHLi. KpuBa 3 i1HAgexkcoM | BiANOBIJla€ BEIWYUHI Gy BHYTPILIHBOI
KOHIYHOI 00O0JIOHKH, a 3 1HJAECKCOM 2 — BEJIMYHHI Gy, 30BHINIHHOI KOHIYHOI OOOJIOHKH B
mMoMeHT vacy t = 3,15T (4ac mOCSTHEHHS MaKCHMAJIbHOTO 3HAYCHHS BEJIMYUH Gpp).

Jlerkuii 3aroBHIOBaY BIJCYTHIM.

J5-,10° (17
10 42 UL

. 1

AT TN

0 0,065 0,13 0,195 0,26 0,325 0,39,
X,(m)

. 1 . 2 . .
Puc. 4.3. 3ajiexHicTh BEIMYHH G, (1) 1 02,°(2) Big MpOCTOPOBOT KOOPIUHATH S B
KOHIYH1M 000JIOHLI1 3 peOpUCTUM 3aMlOBHIOBa4YeM 0€3 MIHOIJIACTY B MOMEHT 4acy t =

3,15T. [lepma BracHa yacToTa IaHOT TPHOXIIIAPOBOI CTPYKTYpH cTaHOBUTH 1602 1.
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Ha puc. 4.4, B mnpuBegeHoMmy MacmTadl, HaBelAeHI Tpadiku 3aJeKHOCTI
HOPMAJbHUX MPOTHHIB [T Hecyunx mapiB ua(1) i uZ(2) Big mo3noBxkHBOT KOOPIHHATH
S B MOMeHT uacy t = 2,25T (uac IOCSTHEHHS MaKCHMAaJbHOTO 3HAUCHHS BEIMYMH U3).

BigHomieHHs: MOJIyJiB MPY>KHOCTI HECYUHX IIapiB A0 Jierkoro 3amoBHIoBaua E;,/E; =
50. Touku 3’eaHaHHS KpUBHUX 1 1 2 BKa3ylOTh Ha pO3TAllyBaHHS JUCKPETHUX pedep.
Buxoasun 3 mpencraBieHoro rpadiyHOro Marepialy MOKHa Bi3yaJdbHO BHU3HAUYHUTH

BIUIUB KOHYCHOCTI CTPYKTYpH Ha aHTHCUMETPHYHICTb PO3MOALLY BEIUYMHM Ug IO

npocTopoBiil koopauHati. [lepimia BracHa YacToTa AaHOT TPHOXIIAPOBOI CTPYKTYpHU

cTa”HOBUTH 1774 T'1L.

Us, 10° (m)
5

ﬂ N\ A

/ LY

7 LS

L - 0,065 013 0.195 0.26 0.325 0'39X,(M)
Puc. 4.4. 3aneXHOCTI HOPMaJIBbHUX TIPOTHHIB [T Hecydnx mmapiB ua (1) i u2(2) Bin
MO3/I0BXKHBOT KOOpAUHATH S B MOMEHT vacy t = 2,25T, E, ,/E; = 50.

Ha puc. 4.5, B mnpuBeneHoMy wmacmtalbi, HaBEICHI 3aJIEKHOCTI BEJIMYUH
HOPMAaTbHHX HAMPYKeHb 6, (1) i 62,°(2) BiZ MPOCTOPOBOi KOOPAMHATH S B TPHIIAPOBIiA
KOHIUHIA o6omnonii. KpuBa 3 iHgexkcom 1 BIAMOBiga€ BETUYHMHI Gy BHYTPIIIHBOT
KOHIYHOI 00OJOHKH, a 3 1HAEKCOM 2 — BEJIMYUHI Oy, 30BHIIIHHOI KOHIYHOI OOOJOHKHU B
MoMmeHT vacy t = 2,25T (4ac JOCATHEHHS MaKCHMAaJbHOTO 3HAYCHHS BCIMYHH Gpp).
E1./E; = 50. Ilepma Bi1acHa yactoTa JaHOI TPHOXIIAPOBOI CTPYKTYpU CTaHOBUTH 1774
I

Ha puc. 4.6, B mnpuBegeHoMy MaciuTall, HaBeleHI Tpadiku 3aJeKHOCTI
HOPMaJbHUX MPOTHHIB [T Hecyunx mapiB ua(1) i uZ(2) Big mo3noBkHBOT KOOPIHHATH

s B MomeHT yacy t = 3,0T (uac mocsArHeHHS MaKCUMAaJIbHOTO 3HAYEHHS BEeINYUH U3).
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0 0,065 0,13 0,195 0,26 0,325 0,35
X,(m)

Puc. 4.5. 3a1eKHOCTI BEIMYHH HOPMAIbHAX HATIPYKEHb G2 (1) 1 62,°(2) Bix

MIPOCTOPOBOI KOOPJIMHATU S B TPHUIIAPOBIi KOHIUHIN 000m0HIIi, By o/E; = 50.
BigHomeHHs MOJyJIB MPY>KHOCTI HECYyYMX MIapiB JO JIETKOro 3alOBHIOBAaYa
E12/Ei = 500. Touku 3’enHanHs kpuBux 1 1 2 BKa3yrOTh Ha PO3TAIIYBaHHS JTUCKPETHUX
pebep. Buxonasguum 3 NpencTaBlICHOr0 TrpapiyHOrO MaTepially MOXHa Bi3yaJlbHO
BU3HAYUTH BIUTUB KOHYCHOCTI CTPYKTYPH Ha aHTUCUMETPUYHICTh PO3MOALTY BEITUYUHU

U3 mo npocTopoBiii koopauHati. llepma BracHa wacToTa JaHOi TPHOXIIAPOBOI

CTpyKTypH cTaHoBUTH 1620 I'11.

. Us, 10° (m)

5

0 0,065 0,13 0,195 0,26 0,325 O,%F)X/ (m)

Puc. 4.6. 3aJle)XHOCTI HOPMABHUX TIPOTHHIB JUIS Hecydnx mapis ui (1) i uZ(2) Bix

MO37I0BXHBOT KoopaArHaTH S B MOMeHT vacy t = 3,0T, E; »/E; = 500.
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Ha puc. 4.7, B mnpuBeneHoMy wmacmrTabi, HaBEICHI 3aJIEKHOCTI BEIMYUH
HOPMAaJTbHHX HAIPYkKeHb 6 (1) i 62,°(2) Bix MPOCTOPOBOi KOOPAMHATH S B TPHIIAPOBIiA
KOHI4HIM oOomyonIl. KpuBa 3 iHmexkcoM 1 BiANOBiJla€ BEIMYMHI Gp; BHYTPIIIHBOI
KOHIYHOT 00OJIOHKH, a 3 1HJIEKCOM 2 — BEJIMYHHI Gy 30BHINIHBOI KOHIYHOI 0OO0JIOHKH B
mMoMmeHT 4acy t = 3,0T (uac TOoCSITHEHHSI MAaKCHUMAJIBHOTO 3HAUCHHS BEJIMYHH Gp,). Eq o/E;

= 500. [Tepma BracHa yacToTa JaHOI TPHOXIIIAPOBOiI CTPYKTYpH CTaHOBUTH 1620 I'11.

055, 10 (1]
J22- (Ma)

, f — \

/] % N\
S \

0 o.06s 013 0195 026 0325 03%, ()
Pric. 4.7. 3ae)XHOCTI BEIMUYHH HOPMATBHUX HATIPYKEHb 0, (1) 1 62,°(2) Bix
IPOCTOPOBOI KOOPJIMHATH S B TPUIIAPOBIii KOHIUHINA 0000HII, E; »/E; = 500.

4.2. HectanioHapHi BUMYIIIeHi KOJIMBAHHS HECUMETPHUYHUX
TPUIIAPOBUX KOHIYHUX 000JI0HOK 3 TMCKPETHO—CUMETPUYHUM JIETKUM,
apMoOBaHMM pe0paMu 3alI0BHIOBaYeM

JocniauMo HecTalliOHapHI BUMYIIEHI KOJIMBaHHS HECUMETPUYHUX TPUIIAPOBHUX
KOHIYHMX OOOJIOHOK 3 JUCKPETHO—CHUMETPUYHUM JIETKUM, apMOBaHUM peOpamu

3armoBHIOBaueM. PO3paxyHKH TPOBOIWINCH MPU HACTYMMTHUX T€OMETPUYHUX Ta (Hi3UKO—

MEXaHIYHUX MapaMeTpax:

El =2 x 10 [Ia; ET = E; =7x 10°°lg; pi = 7,8 X 10°kr/m°,

pt = p, = 27X 10°kr/m®, Ry =0,3m;R1/hy =30; h;=h, =0,01 m;H;=2 hy;
a =n/12 =15% Fj =2 -10_4M2. 3Biacu crinye, Fy;= Hj-h; = 210" Mm% a h; = 0,01 m.

[le 3HAYUTBH, 110 BHYTPILIHIA HECYYUH 1Iap BUTOTOBJIEHUH 31 CTajl, a 30BHILIHINA —

31 cruiasy AMIT-6, ToBmuHa niHoruiactoBoro mapy oyzae 0,02 m. BigHouienHs MoayniB



98
Hecy4yux ImapiB i jerkoro 3anoBHioBava (E;+E;)/2E; = 50. JuckperHi miakpimumowi
eIEMEHTH po3TarioBaHo B Toukax S = [6 + (K - 1)16]As K =1,5, As= (SN —Sg)/80.
(Sn-S0)=0,39 M
OTpuMaHi 4YHCENbHI PE3yJbTAaTH O3BOJIAIOTH MPOBOJUTH AaHAJI3 HaIMpPYXKEHO—
ne(hOopMOBAHOTO CTaHy HECUMETPUYHOI TPHUIIAPOBOI MPYKHOI CTPYKTYpU KOHIUHOTO
TUIYy B Oyab sSKHi MOMeHT uacy (pospaxyHku mpoogmmmcs mpu 0 <t <40T).
3o0kpema, Ha puc.4.8, B mpuBenecHOMY MaciuTali, HaBEJCHI 3aJICKHOCTI BEIMYUH
HOPMaJbHUX IPOTUHIB CEPEJUHHUX IOBEPXOHb U3 Bl IPOCTOPOBOI KOOPAMHATH S.
Kpusa 3 iHgekcom | BiAnoBifae BeIW4YMHI Ug BHYTPIIIHBOI KOHIYHOI OOOJIOHKH, a 3
IHJIEKCOM 2 — BeNMYMHI U3 30BHIIIHBOI KOHIYHOI 0OOJOHKUM B MOMeHT uacy t = 3,1T
(yac JOCSTHEHHS MAaKCHMAaJIbHOI'O 3HAu€HHs BelMW4yMH Ug). Jlerkuil 3amoBHIOBadY
BiicyTHIM. Touku 3’e€qHaHHsA KpuBHX | 1 2 BKa3ylOTh Ha PO3TAllyBaHHS JUCKPETHHUX
pebep. Buxonsuu 3 mpencraBieHOro rpagigyHOro Marepialy MOXHa Bi3yallbHO
BU3HAYHTH BIUTUB KOHYCHOCTI CTPYKTYPH Ha aHTUCUMETPHYHICTh PO3MOIIITY BETUINHN
U3 mo mpocTopoBiii koopausati. Ilepmia BracHa dYacToTa KOHIYHOI CTPYKTYpHU

CcTaHOBUTH 1559 '

 Us 10° (m)

1 \/\ \\
4 \ '\\
/// \/ / \\‘

’ 4 2/ \\

0 0,065 0,13 0,195 0,26 0,325 0,39,
X, (m)

Puc. 4.8. 3anexHOCTi BenmMuuH HOpManbHUX nporuHiB Ui (1) i uZ(2) Bix mpocToposoi
KoopauHaTy S. Jlerkuii 3armoBHIOBaY BiJICYyTHIH.
Ha puc. 4.9, B mnpuBeneHoMmy wmacmrTabi, HaBEICHI 3aJIEKHOCTI BEIHYUH
HOPMAJIbHUX HAIPYXKEHb B CEPEIUHHUX TTOBEPXHAX Gy, BIJI MPOCTOPOBOI KOOPIAMHATH S .

KpuBa 3 ingekcom 1 BiJMOBiJla€ BEIUYHMHI Gy BHYTPIIIHBOI KOHIYHOI OOOJIOHKH, a 3
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IHIEKCOM 2 — BEJMYMHI Gy 30BHINTHLOI KOHIYHOT 000JOHKM B MOMEHT 4acy t = 3,1T
(4ac JOCSATHEHHS MaKCHUMajbHOI'O 3HAUCHHS BEIMYHMH Gp). JIErKui 3amoBHIOBAY
BijicyTHIH. Touku 3’e€qHaHHsA KpuBHX | 1 2 BKa3yrOTh Ha PO3TAIIyBaHHS JUCKPETHUX
pebep. Buxomsum 3 mnpenacrtaBieHoro rpadiyHOro marepialy MOXKHA Bi3yaJbHO
BU3HAYHMTH BIUIUB KOHYCHOCTI CTPYKTYpH Ha aHTHCHUMETPHUYHICTH PO3IOALTY BEIUYUH

G2 110 TIPOCTOPOBIM KOOPIMHATI.

()_22, 10° (Ma)
14

2 0083 013 0425 0:26 0325 O‘ZOX,(/\A)
Puc. 4.9. 3anexHoCTi BEIMYMH HOPMAJIBHUX HANIPYKEHb B CEPEANHHUX IMOBEPXHIX
62,'(1) 1 62°(2) Biz IPOCTOPOBOT KOOPAHHATH S . JIerKuii 3aMOBHIOBAY BiACYTHIil.
Ha puc. 4.10, B mnpuBeneHoMy wmacimTabi, HaBEACHI 3aJIe)KHOCTI BEIMYUH

HOpPMaJbHUX HPOTUHIB CEPEJUHHUX IOBEPXOHb U3 BiJ MPOCTOPOBOI KOOPAMHATU S.
KpuBa 3 1Haekcom 1 Bianmosigae Bennu4uHI Ug BHYTPIIIHBOI KOHIYHOI OOOJIOHKH, a 3
1HIEKCOM 2 — Benn4rHi U3 30BHIIIHBOI KOHIYHOI OOOJIOHKM B MOMEHT uacy t = 2,45T
(yac MOCSTHEHHs MAaKCHUMaJbHOIO 3HA4YeHHs BeIMYMH Ug). BigHomeHHs MonyniB

MPYXKHOCTI MatepiajiB HECYy4uX IIapiB JO MOAYJIB MPYKHOCTI JIETKOTO 3allOBHIOBAaYa
HactynHe (E1+E;)/2E, = 50. Touku 3’eqnanHs kpuBHX | 1 2 BKa3yrOTh HA pO3TalllyBaHHS
TUCKpeTHUX pebep. Buxonsum 3 mpeacraBieHOro rpadidyHOro marepialy MOXKHA
Bi3yaJIbHO BU3HAYUTH BIUIMB KOHYCHOCTI CTPYKTYPH Ha aHTUCUMETPUYHICTH PO3MOILITY

BEIMYMHM U3 MO MpOCTOpoBId KoopauHari. Ilepma BrnacHa dYacTtoTa KOHIYHOL

CTPYKTYpH CTaHOBUTH 1746 I'L.
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U3, 10° (m)

0,13 0,195 0,26 0,325

Puc. 4.10. 3aneXHOCTi BETHMYIH HOPMATLHHEX HPOTHHIB CEPEIMHHNX TTOBEPXOHb 14 (1)
i uZ(2) Bix mpocTopoBoi KoopauHaTH S. J1s erkoro 3anosHioBaya (E,+E,)/2E, = 50.

Ha puc. 4.11, B mnpuBeneHoMy wmacmTaldl, HaBEAECHI 3aJI€KHOCTI BEJIMYUH
HanpyXeHb B CEPEAMHHMX MOBEPXHIX Gy, BiA MPOCTOpoBOi kKoopauHatu S. Kpusa 3
1HJIeKcoM | BIJNIOBIZIa€ BEIMUMHI Cp; BHYTPINIHBOI KOHIYHOI OOOJIOHKH, a 3 1HIAECKCOM
2 — BENWYMHI Gy 30BHIIIHKOI KOHIYHOI OOOJIOHKM B MOMEHT 4dacy t = 2,45T (uac
JOCATHEHHS] MaKCUMaJIbHOT'O 3HAUEHHS BEJIMUUH Gy,). BiHOIIEHHS MOy TIB PY>KHOCTI
MaTepiaiiB HECy4YHMX IIapiB 0 MOAYIIB MPY>KHOCTI JIETKOTO 3allOBHIOBAYa HACTYITHE
(E1+E)/2E; = 50. Toukm 3’eqHaHHS KpuBUX 1 1 2 BKa3ylOTh Ha pPO3TallyBaHHS
JTUCKpPETHUX pebep. Buxoasum 3 mpeacraBieHOro rpadiuHoOro marepiany MOXHa
BI3yaJIbHO BU3HAYUTH BIUIMB KOHYCHOCTI CTPYKTYPH Ha aHTUCUMETPUYHICTh PO3MOJILITY

BEJIMYMHU U3 10 NpocTOpoBill koopauHati. Ilepma BraacHa dYacToTa KOHIYHOI

CTPYKTYpH CTaHOBHUTH 1746 I'11.
022, 10° (Ma)

8

PN
6 / \2 \\' | Y

3

0,065 ,13 ,195 0,26 0,325
0 ,01 0,13 0,195 5 25 031)(’”}1.}

Pric. 4.11. 3a7I©XKHOCT] BETHYNH HAIPYXKEHb B CEPEINHHIX MOBEPXHIX 025 (1) 1 62°(2)

BiJl IIpOCTOPOBOI KoopauHatu S. Jls nerkoro 3amosuioBaya (E;+E,)/2E, = 50.
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BHCHOBKH 10 4eTBEPTOI0 Po3/iay.

3 NpoBeACHUX PO3PaxyHKIB CIIiIye, II0 JETKU 3alIOBHIOBAY 3HAYHO BIUIMBA€E Ha
JTUHAMIYHI TPOTIECH B TPUIIAPOBHUX KOHIYHHUX OOOJOHKAX 3 JUCKPETHO-CHMETPUYHUM
JIETKUM, apMOBaHUM pelOpaMu 3amoBHIOBaueM. B cHMeTpuUUHIM KOHIYHIA CTPYKTYpi
MaKCHMaJbHi HOPManbHi TPoruHN ui(1) BHYTpIIIHBOrO HECYYOTro IIApy 3a PaxyHOK
BIUIMBY ITiHOIIIACTY 3MEHIIYIOThCS B 2,61 pasu, a i u2(2) ms 30BHIIIHBOTO HECYHYOTO
mapy — B 2,22 pasu. Ilepmra BnacHa yactora 301ab1nyeTrbes Ha 10,7% i1 cuMeTpuaHOl
KOHIYHOI CTPYKTypu 3 miHominactoM E;,/E; = 50, a mns minommacty E;,/E; = 500
IPAKTUYHO HE 3MIHIOETHCS.

B HecuMeTpuyHiil KOHIUHIM CTPYKTYpl 3 JMCKPETHO-CUMETPUYHHUM JIETKUM,
apMOBaHUM pedpaMH 3allOBHIOBAYEM, Y SIKOi BHYTPIIIHIA HECYYUid IIap BUTOTOBJIECHUMN
3 cram, a s3oBHimmHiii 3 AMI-6, MakcHMambHi KOJNOBi HANPYKEHHS G (1)
BHYTPIITHBOTO HECYYOTO IIapy 3a paxXyHOK BIUIMBY MIHOIUIACTY 3MEHIITYIOThCS Ha 67%,
a 02°(2) s 30BHIMIHBOrO HECYYOro WIAPY 30LIBLIYIOTHCS Maibke Ha 53%. Ilepma
BJIaCHA YaCTOTa JIJI1 HECUMETPUYHOT KOHIYHOT CTPYKTYypH 3 miHomiactoM (Ei+E;)/2E; =
50 36impiyeThes Ha 12%.

OTtpumMaHi B JaHOMY PO3/UIl pe3yJbTaTh MOXKYTh OyTH BUKOPUCTaHI B HayKOBO -
JOCTIIHUX 1 KOHCTPYKTOPCHKUX OpraHi3allisiX mJisg OLIHKKA MIITHOCTI 1 HaAiiHOCTI
€JIEMEHTIB KOHCTPYKUIN, 10 MalTh (OPMY HECHUMETPUUYHUX TPUIIAPOBHX KOHIYHHMX

000JIOHOK 3 IMCKPETHO-CUMETPUYHUM JIETKUM, apMOBaHUM peOpamMu 3all0BHIOBAYEM.
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Po3zaia S.
BicecuMeTpUYHI KOJIUBAHHA HECUMETPUYHUX
TPUIIAPOBUX CPepPUIHUX 000JOHOK 3 TUCKPETHO-
CUMETPUYHUM HEOAHOPITHUM 3aMI0BHIOBAYEM NPHU

HeCTaHiOHapHI/IX HAaBAHTAKCHHAX

5.1. luHaMiKa KOHCTPYKTHBHO-OPTOTPONHOI HECUMETPUYHOI
TPHUIIAPOBOI CPePUYHOI CTPYKTYPH 3 CTUIbHMKOBHUM 3aII0BHIOBAYeM
IPHU il VIOCKOI YAAPHOI XBU.II

TpumapoBi cdepudHi OOOJIOHKM TMpU AUHAMIYHUX HABAaHTAKECHHSX, SIKI
MIJTAI0TBCA  JOCHIKCHHIO TPAIULIMHUMU METOJIaMH  MaTeMaTHYHOi (I3MKH Ta
YUCENIbHOTO aHaji3y, MOCIHIKEHI TOPIBHAHO AOoKIaaHO. OjHaK, OCTaHHIM Yacow,
CTBOPEHHS MPOTPECUBHUX TEXHOJOTIM, OO0'€KTIB CHEIiaJbHOrO MPU3HAYEHHS, B
aBlaOyayBaHHI 1 KOCMIUHIM TexHimi Bumarae nociimpkenas HJIC TpumrapoBux
000JIOHOK 00epTaHHsI 3 JIETKUM 3aloBHIOBadYeM CkiaaHoi reometpii. [lpu 1mpomy,
3a3HAYCH1 €JIEMEHTH MIJAI0ThCA IUHAMIYHUM HABAHTAKEHHSM PI3HOTO BHUIY, B TOMY
YUCJ1 HECTAl[lOHApPHUM HaBaHTaXeHHAM. [lUTaHHS JMHAMIYHOT TOBEIIHKH TaKHX
000JIOHOK BUBYEHI HEJIOCTATHHO.

Hwuxde mpoBeneHe KOMIUIEKCHE PO3paXxyHKOBO-EKCIIEPUMEHTAIBHE JTOCIIKEHHS
JUHAMIYHOI TOBEIIHKM C(EepUYHOro ejaeMeHTy OOTIYHMKA, SKUU 3'€IHaHuid 3
WTIHAPAYHAM BiJICIKOM, TMPHU il HA HHOTO IMJI0CKOi yaapHoi xBum [3, 8]. OcobnmBo
BIJIMOBIIAJIbHUN ~ XapakTep HaOyBalOTh  EKCIIEPUMEHTAIbHI  JIOCHIDKEHHS  TI0
BU3HAYCHHIO TPAHUYHUX HABAHTAXKEHbB, PU SKUX MIAIOCTIIHI 00'€KTH PyHHYIOTHCS 200
NpUINMAIOTh  AKICHI 3MiHHM. 3BIJCM BUIUIMBAE AaKTyalbHICTh PO3POOKH  JaHOI
PO3paxyHKOBO - €KCIIEPUMEHTATbHOT METOIUKH.

1. IToctanoBka 3amaui. MogeJ0BaHH  AHHAMIYHOI  MOBEIiHKH

niBcepuyHOro e1eMeHTy O0TIYHMKA NPH il yIAPHUX XBHJIb.
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IMIybCHI  HAaBaHTAKEHHS € BH3HAYAIBHUMH TIPH  PO3PAxXyHKY TIOBEIIHKU
KOHCTpYKIINA. OIiHKa TaKWX HABAHTAKEHb € BUKIIOYHO BaXJIMBOIO, 00 BOHA 3HAYHOIO
MIpOIO0 BU3HAYA€ TOYHICTh OCTATOYHOTO PIIIEHHS 3ajad4i. J[Jig BU3HAYEHHS JUHAMIYHHUX
HaBaHTAXEHb Ha niBcepuaHnn €JIEMEHT BUKOPHUCTaHI pe3yabTaTu

CKCIICPMMEHTAIbHHUX JAOCIIKEHb TIPeCTaBIeHUX B podoTax [177,178] puc. 5.1.

AARARERAL.

t=0,1
0,3
1 "
3 2
4 1.0
5
1.5
777778777777
T
P /AP=1
Puc. 5.1.

PiBHAIHHS KOJIMBaHb NiBCQepUYHOrO ejeMeHTy oOTiuHMka. Buxonsum 3
OTPUMAHUX EKCIEPUMEHTAJIbHUX JaHUX MO BU3HAYEHHIO MapaMeTpiB IudpakiiiiHoi
KapTUHU Ha OKOPCTKIM Mojenl MWIHIAp-TiBcepa TMPOBEACHO MaTeMaTUYHE
MOJICJIIOBAHHSI ~ JUHAMIKM  MIBC(EepUYHOTO  €JIeMEeHTy OoO0TiuHMKa. Tpuinaposa
niBcepruHa 000JIOHKA KOPCTKO 3 €HAHA 3 LMJIIHIAPUYHUM BiICIKOM TOTO X paaiycy.
[lepenbauaeTnes, M0 HAPYKEHO-1EPOPMOBAHUN CTaH TaKO1 MPY>KHOT 0OOJIOHKH MOXKE
OyTM BH3HAUYEHO B paMKax T'€OMETPUYHO HENIHIHHOTO BapiaHTy Teopli TOHKHUX

o6osonok tumy C.I1. TuMorieHKa B KBaJApaTUYHOMY HAOJIMKEeHH] — piBHSIHHSA [173]:

d 0A — 02
[a_al (A;Tyq) — a_aiTzz] + kT3 =1 e (5-1)

A4, at2’

1
[aa (A T13)] kiT1y — k3T + P3(aq, t) = 11 atz )

A14;

) 04 %y
[ (AaMis) = 522 Moy | = T = 1, 522,

A14;
P (S

Ti1 = B11(&11 +V21622), Tap = By (€22 +v12611), (5.2)
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713 =Ty3+T1104,T13 = B13k2£13,

My = D14 (K41 + Va1K22), May = Dyy(Kap + Vipke1);

&1 = Ail% + %012 + kyus, &, = A;zg—zjul + kyus, (5.3)
€13 = ¢, + 01,0, = A_lz%: — kiuq,
K11 = Ail%, K2 = TIAZ%(P“
By = 1_112;/21 22 = 1_52::/21’ Bi3 = Gy3h,
Dy4 Bl Dy, Eal L =ph, I, = p_h3-

- 12(1-v12V21)’ - M’ 12

V HaBeIeHHMX PIBHSHHSX BEIUYMHH 03,t — MpOCTOpoBa i 4YacoBa KOOPIMHATH,
A, A, k,k, — mapamerpu cepeAMHHOI MOBepXHi cdepuvHOi 0OONOHKH; U,,Us, @, —
KOMITOHEHTH Y3arajJbHEHOT0 BEKTOpa IEpeMillleHh CEPeIUHHOI MOBEPXHI ChEpUIHOT

T,,T,

000JI0HKY; T. 13s

" M,;, M,, — IHTerpaibHi XapaKTEPUCTUKH HAIIPYKEHb CHEPUIHOT

227

obostonky; |, |,- HaBeaeHi iHepLiiiHi )KOPCTKicHI mapameTpy; N — 3aragbHa TOBIIMHA

17
O0OJIOHKH; P — IIUIBHICTE Marepiaxy oOomoHku; E  E,, G,,, G, vi,, Vv, — Q13UKO-
MEXaHIYHI apaMeTpu mMarepiany o00oHKY; P, (o, ,t) — HaBaHTaKEHHS, sIKe (POPMYETHCS

Ha MOBEPXHI cPeprUUHOI YaCTUHU OOTIYHUKA.

PiBHsiHHS pyxy cdepuunoi uwactmHu oO0TiuHMKa (5.1) — (5.3) DOmMOBHIOIOTHCS
BiJIOBITHUMH TpaHUIHUMHE yMoBamH. [TodaTkoBi ymoBu mipu t = 0 — HyJIHOBI.

Bim3Haunmo, 1m0 TYyT BHKOPHCTOBYETHCS KOHCTPYKTHBHO-OPTOTPOITHA MOJECIb
HECUMETPUYHOI TPUIIAPOBOi CHEPUYHOI CTPYKTYPH 3 CTIILHUKOBUM 3alOBHIOBAYEM,
JUISL SIKOT 1HTETpaiibHI 3HAYeHHS MOJYJIB MpyXHocTi 1 KoedimientiB Ilyaccona
BU3HAYAIOTHCS 3TITHO 3 EKCIIEPUMCHTATLHUMU JaHUMHU.

2. YncenbHUIl aJIrOPUTM BUPIlIEHHA 32/1a4i.

MaremaTuuHe MOJICNIOBAHHS HANpPYXEHO-ACPOPMOBAHOTO CTaHy C(hepuIHOro
eJIEMEHTY OOTIYHMKA MPU HECTAIIOHAPHUX HABAHTAXKEHHSIX MPOBOAMIOCS YHCEIbHUMHU
Meromamu. Jlyiss  BUpINIEHHS HaBEJACHUX PIBHAHb BHUKOPHUCTOBYBABCS IHTETPO-

IHTEPNOSALUIAHUNA MeTOA TMOOYIOBU CKIHYEHO-PIZHUILIEBUX CXEM IO MPOCTOPOBIH
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KOOpIMHATI 1 IBHA CXE€Ma IHTErpyBaHHs MO YacOB1 KOOpAMHATI t - PI3HUIEB] PIBHSHHS
[179,180].

[Ipy umMcenpbHUX po3paxyHKax OOOJOHKOBUX CTPYKTYp, SKi CKIIQIarOThCS 3
00O0JIOHKOBHX €JIEMEHTIB pi3HOT reoMeTpii (chepa - mumiHap, KOHYC - MIIHIP, 1 T.1.)
MO JIHIAX KOHTAKTIB 3a3HAYEHUX €JIEMEHTIB BUHHUKAIOTh OCOONMMBOCTI. Ijisi yCyHEeHHsS
0COOJIMBOCTEH B TOUKAX 3MIHHM I'€OMETPii S 000JJOHKOBUX €JIEMEHTIB BUKOPUCTOBYETHCS
cneriaabHuil anroputM. [IpummycTimo, Mo ToYka >KOPCTKOTO 3'€THAHHS OOOJOHKOBUX
€JIEMEHTIB P13HOI reoOMeTpii Mae KOOPJUHATY S.

BunimuMo mepeximHui eIeMEeHT 3'€THaHHA OOOJOHKOBUX €JIIEMEHTIB PI3HO1

reoMeTpii S; 1/, SS<S;,,,, 1 3aIUNIIEMO JUIS HBOTO TaKi yMOBH:

U =u; o =0 ;0 =0, (5.4)

o°u,
2 ]

T,-T;=14s (5.5)

o’u,
2 H

Tis—T1s—K Ty, —Ky Ty, + Pods = 1,45

e g o’
Mll_Mll_Tl3j - IzAS -

2 1
Ie
Tllj = BllAS(klj +V21k2j)l'|3, T13j =B, 45¢;

T22j = Bzzﬁs(kzj +V12k1j)u31

a BeNMuMHA Ty, Tas, M, — KOMIIOHEHTH y3araJbHEHOTO BEKTOPA 3yCHIIb, SIKi JIFOTh HA
NEPEXIHUN ETIEMEHT S 4, <s<S§ j+1/2 37MiBa (BEPXHiH 1HIEKC MIHYC) 1 cripaBa (BEpXHii
iHaeke tiroc). Lle, mo cyTti, € rpaHUYHUMHU YMOBaMU il C(HEPUYHOTO EIEMEHTY
0OTIYHHMKA.

[Ipu po3paxynkax B piBHsHHsX (5.1) - (5.5) mokmananocs; A =R; A =Rsina,,
k, =k, =1/R st cepudHOi YaCTHUHHU.

BukopuctanHs SIBHOT CKIHUEHO-PI3HHUIIEBOI CXEMHU I1HTETPYBaHHS 10 YacoOBIH

KOOpAWHATI  JO03BOJISIE  JICTAIBHO  aHAI3yBaTU  XapaKTEPUCTUKUA  HaIpyKEHO-



106
neOpMOBAHOTO CTaHy OOTIYHMKA B OyJb-KMI MOMEHT 4Yacy Ha JOCIIIKYyBaHOMY
4acOBOMY 1HTEPBAII.

3. JocaigskeHHs1 TMHAMIYHOI NMOBEXiHKM CPEePUYHOrO eJIeMEeHTY OOTIYHHKA.
PosrnsnyTuii cepuynmii eneMeHT 0OTIUHUKA SIBJISIE COO0I0 TPHUILIAPOBY CTPYKTYPY, AKa
CKJIaJIAa€ThCSI 3 IBOX HECY4MX IIapiB TOBIIUHOMKO 1,3 10°m i 0,85- 10°m i pO3TalllOBAaHUM
MDK HMMH CTIJTbHUKOBHM 3aIllOBHIOBaYEM IPU 3arajibHIA TOBIIUHI 11-103m. Takum
YUHOM, MAa€MO HECUMETPUYHY TpHUIIAPOBY chepudHy 00070HKY. Po3paxyHOk m0
BU3HAYCHHIO HAIPY>KEHO-Ae(OPMOBAHOTO CTaHy C(HEPUYHOrO EJIEeMEHTY OOTIUHHMKA
sriggo piBHSHB (5.1) - (5.5) mpoBemeHuii mpu i TIOCKOI ymapHOi XBHJII 3T1JIHO
eKCIIepUMEHTaNbHUX nMaHux [177,178], sxi HaBeneHi ua puc. 5.1. [aterpanphi ¢izuko-
MEXaHIYHI XapaKTepUCTUKH C(HEPUYHOr0 €JIEMEHTY OOTIUHMKA Opaiucs 3T1IHO
NacnopTHUX JaHux BupoOy. Ilpm pospaxyHkax chepuyHoi YacTUHH OOTIYHMKA B
PIBHSAHHAX TMOKIananochk: R =1.425 m, ,0:1,7-103 kr/m°, E =6-10° [Ta, v=0,3; h/R =
0,008, A =R,A, =Rsina, k =k, =1/R, ne «o— KyT MDK BICCIO O0OepTaHHS I
HOPMAJUTIO B TMOTOYHIA Touii. Po3paxyHOK mTpOBOIMBCS Ha 4YacoBOMY IHTEpBal
0<t<10T, neT =R/c, ¢ — mBUAKICTH 3BYKY B HOBITpi. B po3paxyHKax MOKJIaJaioch
c=340wm/c. Sk moKa3zanmu pPO3paxyHKH, MaKCHUMallbHI BEIMYMHH oO,, 1 Uz
CIIOCTEpIraroThes B 00J1aCTi Mosroca HamiBcpepuaHoi 000J0HKH. 30KpeMa, Ha pHc. 5.2,
puc. 5.3 HaBeleHI 3aJeXHOCTI BiJ Yacy BKa3aHUX BEJIMYMHM B 00JIacTi TMOJIOCa
chepuvIHOi YaCTHMHHM KOHCTPYKIli. MaKCHMalbHUI MPOTUH HE TEPEBUINYE 3HAYCHHS
nopsiaky 0,2h puc. 5.3. Cnig 3a3HaunTH, 10 TOPIBHAHHS PE3YJIbTATiB 32 HABEIACHUMHU
PIBHSHHSAMH B JIHIMHIA TMOCTaHOBIIl 1 TE€OMETPUYHO HEJIHIMHIA TOCTaHOBII
BIJIPI3HSIIOTBCA B PAJll TOYOK MO MAKCUMaJbHUM BenuuumHaM 10 20-25% (HeniHiidHOT
Teopil BIAMOBiga€ MyHKTUpHA KpuBa Ha puc. 5.3). Po3paxyHKM TmOKa3aiu, 1o
MaKCHUMAaJIbHE TIEPEMIIICHHS] B HAMHEOE3MEeUHIIMX TOYKaX 00TIYHMKa (TI0JIFOC TiBChepr

i cepenrHa UITiHAPHYHOT 060710HKH) He nepesuirye 0,20, a nedopmaii £ <10°°.
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Fap '10_6q I1a

L 0,02 0,04 0,06 0,08 t,¢

Puc. 5.2. 3anexHocT1 BiJ 4acy HallpyKeHb o ,, B 00JIacTI OJ0ca CHEPUUHOI YACTUHU

KOHCTPYKIIi.
Uy X< 104, m
-
_2 0 I,‘-\tl\ ')#
I Vs '\/-){ N\\ ___...a/
i >~ A\
-6 ’: .
| \\
AW e
\ !
14 <
—18
0 1 2 3 x,m

Puc. 5.3. 3anexHoCTi BiJ MPOCTOPOT KOOPJAUHATH TIEPEMIIICHD U3
chepuvYHOi YaCTUHU KOHCTPYKIIIi.

AHali3 TPOBEACHUX JOCHIKEHb IIOKa3ye, M0 OOTIYHUK 30epirac CBOIO
mpare3 aTHICTh TMICHs BIUIMBY HAa HBOTO YJIAapHOI XBWJII B HaMpsIMKy OCl [0
AP =0,2-10°T1a.

5.2. /lnnamika TpumiapoBux cpepudHNX 000J0HOK 3 JUCKPETHO-
CUMETPUYHMM 3aNI0BHIOBAYEM MPHU HECTANIOHAPHUX HABAHTAKEHHAX
(ckiHYeHO — pi3HHUIIEBHIT METO)

OpHuMmu 3 TIepmmx pooIT 3 TOCHTIIKEHHS HECTAI[IOHAPHOT MOBEIHKH TPHUIIIAPOBUX
O0OJIOHOK 3 JUCKPETHHM 3aroBHIOBaueM Oynu omyOumikoBani crarti [134 - 139].

[Toganpmuii  po3BUTOK 3a3HAYEH1 JOCIHIPKEHHS 3HAWIUIA CBOE TPOJOBXKEHHS B

JOCTIKEHHSAX, sKi HaBeaeHi B ormsidi [37]. B poGori [4] posrisHyTi nuTaHHS
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MOCTAHOBKM 1 PO3B'SI3aHHS TWHAMIYHUX 3a7a4 TOBEHAIHKA CHEepuyHuX OOOJOHOK 3
JTUCKPETHO-CUMETPUYHUM PEOPUCTUM 3alOBHIOBaYeM (3 BIAMOBIIHUMH TPAHWYHUMH 1
MOYaTKOBUMHU YMOBaMH), TOOYJOBaHI YHCEIbHI aJIrOPUTMHU, PO3B's3aH1 BIAMOBIJIHI
3amaui  MatemMaTuuHoi (izuku. I[IpoBeaeHO uuncenbHE MOJETIOBAHHS CPEPUIHOTO
KyIoJia, Ha sIKMW najae ynapHa xBuis. [Ipu 1ipomy, 3aCTOCOBYIOTHCS KIHEMAaTHUHI 1
CTaTU4HI TIMOTE3U JO KOXKHOTO IIapy, 110 Ja€ MOXIUBICTh OUTBIN aJeKBATHO OMUCATH
JTUHAMIYHY MTOBEIIHKY TPUIIAPOBOi 0O0TOHKH.

1. IloctanoBKa 3aBJAaHHA i BUXiJHI cniBBiTHOmEHHs. [IUCKpETHO-HEOJHOPIAHA
M0 TOBIIMHI TPYKHA CTPYKTypa C(HEpUIHOTO THUIMY SBISE COOOI CHCTEMY, sKa
CKJIQJAETHCS 3 BHYTPIUIHBOI 1 30BHIIIHBOI IIaAKUX CPEepUIHUX 00O0JOHOK (BHYTPIIIHIM
1 30BHINIHINA Hecydl IIapy) 3 BIJIMOBIIHUMU TOBIIMHAMU 1 pajlyCaMH CEpPeIUHHUX
noBepxoHb. OOOJOHKH JKOPCTKO 3'€HAHI MK COO0OK JUCKPETHUMH peldpaMu.
[lepenbauaeThcsi, 1O PO3MNIAHYTAa TPUIIAPOBA KOHCTPYKINS — MiAJaeTbes — Ail

HECTAaI[lOHapHOTO PO3MOAIIEHOT0 HOPMAIBHOTO HaBaHTakeHHs P3(s,t), me s,t —

IPOCTOPOBA i YacOBa KOOPAMHATH.

MaTeMaTHYHOI MOJEJUTI0 MPOLECY TUHAMIYHOTO Je(opMyBaHHS HECUMETPUUHOI
TPUILAPOBOI TPYKHOIO CTPYKTypU 3 JUCKPETHO-CUMETPUYHHM 3allOBHIOBAYEM €
cucrema audepenuianbaux piBHaHb Uy C.I1. Tumorenka (2.36), sika A JaHOTO

BUIIAJIKy HaOyBa€ BUTIIAY:

sina_ ds; (sma Ti) __(CtgaTzz +Tf3) = p;h laatuz;; (5.6)
sina  ds; (sma Tis) — i(Tlil —Ty) +Ps = Pihif—:};
EJ=AEZ?,
TRl M=o S0

[e aB1 cucTeMu PiBHSAHD LIOCTOTO MOPSAKY.

Y piBustHusX (5.6) Bemmuunn T11 = [T1);; [T13)=T15; M) = MY F4TH (1=1,2)
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BIJIMOBIAIOTHh 3yCHIUISIM-MOMEHTaM, SIKi JiIOTh HA | - i IUCKPETHUH €NEMEHT Ha JiHii
PO3pUBY S; = Syj.

PiBHsiHHS pyXY (5.6), JOTIOBHIOIOTHCS BIAIOBITHIUMH TPAHUYHUMH 1 TOYATKOBHUMH
yMOBaMH.

YucebHUIl aJAropuT™M BHUpilIeHHs1 3aAa4i. YucenbHMI alroOpuTM pillleHb
piBHsHB (5.6), 3acHOBaHMI Ha CKIHYEHO-PI3HUIICBIH alIpOKCUMAIlii BUXiTHUX PIBHSHD 13
3aCTOCYBAHHSAM SIBHOT CKIHUCHO-PI3HHMIIEBOI cxemu Tuny "xpect" [36]. PimenHs
IIYKA€THCS B IIIaKii o0macTi — piBHSIHHS (5.6) 1 CKICIOIOTHCS Ha JiHIAX po3puBiB. [Ipu
MoOy/I0B1 YMCEIBHOTO PIIIEHHA B TJAJAKIA 00JacTi BHUKOPHCTOBYETHCS IHTETPO-
IHTePHOJSIMIMHNE  MeTox 1oOymoBH  pi3HUIeBUX piBHsSHb [178]. Tlpm 1pomy
KOMITIOHEHTH Yy3araJJbHEHUX BEKTOPIB NEPEMIIIEHb CHIBBIAHOCATH 10 IUIMX TOYOK
PI3HUIIEBOT CITKH, a BIAMOBI/IHI BEIMYUHU JePopMalliid 1 3yCHiIb JI0 HAMIBIIIUX TOYOK.

Pi3Hu11eB] piBHSAHHS, SIKi alPOKCUMYIOTh BUXI1/IHI pIBHAHHA (5.6), 3aMHUCYIOTHCS B TaKUi

CIT0C10

1 i i\n 1 i \n i \n iyn

Sin o [(S'n alel)k—lIZ] N _E[Ctgak (T2 — (Tl = pihi[(ul)k] i

“ (5.7)

S [sina Th.) — (T + TP = ot ]

sin ¢, s R “

1 H i \n Clga i \n i\n h|3 iyn

sina, [(Sm alel)k—lIZ] - ii : (M%) = (M) = o E[((Da)k] i

PizHuieBi Bupasu i 3yCHJIb - MOMEHTIB 1 BIANOBIIHUX BEJIMYMH jaedopmaliii

MalOThb BUIIAL:

(T 15 = Bl G0y 5 + Vh(eho) Ly o) 59)

i \n i I \N i,.0 \N
(T22)k41/2 = B22 [(822)kir1/2 +v1(e11) 412

i \n i I \N
(T13)k+1/2 = B13(e11) 1172 -

I \N i I \N i I \N
(M11)y41/2 = D11 [(Kll)killz +v2(K22) k4172

I \N i I \n i, 1 \n
(M22)41/2 = D22 [(KZZ)kﬂ/Z +V1(K11)kil/2] )
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e
(u3) +(u3) +1
(511)k+1/2 ( 1) ekl R el (5.9)
(ul)k +(u1)k+1 (Uls)E +(ui3)E+l
(‘922)k+1/2 IR Cga ., + SR ,
(D) (@D s
(€13)k+1/2 = - kZRil -

(d)fars =] .

((ol)k ((oli)Eﬂ
2R’

(x 22)k+1/2 Clgay,q)s-

VY cniBBigHomeHHs X (5.7) - (5.9) HMXKHI IHACKCH BIAMOBIIAIOTH MO3HAYCHHIM
PI3HUIIEBOT CITKH IO MPOCTOPOBINA KOOPJMHATI, & BEPXHI 1HJEKCH BU3HAYAIOTh YaCOBUMI
map. [lo3HaueHHs pI3HUUEBHUX MOXIIHHUX IO IPOCTOPOBIM 1 YACOBI KOOpJAMHATAM B
craiBBiguomenusax (5.7) - (5.9) seeaeno 3riguo [179]. CoiBBigHOIIECHHS IS BEIUYHH
nedopmariii 3 iamekcom K—1/2 3ammcyroThcs a”anoriuHo ¢opmynam (5.9) 3
ypaxyBaHHSM 3CYBY Ha OJIMHHUIIFO.

Pi3HuIIEB] CIIBBIAHOIIEHHS HA JIHISAX PO3PHUBIB S = Sj 3aIMCYIOTHCSA HACTYITHUM

YUHOM.

2 .

> (Ti1); =PJF1[(U1j>?] R (5.10)
=1 it
2 (T} = pyFy[(us; TEE

2 .
+ it
> (M1 FhiTii )? =Pjlipi [((Plj)?] )

3 ormsgy Ha Te, IO 3aCTOCOBYETHCS SIBHA CKIHYEHO-PI3HHUIIEBA CXEMa, TpHU

po3paxyHKax pi3HUIEBI KpOKH BHOWpamucs Buxoxsun 3 ymoBu At < KAs/cqq,
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C121 =E /[p(L-vqvo)], me K — uncno Kypanra. [Ipu po3paxyHkax moknagaiocs K =
0,3-0,5, BUX0as4u 3 MPaKTUIHOT 301’KHOCTI PE3yJIbTaTIB.

VY piBasaasx (5.10) B kBaagpaTHUX AYXKKaX B TO3HAYCHHS BXOIATH BEIMYWHU
3yCHJIb-MOMEHTIB BiJMOBIHO 10 KOXKHOTO Iapy. BU3HaueHHs BEIMYUH KOMIIOHCHT Ha
JIHISIX PO3PUBY JUIS JAUCKPETHHMX eJeMeHTIB, 3rigHo dopmyn (5.10), BukoHyemO

NepepaxyHoOK Ha BHYTPINTHIO 1 30BHINIHIO TTOBEPXHIO IJIAIKUX HECYUUX IIaPiB

K K k
ugj=ug " (s)) THjer (5§, (5.11)

u3j=us"(s), ofj=0f"(s), k=12

Buxonsun 3 BuIIEe OTpUMaHuX (GOPMYJ, YUCENbHHUNA aITOPUTM BHUPIIICHHS
MIOCTABJICHOT 3a/1a4l MOJIsTra€e B MOCIIAOBHOCTI BAUKOHAHHS HACTYIHUX (OpPMYJI:

- Ha N-My YacoBOMY Ilapl B IIAJAKid 00JacTi MO MNPOCTOPOBIA KOOPAHMHATI
OOYHUCITIOETHCS BEJIMYUHU BIJIMOBITHUX Jedopmarliil 1 3yCUiIb-MOMEHTIB 3a hopMyIaMu
(5.10);

- 32 OOYMCJIEHUMH BEJIMYMHAMHU JepopMalliid 1 3yCHJIb-MOMEHTIB OOYUCITIOIOTHCS
BEJIMYMHU KOMIIOHEHT y3arajbHEHOT0 BEKTOpa MEepeMIlleHb HECYYUX LIapiB B TIaAKiH
obJsiacti Ha n + 1 yacoBomy 1api;

- BigmoBigHO 10 dopmyn (5.11) O0OYMCHIOIOTBCA BEIMYMHHA KOMIIOHEHT
y3arajJbHEHOTO BEKTOPY IEepeMIleHb MJIs j-TO JUCKPETHOTO €JEeMEHTY Ha JIHIAX
PO3pHBY;

- o opmynax (5.7) BUKOHYETHCS MEPEePaxyHOK BEJIUYMH y3arajibHEHOTO BEKTOPY
nepeMilieHb IEHTPY Bard MOMEPEYHOro 3pi3y j-TO AMCKPETHOTO €JIEMEHTY
3alOBHIOBaYa Ha BIJNOBIAHI MOBEPXHI HECYUHX IIapiB Ha JIIHISIX PO3PUBY.

Otpumana pisuurieBa cxema 3rigHo ¢opmyn (5.7) - (5.9) sBHa B uacosiii
KOOpPJIMHATI, 1 BUXOASYM 3 ILIOTO, € YMOBHO CTIMKOI MO HPOCTOPOBiN 1 4acoBii
KoopAMHaTaM. B mojanplioMy, NMpU YUCENBHOMY pIIIEHHI 3a7ad OCECHMETPUYHHUX
KOJIMBaHb, OyJIeMO BUXOAUTH 3 BIAMOBIAHUX (HOPMYI JJisi BETUYHH PI3HHUIICBUX KPOKIB
As1T.

B wmarpuuHo-BekTopHOMY BuUrIsiii pisuuinesi piBasaHA (5.7) - (5.9) moxHa

NpeaACTaBUTH TaAKHUM YHHOM:
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o%U

Clu T =
[C1U+IMI

F(t),

ne [M] i [C] — mMarpuwLi Mac i KOPCTKOCTi AMCKpeTHOI pizHuueBoi cuctemu, U i F—
BEKTOPH JUCKPETHUX MEPEMIIICHD 1 30BHIITHROTO HABAHTAXKECHHS.
BBaxatoun, mo martpuus [M] HEBUpOPKEHA, 3alHUIIEMO OCTaHHE PIBHSAHHS Y

BUTJISAII:

o°U

[D]mﬁ =[M]F(),

ne matpuna [D] = [M][C]

VY poGotax [36, 139, 148] BcTaHOBIEHO, 110 NPU BUKOPUCTAHHI SIBHOI CKIHYEHO-
PI3HUIIEBOT CXEMHU JJIsi I1HTErpyBaHHA pIBHSHb HEOOXITHOI YMOBOIO CTIHKOCTI

PI3HHIIEBUX PIBHSIHb € YMOBA TAKOI'O BUTJISIAY

T<2/Qmax =2+/B(D),
e Qqnax — MakcHUMalbHa 4acTOTa BJIACHUX KOJMBaHb Pi3HULEBOI cuctemy; (D) —

BEpXHS MexXa crekTpa marpull [D].

BuxopuctoByroun s ominku [3(D)3HaueHHs 3Bepxy Teopemy ['epriropina,

OTPUMAEMO:

2
B=CQmax < maXZ| dij P
J

ne djj — enementn matpuui [D].
He 2 BU3HAYAETHCS BUXOAAYH 3 HACTYITHUX HEPIBHOCTEH:
2 2 2
Qmax < maX(QmaXO’ Qmaxj)’

Q2 axo < max[QF T2, [O512, [95T2). k=1,2,

Qpx j <max Qfy, j=117.

Bennuunn, [Qk ]2 , [Qlé]2 : [Qlé ]2, lej BU3HAYAIOTHCS BIAMOBIIHO A0 CITIBBIIHOIICHD:
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Ef 4 f 1

K42
[Ql] = kK Kk 2+V1 K
pxL—viovor) | (Asy) R Asy
K K K. K
(OS] = E{ Gla@-vipvpy)| 1 4 |,
P —viovs) Ef Aschy  (Asy)?
K
X[ 1 1
+—L | stV
EX| (R¥)? R As,
K
o2 = — 1 R
pL-visvs) [(Asy)?
Kk k. k
12G3(1— 1 1 EF;
L 12Gp5( kV12V21) b pFeE =
El AXSk hk hk RJ

3. YwmceabHi pe3yabratH. MaremMaTU4HE  MOJEIIOBAaHHA  HAIPY’KEHO-
ne(OpMOBAHOTO CTaHY TPUILAPOBOI MiBC(HepH 3 AUCKPETHO-CUMETPUUYHUM pPEOPUCTUM
3al0OBHIOBaYEM (MapajensiMi) TMpH  IMIYJIbCHOMY BHYTPIIIHBOMY HaBaHTaXEHHI
IPOBOAMIIOCS ~YHMCEIBbHUMH MeTofgamMu. Jlns BHpIIICHHS HaBEJACHUX PIiBHSAHB
BUKOPHCTOBYBABCS 1HTEIPO-1HTEPHOJSALIMHUN METO1 TOOYA0BH CKIHYEHO - PI3HUIIEBUX
CXEM 0 MPOCTOPOBIM KOOPAMHATI 1 IBHA CXE€Ma IHTETpyBaHHs MO YacOBI KOOpAUHATI t
- pi3HuiieBi piBHsHH [178].

JIucKkpeTHO - HEOAHOpIJHA MO TOBIIMHI MpPY>KHAa CTPYKTypa C(HEPUUYHOrO THUITY
ABJIIE COOOK0 CHCTEMY, SIKa CKJIAQJAa€TbCsd 3 BHYTPINIHBOI 1 30BHIMIHBOI TJIAJKHUX
chepuyHrX O0OOJOHOK (BHYTPIIIHINA 1 30BHIMIHIA HECydl MIApH) 3 BIANOBIIHUMHU
TOBIIIMHAMU 1 pajilycaMHi CEpPEANMHHUX MOBEPXOHb. OOOJOHKU KOPCTKO 3'€qHAHI MIXK
cob6or0 cucTeMoro pedep (Tapanenei).

B po6oti [139] posrnsnyra miBcdepa 3 OTBOPOM 3 BUIBHUMH KpalkaMu B 1l
BEpPUIMHI TpU BHYTPIIIHBOMY IMIYJCHOMY HaBaHTaXxeHHI. B ngaHomy Bumnajiky,

3aBJIaHHs BHpIlIyBajacs Ha MPOCTOpoBoMY iHTepBani [—7/2; 7/2]. B cuny cumerpii
o010 BepumHu chepu npu «, =0, T0o posrisaascs iHtepsan [0; 7/2]. Po3paxyHok

POBOJUBCS MPH KiMBKOCTI muckperHux inTepBaniB N =160, tobto Aey = (7/2)/ N .
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JluckpeTtHi migkpimmodi pedpa (mapaseni) nepeOyBarTh y TOUKaXx:
a, =[41+40(k —D)]Ae,, k=1, 3
VYV BepmwmHi chepu € 0COONMBICTh, HEOOXIIHICTH PO3KPUTTSA SKOi JI03BOJIMIIA

3anucaTy TpaHUYH1 YMOBM IIpU ; = 0 B HACTYIIHOMY BUTJISIAL:

T 0°us
U =k =0, 258 _P,(sy, 1) Sy = ph =32 (5.12)
S ot
- Ip4A o, = /2 — )KOPCTKE 3allEMIICHHS:
Ui =uf =pf =0, k=12, (5.13)

VY dopmynax (5.12) 5,, — cumBoa Kponekepa.
30BHINIHE HAaBaHTaXEHHs P; (s, t) 3amaBanocs y BUIIISAL

AL-t/T)+P,, 0<t<T,

P.(s, t) =
35, 0) {PO, t>T:

me A=10° Ia; Py=10° [la; T =R, /c; ¢ = E, [[p(1-v})].

Po3paxyHKu npoBOAMIMCA MPU HACTYIHUX F€OMETPUYHUX 1 (PI3UKO - MEXaHIYHHUX
rapaMeTpax: E% = E12 = Ej =7 -lOlOHa; V; =v1l = v12 =0,3; p,=p, =p; =2,7-10° Kr/m3;
hi=h,=0,01 m; hj = 2h,; R, = 0,3 F;=2x10™m% h/R = 0,13.

BukopucToBylouM NpUHIMI CyOMOJENIHry, Oyiaud NpopaxoBaHi 3aJeXKHOCTI
napamMeTpiB  HOPMAJIbHOTO MNPOTMHY BHYTpimHboro ui (1) i 3oBHimmHBOro u3(2)
Hecyuyux mapiB, a takox ix HJC Big yacy cUMETpUYHOI TpPUIIAPOBOi CPEPUUHOT
O00OJIOHKH 3 AMCKPETHO-CUMETPUYHUM 3alOBHIOBaYeM y i1 BEpIIMHI MpHU All yAapHOI
XBUJIL.

Ha puc. 5.4 — 5.6 B nmpuBegeHoMy macmtadi MmoKaszaHi pe3yibTaTd PO3PaxyHKiB.
KpuBi nHa Mamonkax 5.4 - 5.6, BIANOBIAAIOTh 3aJICKHOCTSIM  BEJIHYMH
ul ()i u2(2); eh(Diezy; (2)05,(1) i 6%(2) Big yacy. Ingekcom 1 nosnaveni
BEJIMYMHM U, BHYTPIIIHBOTO HECYYOro MLIapy, 1HAEKCOM 2 — 30BHIIIHBOTO HECYHYOTIO

niapy.
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~0 02 0.4 06 08 1
t.10% s

Puc. 5.4. 3anexnicts nepemimens ul (1) i u3(2) Big yacy B momoci 06010HKY,

1 — BHyTpilIHS 000JIOHKA, 2 — 30BHILIHSA 00OJIOHKA

7
AN
- \
| AVIA\V/AY

VMW

o 0.2 0.4 0.6 0.8 1
t- 103, s

o N N o N N o [os)
QH
~—_
\
—
~—
~——

Puc. 5.5. 3anexnicts nedopmartiit £3,(1) i £2,(2) Bix yacy B nosmoci 060I0HKH,

1 — BHyTpinIHSA 000J70HKA, 2 — 30BHIIITHS 000JIOHKA

s,,- 107, Pa

: A
oA AN
BVAVAQVINV AW
IR VAN IR\Y ALY
SERVARVIA\/BAY
) VA X/

t-103, s

Puc. 5.6. 3anexnicTs HanpyxkeHHs 04,(1) i 05, (2) Bix 9acy B mosmoci 060I0HKH,

1 — BHyTpilIHSA 000JIOHKA, 2 — 30BHILIHSA 000JIOHKA
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5.3. luHaMika HeCHMEeTPUYHHUX TPUIIAPOBUX cPhepUIHNX 000JI0HOK
3 AMCKPETHO-CUMEeTPUYHMUM JIErKMM, ApMOBAHUM pedpamu,
3aMOBHIOBAYEM MPH HECTAIIOHAPHUX HABAHTAKEHHSIX (CKiHYEHO —

eJIeMeHTHHIT MeTo/)

JIMCKpEeTHO - HEOMHOpiTHA TIO TOBIIMHI MPYXHA CTPYKTypa C(HEPUIHOTO THITY
SBIIIE COOOI0 CHUCTEMY, SIKa CKIAJA€TbCs 3 BHYTPIIIHBOI 1 30BHIIIHBOI TJIaJKUX
chepuuyHUX O0OOJIOHOK (BHYTPIIIHIA 1 30BHINIHIA HeCydl IMIapu) 3 BIAMNOBIIHUMU
TOBITUHAMH 1 pajlycaMH CEpEeIUHHUX TMOBEPXOHb. OOOJOHKH KOPCTKO 3'€HAHI MIXK
co00I0 CcUCTEMOIO peldep, SKI SBIAIOTHCS APMYIOUMMH €JIE€MEHTaMU Uil JIEFKOTO
3aIOBHIOBAYa, SIKUI 3aMIOBHIOE TTPOMIKKH MK HECYYUMU IIapaMHu 1 pedpamu.

PiBHSHHS CHMETPpUYHUX KOJMBAaHb HECHMETPUYHUX TPHUIIAPOBUX CEHEPUIHHIX
00O0JIOHOK 3 JUCKPETHO-CUMETPUYHUM JIETKUM, apMOBaHUM peOpaMHu, 3alOBHIOBauEM

IIPU HECTALIIOHAPHUX HABAHTAXXEHHSX, SIKI OTPUMaHI 3 piBHSAHB (2.36), MatOTh BUTJIAL:

(smaT ) — = (ctgaTi, — Tiy) — — M} =p-h-£ug' (5.6)
sin« 5, 11) T R 22 13) ~ 2 M3 ii 52 :
92ul
sina ds; (SlnaT13) (T11 + Tzz) (M11 + M3,) + P3 = pihy 6t23 ’
ctga pihi 829}
smaasl (SlnaMll) Mzz T13 12 otz '’
1 0 ( Tt 1 (T 7t 8 o . a%ul,
—(sina T — + M3 = ;
sin @ s, 11 R, 11 13 n2 13 = Pl 9¢2
1 9 —(sina M%) - Tt, Lo h Oy
sina = 5
sina s, H Rt1 137 P70
1 0 9 Tt ) 1 ot L 02u30
sina - = YO
sin @ ds, 13 Rﬂ( 1+ T32) = pehy 9t2
82U1- a u3 a ¢1
[Tll]j :ijj atzj ) [T ] p]Fj atzj ) [M ] pJIer atzj )

€ 1Bl CUCTEMH PIBHSIHD AEB’SITOTO MOPSIIKY.
y
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[Ipn cTBOpeHHI CKIHUEHO-EIEMEHTHOTO METOAY B MoJesiX OyB BHKOPUCTaHHIA
TPUBUMIPHUN O0'€MHMI CKIHYCHHMH €JIEMEHT, KM TapaHTy€e TOYHICTh 1 JIOCTOBIPHICTH
oTpuMaHuX pe3yibrartiB. CTBopeHa mojenb (Puc. 5.7 a-d), Bkatouana 32240 ckiHYCHHX

eneMeHTiB 149680 By3mniB. [liBcdepa 3 Tppoma pedpamu.

Puc. 5.7. Bun B niepepizi XZ pebdep moaeni 3 pedpa C)
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Puc. 5.7. Bun B nepepizi XZ 30BHIIIHBOI 000J0HKH MoJieii 3 pedpa d)
Puc. 5.7. Bun B nepepizi XZ niHomnacTt mozeni 3 pedpa.

Po3paxyHky npoBOAMIMCS NPU TAKUX K€ TEOMETPUUYHHX 1 (I3UKO - MEXaHIYHUX
napamMerpax, K 1 U1 po3paxyHKiB METOJIOM CKiHdeHHX pizHuip h/R = 0,13.

OTprMaH1 4YMCENbHI pPE3yJbTaTH JO3BOJIAIOTH MPOBOJUTH aHAJI3 HaIPYXKEHO—
ne(OpMOBAHOTO CTaHy TPHILAPOBOI MPYKHOI CTPYKTypu CHEpPUYHOTrO THUIY B OyaAb
KA MOMEHT 4acy (po3paxynku npoBoamucs npu 0 <t <40T). Ha puc. 5.8 naseneni
3aJIeKHOCTI BeJMUMH HOpManbHuX mporuHis us (1) i u2(2) Bix KyToBOi KOOPAMHATH 0.
Kpusa 3 ingexcoMm | BimoBigae BeIMYMHI Us BHYTpPIIIHBOI chepuuHOi OOOIOHKH, a 3
iH/IEKCOM 2 — BEJIMYMHI UZ 30BHIIIHBOI chepruuHOi 000IOHKM B MOMEHT vacy t = 1,75T
(4ac JOCATHEHHS MaKCHUMAalbHOTO 3HaueHHs Bemmuud ul (1) iu2(2)). Jlerkuii
3arMoBHIOBAY BiACYTHIN. Touku 3’€aHaHHS KpUBUX | 1 2 BKa3ylOTh Ha pO3TallyBaHHS
JTUCKPETHUX pedep. 3 TMpeACTaBICHOro rpadigyHOro maTepially MOKHA Bi3yaJbHO
BU3HAYMUTH BIUIUB CPEPUYHOCTI CTPYKTYPHU HA aHTUCUMETPUYHICTH PO3IMOALTY BETUYUH
u3(1) iu3(2) no mnpocroposiii koopaunari. Ilepmia BIacHa dYacToTa KOHCTPYKIIii
14417 w.

Ha puc. 5.9, B mnpuBeneHoMy wmacmrali, HaBEICHI 3aJIEKHOCTI BEIMYUH
HOPMaJIbHUX HANpYXeHb 04, (1) 1 62, (2) Bix KyToBoi koopauHaTu o. Kpusa 3 ingexcom
1 BigmoBijac BEIWMYMHI 0212 BHYTPIIIHBOI chepryHOi OOOJIOHKH, a 3 1HJIEKCOM 2 —

BEJIMUMHI 0%, 30BHIIIHBOI cepuuHoi O00OJOHKM B MOMeHT uacy t = 1,75T (wac
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JIOCSTHEHHS MAKCHMAJIbHOTO 3HAUEHHs BEJUYUH 0,5, (1) 1 02,(2)). Jlerkuii 3anoBHioBay

BIJICYTHIiHl.

Us, 10° (m)

2/ \/
Q,
(2pad)

Puc. 5.8. 3anesHOCTI BeMuuH HopManbHux nporunis us (1) i u4(2) ix xyrosoi
koopauHaty o npu t = 1,75T Oe3 nmiHomiacry.
Touku 3’eqHaHHsA KpuBUX | 1 2 BKa3ylOTh Ha pO3TallyBaHHS TUCKPETHHUX pedep.
Buxonsum 3 mpencraBieHOro rpadiyHoro marepialy MOXHa Bi3yalbHO BU3HAYUTU
BIUIUB C(PEPUYHOCTI CTPYKTYpM Ha AHTUCUMETPUYHICTh PO3MOAULY BEIUYUH

u3(1) i u3(2). INepma BnacHa yacToTa KOHCTPYKLii 144111,

AVAVAVA

N2

a,

(2pad)

Puc. 5.9 3anexHoCTi BeIMYMH HOPMAJILHUX HaIPyXeHb 04, (1) i 05, (2) Bix kyToBOi
koopauHaty mipu t = 1,75T Ge3 miHomIacTy.
Ha puc. 5.10, B mnpuBemeHoMy wmacmTabi, HaBEACHI 3aJIe)KHOCTI BEIHYMH
. 1 . 2 . .. .
HOpMasTbHUX TporuHiB Uz (1) i u5(2) Big KyToBOi KoopauHaTh o. KpuBa 3 iHmexcom 1
BIJNMOBiJa€ BENMYUHI U3 BHYTPIMIHBOI cepuuHOi OOOIOHKHM, a 3 iHIAEKCOM 2 —
BEIMYMHI U5 30BHIIHBLOI cepuuHoi 00ONOHKM B MoMmeHT wacy t = 1,8T (wac
1 . 2 . .
JIOCSITHEHHST MAaKCHUMAJIBHOTO 3HaueHHs BenwduH Us (1)i u5(2)). BigHomeHHs MoystiB

NPYKHOCTI HECYUYHX IIAPIB 10 MOAYJS MPYXKHOCTI JIETKoro 3amnoBHioBaya E; »/E; = 50.
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Touku 3’emHaHHs KpuBHX | 1 2 BKa3ylOTh Ha pO3TallyBaHHS IUCKPETHHX pedep.
Buxonsun 3 mpencrtaBieHoro rpadiyHoro matepiady MOXHa Bi3yajJbHO BU3HAYUTH
BIUIUB C(PEPMUHOCTI CTPYKTYpH HA aHTHCHMETPHUYHICTH PO3NOALIY BEIHMUYHMH 0,,(1) i

02,(2) mo xyToBiit koopauHari. [lepia BracHa yacToTa KOHCTPYKIi 151611,

Us, 10° (m)

o,
(2pad)

Puc. 5.10. 3aneHOCTi BeIMYUH HopMaﬂbHHx nporunis u3 (1) i u2(2) Bix kyroBoi
KOOpAWHATU « , Ej »/E; = 50.

Ha puc. 5.11, B mnpuBeneHomy wmacmTadl, HaBeJCHI 3aJ€XKHOCTI BEJIWYUH
HOPMaJIbHUX HaIpyXkKeHb 04,(1) i 02,(2) Bix KyToBOi KOOpaMHATH o. KpuBa 3 iHgekcoM
1 BimnoBimae BenWuuHi 0,, BHYTPIIIHLOI chepHUHOI OOOJOHKM, a 3 iHAEKCOM 2 —
BEIMYMHI 04, 30BHIIIHLOI c(epuyHoi 00O0NOHKM B MoMeHT yacy t = 1,8T (wac
JOCSTHEHHS MaKCUMAaJbHOTO 3HAYEHHsS BeNMYMH 0,,(1) i 02,(2)). Buxomsuu 3
NPEACTABICHOr0 TrpadiyHOrO MaTepialy MOXKHA BI3yallbHO BU3HAUUTU  BIUIMB

C(epUYHOCTI CTPYKTYpH Ha AaHTUCUMETPHUYHICTh pO3MOAUTy BeauuuHu Uz 1o

poCcTOpOBiit KoopauHaTi. [lepia BnacHa yactora KoHCTpYKIii 15161 .

022,1

NG \/f—1/\\,(—-/‘ e i

N2

a,
(2pad)

Puc. 5.11. 3aeXHOCTI BEIMYMH HOPMAJILHKX HANPYKeHb 04, (1) 1 02, (2) Big KyToBOI

KOOpJIMHATHU « , Eq »/E; = 50.
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Ha puc. 5.12, B mnpuBenmenoMy wmacmTabi, HaBEACHI 3aJie)KHOCTI BEIHYUH

. 1 . 2 2 . .. .
HOopManbHUX mporuHiB Uz (1) i u3(2) Bix kyroBoi koopauHatu o . Kpusa 3 iHgekcom 1
BIJMOBiJa€ BENMYUHI U3 BHYTPIMIHBOI cQepHuHOi OOONOHKH, a 3 IHAEKCOM 2 —
BEIMYMHI UZ 30BHINHBLOI cepuuHoi OOONOHKM B MOMeHT yacy t = 15T (wac
1 . 2 . .
JOCSITHEHHSI MaKCUMAaJIbHOTO 3HaueHHs BenuuuH Uz (1) i u5(2)). BigHomieHHs MOTy TiB
IPYKHOCTI HECYUHX IIapiB A0 MOAYJIS MPYXKHOCTI JIETKOTo 3anoBHIOBava E; »/E; = 500.
Toukn 3’emHanHHs KpuBHX | 1 2 BKa3ylOTh Ha pO3TallyBaHHS JHUCKPETHUX peodep.
Buxonsun 3 mpenctaBieHoOro rpadivyHOro matepialy MOXKHa Bi3yaJdbHO BU3HAYHTH
BIUIMB CHEPUYHOCTI CTPYKTYpH Ha aHTUCUMETPUYHICTh PO3MOJLTY BEIMYUHU
1 1 . 2 2 cw . H cee
us (1) i u5(2) mo mpocropoBiii koopmunati. [leprra BracHa YacToTa KOHCTPYKIIIT

14421 1.

Us, 10%(m)

2/ ~ \ \V/\

(2pad)

Puc. 5.12. 3aneskHoCTi BenmuuH HopManbHUX nporunis us (1) i u3(2) Bix kyroBoi
KOOpAWHATH «r , Eq »/E; = 500.
Ha puc. 5.13, B mnpuBeneHoMy wmacmrTabi, HaBEACHI 3aJe)KHOCTI BEJIMYUH
1 . 2 . .
HOpPMAJILHUX HampyXeHb 05, (1) 1 05,(2) Bim KyToBOi KOoopamHaTH . KpuBa 3
inziekcoM 1 BiANOBiNae BEIMYUHI 04, BHYTPINIHBOI chepUUHOT OOONOHKH, a 3 IHAEKCOM
2 — BeJWUMHI 02, 30BHIIIHLOI cepHuHOi 0OONOHKK B MOMEHT yacy t = 1,5T (wac
1 .2
JOCATHEHHS MaKCHUMAJIbHOTO 3HA4YCHHS BEIUYHMH 05, (1) 1 04,(2)). Buxomsum 3
NPEACTaBICHOr0 TrpadiyHOro MaTepialy MOXKHA Bi3yallbHO BU3HAUUTU  BIUIMB
c()epUUHOCTI CTPYKTYpH HA aHTUCUMETPHYHICTH po3noxainy semmunan us(1) i u%(2) no
pocTopoBiit koopauHati. [lepia BnacHa yactota KoHCTpyKInii 14421 .
Ha puc. 5.14 nmnpuBemeHi 3aJeXHOCTI BETWYMH HOPMAJbHUX TPOTHHIB

BHYTpimHbOro ul (1) i 30BHimHBLOro u%(2) Hecyuux mapis, a TaKok iX HOPMAJTbHUX
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o

a,
(2pad)

Puc. 5.13. 3aeKHOCTi BeIMYMH HOPMAJILHUX HANPYKeHb 04, (1) 1 02, (2) Big KyToBOI
koopauHatu o Ej,/E; = 500.
HaIpyXeHb 05, (1) i 6%,(2) — puc. 5.15 BiJ yacy CUMETPUYHOI TPUIIAPOBOI CepHUHOT
OOOJIOHKM 3 JUCKPETHO-CUMETPUYHUM 3alOBHIOBAYEeM Yy 11 BepHIMHI TpH il
IMITyJIbCHOTO HaBaHTa)XeHHs. JIerkuii 3anoBHIOBaY — BIACYTHIN. [HaekcoM | mo3HaudeHi

BEJIMYMHU BHYTPIIIHBOTO HECYUOTO LIapy, IHAEKCOM 2 — 30BHIIIHBOIO HECYYOT'O LIapy.

5
30Y3.10° (M)

24

18 A

0~ 7 \ f | f
-6 "

0 0.2 0.4 06 08 T 11103 ()

Puc. 5.14. 3anexnocrti Bemuun u3(1) i u3(2) Bizg yacy y BepumHi cepuanoi

000JIOHKH MPHU B1JICYTHOCTI JIETKOTO 3alIOBHIOBAYa.
022, 107(Ta)

254

0 0.2 0.4 0.6 0.8 11073 (c)

Puc. 5.15. 3anesxxnocTi BenuuuH 04,(1) i 0%,(2) Bin yacy y Bepuni cdepuunoi
000JIOHKHU TPHU BiJICYTHOCTI JIETKOTO 3all0BHIOBAYA.
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Cnin 3ayBaxkutu, mo rpadiku Ha puc. 5.14, puc. 5.15 goOpe y3roaKyrThCs 3

BIANOBIAHUMH TpadikamMu Ha puC. 5.4, puc. 5.6 BiANOBIIHO.

[Ipu BUKOpHUCTaHHI CKIHUEHO-EJIEMEHTHOTO METO/IY B MOJIENIAX OyB BUKOPUCTAHUM

TPUBUMIpHUN 00'€MHUIN CKIHYCHHUN €JIEMEHT, SIKUW TapaHTy€e TOUYHICTh 1 JTOCTOBIPHICTH
OTPUMAHMX PE3yJIbTATIB.

JInst 1OCTiKeHHs] TMHAMIKH HeCHUMETPHUYHOI TPUIIApOoBOi chepruyHOi 0O0JIOHKH 3
JTUCKPETHO-CUMETPUYHUM JIETKMM, apMOBAaHUM peOpaMu, 3allOBHIOBaYe€M CTBOpPCHA

CKiH4YeHO-eJeMeHTHa Mojens (Puc. 5.16 a-d), sxa Brrodana 43200 ckiHYEHHX
eneMeHTiB 1 52680 By3miB. [liBcdepa 3 m’siTbmMa pedbpamu.

Puc. 5.16. Bun B nepepizi XZ CKiHYEHO-EJIEMEHTHOT MOJIEI 3 THOMIACTOM.S pedep a)
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5.16. Bux B niepepizi XZ BHYTPILIHBOTO HECydoro mapy 5 pedep b)
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5.16. Bun B nepetuni XZ 30BHIIIHBOTO HeCydoro Imapy 5 pedep d)

Po3paxyHKM MPOBOAMIUCS NPH HACTYIIHUX T€OMETPHYHMX 1 (i3MKO - MEXaHIYHHX
napamerpax: E;=E;=7-10"IIa; V; = =03 p=p=2710° kr/m®; hy = hy=0,005M; h;

=2h,; R, =0,3m; R, =0,322m; Fy = 4x107°m?, EZ2=2-10"Na; p —7.8-10°kr/M°; v2 =03
0,075. 3Bimcm crmigye, 10 30BHINIHIA HECY4YHH Iap

(E1+E?)/2E,=50; h/R
BUTOTOBJICHUH 31 CTaJll, @ BHYTPIIIHIN - 31 crtapy AMI'6.
JuckpetHi apMmytoui pedpa (mapaseni) nepedyBarOTh y TOUKaX: %i =x;1=15

Ha no6oBy Touky cdhepudHOoi 00OJOHKHM i€ 30CEpeIDKEHUN ymap, Mif0 SKOT0 MOXHa

ornnucaTtTu HaCTyHHHM YUHOM.
t
A(1-7) o<ts<T A =10%a, T=50x10"%.

P(O,1)=
0 t>T
OTpuMaHi 4YHCENbHI PEe3yJIbTaTU JO3BOJISIIOTH MPOBOJUTH aHaII3 HANpPYKEHO—

ne(opMOBaHOTO CTaHy TPHUIIAPOBOI MPYXKHOI CTPYKTYpH C(HEpUUYHOrO TUINY B OYyIb

skuii MOMeHT 4acy (po3paxynku npooawiucs npu 0 <t <40T). 3okpema, Ha pwuc.
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5.17, B mnpuBeneHoMmy wmaciitabl, NpPUBEAEHI 3aJEKHOCTI BEIWYHMH HOPMAJIbHUX
nporunis U3 Bix KyTOBOi KOOpAMHATH « . KpuBa 3 injgexcom 1 Bignosigae Benvuuni uj
BHYTpIIIHBOi Cc(epUIHOT OOONOHKH, a 3 iHAEKCOM 2 — BEIMYMHI U5 30BHIIIHBOI
chepruuHoi 000JJOHKM B MOMEHT yacy t = 5,85T (uac JOCATHEHHsS MaKCHMMaJIbHOTO
sHaueHHs BeauunmH u3 (1) i u2(2)). Jlerkuil 3amoBHIOBaY BiACyTHii. Buxomsum 3
OpeACTaBICHOro TpadidHOTO Marepially MOXKHA Bi3yaJbHO BH3HAYUTU BIUIHB
c(epUIHOCTI CTPYKTYPH Ha aHTHCHMETPHYHICTH po3noniny semmuus us(1) i u4(2) mo

MIPOCTOPOBIK KoopauHarti. [lepira BiacHa yactoTa KOHCTpYKIii 14401 .

Us, 10° (m)

2\ 1
A0, TR TECLAN N N——

NN
1

a,
(2pad)

Puc. 5.17. 3anexxHocTi BETUYMH HOPMAJIbHUX MPOTHHIB CEPeJUHHUX MTOBEPXOHb
u3 (1) i u3(2) Bix KyTOBOi KOOPAMHATH ¢ . JIerkuil 3aMOBHIOBAY BiACYTHiM
Ha puc. 5.18, B mnpuBemeHoMy wmacmrTabi, HaBEACHI 3aJIe)KHOCTI BEIHYMH
1 . 2 . .
HOpPMaJIbHUX HAIPYXEHb 0,5, (1) 1 05,(2) Bim xoopauHatu o . KpuBa 3 iHmekcom 1
BiJNOBifac BEIMYMHI 0,, BHYTpPIIIHKOI cepHuHOi OOOJOHKM, a 3 iHAEKCOM 2 —
BEJIMYNHI 0'222 — 30BHIIIHLOI, B MOMeHT yacy t = 5,85T. Ilepma BmacHa dJactoTa

KoHCTpyKuii 14401 w.

™2

N\

\/ \1\

a,
(2pad)

Puc. 5.18, 3aeKHOCTI BEIMYMH HOPMAIIbHUX HANPYKeHb 05, (1) 1 05, (2) Bix KyToBoi

KOOpAWHATH ¢ . JIerkuit 3an0oBHIOBAY BiJICYTHIM
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Ha puc. 5.19, B mnpuBemenoMmy wmacmrTabi, HaBEACHI 3aJIe)KHOCTI BEIHYMH

. 1 . 2 . .. .
HopManbHUX TporuHiB uz (1) i u5(2) Bix xyroBOi KoOpaAMHATH o« . KpHBa 3 iHaekcoM 1
BIJMOBiJa€ BENMYMHI U3 BHYTPIMIHBOI cepuuHOi OOONOHKHM, a 3 iHIEKCOM 2 —
BEJIMYMHI U5 30BHIIIHBOI chepruHOi 000NOHKU B MOMEHT vacy t = 9,55T. BigHomeHHs
MOJYJIB TMPY>KHOCTI HECYYUX WIapiB A0 MOJIYJS MPYXKHOCTI JIETKOTO 3alOBHIOBAaua

(E;+E2)/2E, =50. 3 rpadiuHoro marepiady BHIHO BIUIMB CHEPHIHOCTI CTPYKTYPH i

JIETKOTO 3allOBHIOBAYa Ha aHTHCMMETPUYHICTH posmoainy BemumunH ui(1) iu3(2) no

KyTOBi# koopauHarti. [lepia BiacHa yactoTa KOHCTpyKIii 15761,

Us, 107 (m)

a,

Puc. 5.19. 3anexHOCTI BEIMYMH HOPMAJIbHUX MPOTHHIB CEPEIUHHHUX MTOBEPXOHb
u3 (1) i u%(2) Bijg KyTOBOi KOOpAMHATH ¢ . (EL + E2)/2E, =50.
Ha puc. 5.20, B mpuBemeHomy wMacmrall, HaBEACHI 3aJIeKHOCTI BEITUYHUH
1 . 2 . .
HOpPMaJIbHUX HAIPYXEHb 0,5, (1) 1 05,(2) Bim xoopauHatu o . KpuBa 3 iHmekcom 1
BIJMOBIJa€ BEIMYMHI Oy, BHYTPIIIHBOI C(epHUHOi OOONOHKHM, a 3 IHIEKCOM 2 —
BEIMYMHI 0F%, — 30BHINIHBLOI, B MoMeHT vacy t = 9,55T. Ilepma BrmacHa yacToTa

KOHCTPYKINi 15761 .

Puc. 5.20. 3a1€KHOCTI BEIMYUH HOPMAIILHHUX HANPYKEHb 0, 1 035 Bil KyTOBOi

KOOpAWHATHU « . (E; +E})/2E, =50
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3 nopiBHsAHB TpadikiB Ha puc. 5.17 1 5.19 BUAHO Ha CKUIbKU CYTTEBO BIUIMBAE
JIETKUI 3aMOBHIOBAY Ha XapakTep KOJIMBaHb BHYTPIIIHBOTO HECY4YOro Iapy, jJoOoBa
TOYKA SIKOTO MiHsI€ 3HAYEHHS HOPMAJILHOTO MPOTHHY Ha MPOTHIIEKHE, a Meplia BilacHa
gacToTa KOHCTpyKuii 3MiHuiacs Ha 9,5%. Oxpim 1uporo, oOuaBa rpadiku
JEMOHCTPYIOTh  3[IaTHICTb TaKUX HECUMETPUYHUX TPHUIIAPOBUX  KOHCTPYKIIN
e(eKTUBHO racuTH 30ypeHHs BiJ JIOKAJbHUX YIapHUX HABAHTAKEHb.

Bucnoexu 0o n'amozo po3oiny

CTBOpeHa KOMITJIEKCHA METOMKA PO3PaXyHKy AMHAMIKH CKIAJHUX 00O0JOHKOBHUX
KOHCTPYKIII 0OepTaHHS MpHU HECTAI[IOHAPHUX HABAHTAXKEHHSX. MeToAMKa BKIIIOYAE:
MOCTAHOBKY 3aJ]ay TEOpii HECHMMETPUUHHUX OOOJIOHOK OOEpTaHHS, YMCEIbHUN METO.
pilieHHs 3a7a4, rpadiuHy oOpoOKy oTpuMaHMX pe3yibTaTiB. [locTaHOBKa 3a1ay Teopii
KOHCTPYKTUBHO-HEOJAHOPIIHUX OOOJIOHOK OOEpTaHHs, SIKa 3aCHOBaHA HA 3aCTOCYBaHHI
pIBHSHb KOJMBaHb 000JI0HOK Ha 0a3l yrouHeHoi mozem C.II. Tumomenka. [ns
YUCEJIBLHOTO PO3B'SA3KY JMHAMIYHUX 3a/a49 3aCTOCOBAHUM CKIHUCHO - PI3HUIIEBUH IIXi],
3aCHOBAHMM Ha BUKOPUCTAHHI IHTETPO - IHTEPIOJISIIIIHHOTO METO1Y MOOYI0OBU CKIHUEHO
- PI3HMIIEBUX CXEM IO IPOCTOPOBIM KOOPAMHATI 1 SBHIM ampOKCHUMAIIl MO YacOBIii
KoopAuHaTi. BuUKOpUCTaHHS Takoro MmiIXOQy JO3BOJIMJIO BHU3HAUYUTH HApyXEHO—
neopMoBaHUil CTaH TPUIIAPOBUX CHEPUYHUX OOOJOHOK 3 JUCKPETHO-CUMETPUUHHUM
3all0OBHIOBAYEM MPU IMITYJIbCHUX HAaBAHTAXKCHHSIX.

JleTanbHO JIOCHIPKEHO IIMPOKUIM CIEKTpP CHUMETPUYHUX 1 HECUMETPUYHHUX
TPUIIAPOBUX CPEPUUHHUX CTPYKTYP 3 AUCKPETHO-CUMETPUYHHM JIETKHM, apMOBaHUM
pebpamu, HEOTHOPITHUM 3aIIOBHIOBAYEM 3 JIONMIOMOTOI0 METOJy CKIHUYCHUX E€JIECMEHTIB.
OTtpuMaHi yuceabHI PO3B’A3KM HECUMETPUYHHUX TPULIAPOBHX CPEPUUYHUX OOOJOHOK 3
HEOJHOPIAHUM 3alOBHIOBAYEM IMpPU PI3HUX TPAHUYHUX YMOBAaX 1 PO3MOAUICHHX 1
JOKaJIbHUX HECTAaIllOHApHUX HaBaHTaXeHHAX. lle 1ae MOXIMBICTh 1HIYKTHBHO
OLIIHIOBATH PE3YyJbTaTH, HEOOXITHUX MPH PO3PAXYHKY HA KOHCTPYKTHUBHY MIIHICTh

JOCITIIKYBaHUX TOHKOCTIHHUX 00'€KTIB.
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3arajibHi BHCHOBKH

3 HaBENEHOTO BHWINE OTJIALY JITEPATypu CIIAyeE, MO OCOOIMBE MiCIe Cepen
TPUIIAPOBUX OOOJIOHOK 3aliMarOTh OOOJIOHKU 3 JIETKUM MPY>KHUM 3arllOBHIOBaueM, 00
3aBMIAKH TakKii TPUIIAPOBIN CTPYKTYpl MOKHA JOCSTTH HEOOXITHOI KOPCTKOCTI MpHU
Majii mutomiit Bazi. lle Takok CTOCY€ThCS TPHUIIAPOBUX OOOJOHOK 3 JAUCKPETHUM
pebpucTUM 3amoBHIOBaYeM. Y BHUIIAJKY, KOJU po3Mipu pedep, BiICTaHI MK HUMH Ta
TOBIIMHA HECY4YHMX IIapiB TOPIBHAHHI 32 BEIUMYMHOIO, MOKHAa BHKOPUCTATH
KOHCTPYKTHUBHO-OPTOTPOIIHY MOAENb. B TpumapoBux 000JOHKaxX, B SIKHX PO3MIpU
pebep 3amoBHIOBaua 3HAYHO MEHIIN HDK BIACTaHI MK HUMHU TPH BHUMYIICHHUX
TUHAMIYHUX HAaBAaHTAKCHHSIX BHHHUKAE BEIMKOTPAMIEHTHUN HAMPYXCHUH CTaH, TOMY
JUISL iX JTOCHIJIKEHHS CJIJIT 3aCTOCOBYBATH TMIJIX1J HE3aJEKHUX TINOTE3 ISl KOXKHOTO
mapy. B 11boMy HanpsiMKy € He3Ha4Ha KiJIbKICTh POOIT JJI1 CUMETPUYHUX KOHCTPYKIIIHA
1 crioco0iB iX HaBaHTakeHHs. Lelt hakTop 00YMOBIIIOE aKTyaIbHICTh TEMHU JTOCIIIKEHb,
sKa TMOJIsITa€ Y BUBYCHHI JUHAMIYHOI MOBEIIHKU TPUIIAPOBUX OOOJOHOK OOEpTaHHS 3
JIETKUM  3allOBHIOBAYEeM, apMOBAaHUM JHCKPETHUMH peOpaMH, a TaKOX BIUTUBY
HECHUMETpIi TPUIIAPOBUX OOOJIOHOK 1 XapaKTepy HECTalllOHAPHOTO HABAHTAXKEHHS Ha iX
HaIpy>KE€HO-1e(POPMOBaHUI CTaH.

Cmig TakoX 3BEpHYTHM YBary Ha BJIOCKOHAJCHHS YHCEIBHUX METOJIB Ta
PO3B’sI3yBaHHS KOHKPETHHUX 3aJ1a4 3 JIOMOMOTOI0 CKIHUEHO-EJIEMEHTHHUX 3aC001B.

HasBHICTh MIMPOKOTO KOJIa MOPIBHJIBHUX JAaHUX JO3BOJUTH BHSBUTH XapakTep i
CTyMiHb BIUIMBY JHUCKPETHOTO HEOJHOPIJHOTO 3allOBHIOBAY, YTOYHHTH MEXI
NPUAATHOCTI MPUKIAAHUX JIBOBUMIPHUX PIBHSHB 1 B iX paMKax BKa3aTh HaWOLIbII
IpoCTI 1 B TOM K€ 4Yac JOCUTh TOYHI MIAXOAM 0 aHaNI3y AMHAMIKA TPHUIIAPOBUX
00O0JIOHKOBHUX CHUCTEM 3 TUCKPETHUM HEOJHOPITHUM 3allOBHIOBAYEM.

B nucepranii JaHa MOCTaHOBKA 3aJad Ta BHBIJ PIBHAHb HEOCECUMETPUUYHHMX
KOJIMBaHb HECHUMETPUYHUX TPHIIAPOBUX OOOJOHOK OOEpTaHHS 3 YypaxyBaHHIM
HAsBHOCTI  JIETKOTO  JHCKPETHO-CUMETPUYHOTO  3allOBHIOBa4Ya,  apMOBAHOTO
nuckpetHuMu  peOpamu. [lokmamanocs, 1m0 Hampyx)eHO—IehOpMOBAaHUN  CTaH
HEOJHOPIAHOI TPUIIAPOBOI MPYKHOI CTPYKTYPH, a caMe — HECYUYHUX IIapiB 1 apMYIOUHUX

JTUCKpPETHUX pebep, Moke OyTH BHU3HAYEHUW B paMKax Teopii 0OOJIOHOK 1 CTPHKHIB
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srimHo  Tinmore3am C.II. Tumomenka. KinematwuHi 3aJ€XHOCTI I JIETKOTO
3aloBHIOBaua BHOpaHi 3rigHO JiHIMHOI Momeni [174], a ymMOBH HemepepBHOCTI
MepeMIIlleHh MK 3allOBHIOBAYEM 1 HECYYMMH IIIapaMM 3alucaHl 3a 3pa3KoM poOOTH
[175]. HAna BUBOAY piBHSAHb KOJHMBaHb HECHUMETPHUYHOI HEOJHOPIAHOI TPUIIAPOBOI
CTPYKTYpU BHUKOPHUCTOBYETHCS BapilallifHUN TPUHIIUI CTallioHapHOCTI ['amiibTOHA —
OcTtporpaicbkoro. 3anucyrOThCsS BHUpa3W Il MOTEHLIATbHOI Ta KIHETUYHOI €Heprii
HECY4YHX IapiB, JIETKOTO 3allOBHIOBaYa Ta BIAMOBIIHUX JUCKPETHUX apMyIOUuux pedep
JKOPCTKOCTI, SIKI BHUTOTOBJICHI 3 BIANOBAHMX MatepianiB. Ilicma cTangapTHHX
NEPETBOPEHb B BapialliftHOMY (PYHKIIIOHATI, OTPUMAHO PIBHSIHHS HEOCECUMETPUUHHX
KOJIMBaHb 11 HECYYMX IIapiB, JIETKOTO 3alOBHIOBAaYa Ta BIJMOBIAHUX MOB3J0BXHIX 1
MOMEPEYHUX JIUCKPETHUX AapMylouux eyieMeHTiB. [li KoiuBaHHS HECUMETPUYHUX
TPUIIAPOBUX TMPYKHUX CTPYKTYpP OINHUCYIOTBCS JBOMA CHCTEMaMH  PIBHSIHBb
MateMatnyHoi ¢i3uku 20 mopsiaky. [IpuBeneHi NMpuUpoHI T'paHUYHI Ta IMOYATKOBI
YMOBH JIJIsl HECYYHX IIapiB, JIETKOTO 3aMlOBHIOBAYA 1 TUCKPETHUX apMYIOUYHNX €JIEMEHTIB
3alOBHIOBAYA.

JlocnmikeHHsT BUKOPUCTaHHS JIETKOTO 3allOBHIOBaYa 3 HU3BKUMH MAaCOBUMU
XapaKTEPUCTHUKAMU JIO3BOJISIE MpPU TOPIBHAHO HEBEIUMKOMY 30LIbIIEHHI Baru
KOHCTPYKINi (Ha 1-3 BIZICOTKHM) ICTOTHO MIJBUIMUTH ii 3TMHAIBHY KOPCTKICTh. Takum
YUHOM, JOCIHIPKEHHS HECTAI[lOHAPHUX KOJIUBaHb HECUMETPUYHUX TPHUIIAPOBUX
UWTIHAPUYHUX OOOJOHOK O0OEepTaHHsS B IIMPOKOMY Jlana3oHi 3MIHU  (Pi3UKO—
MEXaHIYHUX MapaMeTpiB HECYyYWX IIapiB ICTOTHO BIUIMBAE Ha MapaMeTPU KOJWBAHb:
BUTOTOBJIEHHS BHYTPIIIHBOTO HECYy4oro mapy 31 ctaii Ha 28% 30uIblIye KOJIOBI
HaIPY>KEHHS Gy, @ NepIlia BJJaCHA YacTOTa Takoi OOOJIOHKH 30uiblIyeThbest Ha 136%.
Taki pe3ynbTaTi 1EMOHCTPYIOTh 3HAUHHUM BIUIMB JIETKOTO 3allOBHIOBAYa HA JTUHAMIUHY

MOBEAIHKY HECUMETPUYHHUX TPUILIAPOBUX LIMIIIHIPUYHUX OOOJOHOK.

B cuMerpuuHIi KOHIYHIA CTPYKTypl MAaKCHUMaJIbHI HOPMaibH1 IporuHu Uj
BHYTPIIIHHOI'O HECYYOTO ILIAPY 3a PaXyHOK BIUIMBY MIHOIUIACTY 3MEHIIYIOThCS B 2,61
pasu, a U3 1is 30BHIIIHBOTO HECY4Oro mapy B 2,22 pa3u. B HecuMeTpuuHii KOHIUHIN

CTPYKTYP1 3 JUCKPETHO-CUMETPUYHUM JIETKUM, apMOBAHUM peOpaMu 3allOBHIOBAYEM, Y

AKOI BHYTpPIIIHIA HeCy4Wil Iap BUTOTOBJIEHMM 31 cTaji, a 30BHIMHIA 3 AMI6,
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MaKCHUMaJIbHI KOJIOBI HAIPY>KEHHSI Gp; BHYTPIINIHBOTO HECYYOTO IMapy 3a pPaxyHOK
BIUIMBY MIHOIUIACTY 3MEHIIYIOThCs B 3,11 pasu, a 6y, 7151 30BHIIIHHOTO HECYUOTO HIapy
- Mail>ke He 3MIHIOIOThCS.

CTBOpeHa KOMITJIEKCHA METOMKA PO3PaXyHKy AMHAMIKH CKJIAJHUX 00O0JOHKOBHUX
KOHCTPYKIII 0OepTaHHS MpHU HECTAI[IOHAPHUX HABAHTAXKEHHSX. MeToAMKa BKIIIOYAE:
MOCTAaHOBKY 3a7[a4 Teopii HECUMETPUUYHUX OOOJIOHOK OOEpTaHHs, YHCEIbHUM METOJ]
pilieHHs 3a1a4, rpadiuny oOpoOKy OTpUMaHUX pe3ylbTaTiB. MeToauka 3aCHOBaHA Ha
0a31 yrounenoi mojeni C.II. Tumomienka. 3acTOCOBaHMM CKIHYEHO - PI3HHUIICBUN
MiAX17, 3aCHOBAaHUI Ha BUKOPHCTAHHI 1HTETPO - IHTEPHOJSAIINHOTO METOAY MOOYIOBH
CKIHUEHO - PI3HULEBHUX CXEM IO NPOCTOPOBIM KOOPAMHATI 1 SBHIM ampoKcuMalli 1o
yacoBiii koopauHaTi. lle mo3Bomuno BuzHauath HJIC TpumapoBux cdepudaHux
OOOJIOHOK 3  JUCKPETHO-CUMETPUYHMM  3alOBHIOBaUYE€M  MPU  IMIIYJIBCHHUX
HABAHTAKEHHSX.

JleTanbHO JTOCHIPKEHO IIMPOKUI CIEKTpP CHUMETPUYHUX 1 HECUMETPUYHHUX
TPHUIIAPOBUX C(HEPUUHHUX CTPYKTYP 3 AUCKPETHO-CUMETPUUHHM JIETKHM, apMOBAaHUM
pedpamMu, HEOJHOPIAHUM 3alIOBHIOBAYEM 3 JOMOMOIOI0 METOAY CKIHUEHUX EJIEMEHTIB.
OTtpumaH1 yucenabHI PO3B’A3KM HECUMETPUYHHUX TPUIIAPOBHX CPEPUUYHHUX OOOJOHOK 3
HEOJHOPIAHUM 3alOBHIOBAYEM IMpPU PI3HUX TPAHUYHUX YMOBAaX 1 PO3MOAUICHHX 1

JJOKAJIbHHUX HeCTaHiOHapHI/IX HaBaHTAXXCHHAX.
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ANNOTATION

ORLENKO S.P. DYNAMICS OF THREE-LAYER SHELLS OF ROTATION WITH
A DISCRETE INHOMOGENEOUS PLACEHOLDER - Qualification scientific work
on the rights of a manuscript.

The dissertation on competition of a scientific degree of the candidate of technical
sciences on a specialty 01.02.04 — mechanics of a deformable firm body. — Institute of
Mechanics. S.P. Tymoshenko of the National Academy of Sciences of Ukraine, Kyiv,
2020.

The dissertation is devoted to the development of computational models of
asymmetric three-layer shells of rotation with discrete-symmetric lightweight, rib-
reinforced filler, improvement of numerical finite-difference methods and development
of finite-element methods for solving corresponding initial-boundary value problems of
mathematical physics, stress-strain state assessment of three-layer shell structures
depending on their geometric and physico-mechanical parameters under different types
of non-stationary loading.

The introduction substantiates the relevance of the chosen topic of the
dissertation, gives a general description of the work, proves the need for
scientific research, formulates the purpose and objectives of the study, indicates
the relationship of work with research programs, topics, plans. The first chapter
covers general issues of the development of methods for solving problems of the
stress—strain state of layered shell structures, given in the works and monographs
of well-known scientists. These works remain a solid mathematical basis for
selecting suitable hypotheses for constructing computational models of three-
layer shell elements and determining the application of analytical and numerical
methods for calculating real structures. Based on a thorough analysis of the
current state of the problem of determining the nature of nonstationary
oscillations and stress-strain state of three-layer shells with filler of complex
geometry and significantly different physical and mechanical properties, the
place of this work among previous developments is determined and the choice of

research directions is substantiated. In the second section the problem statement



iIs presented, the calculation model is created and the solving systems of
equations of oscillations of asymmetric three-layer shells of rotation with
discrete-symmetric lightweight, rib-reinforced filler at forced dynamic loads are
derived. Reinforcing elements are fixed at distances that significantly exceed
their transverse dimensions, and are located along the main lines of curvature of
the shell. In the third section, the regularities of the flow of wave processes in
asymmetric three-layer cylindrical shell structures with a discrete-symmetric
lightweight, rib-reinforced filer under nonstationary loads are investigated. The
fourth section investigates a discrete-symmetric inhomogeneous in thickness
elastic structure of conical type, which is a system consisting of inner and outer
smooth conical shells (inner and outer bearing layer) with corresponding
thicknesses and radiuses. It is assumed that the midlines of these shells are
parallel, ie the angle of taper a is common. The shells are rigidly connected by
discrete ribs and a lightweight filler. It is believed that the three-layer conical
structure is loaded by an internal axisymmetric distributed non-stationary normal
load. In the fifth section, the problems of axisymmetric oscillations of three-
layer spherical shells with a discrete-symmetric filer of different structure and at
different types of boundary conditions and nonstationary loads are investigated.
Keywords: asymmetric three-layer shells of rotation, discrete-symmetric

lightweight filler, reinforcing ribs, non-stationary loads, numerical methods.



