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BBegeHue

KomMnosunuonnsie Marepuansl B X X[ Beke MMUPOKO NPUMEHSAIOTCS B HECYLIUX KOHCTPYKIMAX
pa3IMYHbIX IPOMBIIIJIEHHBIX W3/€IUil, 1aBas BBIMIPHIL B Bece nopsaaka 20% 1o cpaBHEHUIO C
METAJJIMYEeCKON KOHCTpyKUHenH. 1o u camonetsl (10 50% coctaBa KOHCTPYKIUHU), U MOPCKHE
CyJia U KOHCTPYKLIMH, U CTPOUTENbHbIE KOHCTPYKLIUU, U MHOTO€ JIpYToe€.

MoHorpaduueckast auTepaTypa ¥ YYEOHHKM 10 KOMIIO3MLIMOHHBIM MaTepuaiaM M
KOHCTPYKLUSIM B 3HAYMTENbHBIX KojuuecTBax Bbimyckanach B CCCP no nauana 90-x romos
IPOIJIOro BEKa, OMMChIBAs MOHMMAHUE MpeaMeTa Ha TOT nepuoj. CIMCOK KHUT TOTO MEepHoAa
BKIItOUaeT B cebs cienyromue u3ganus: Jlexaunkuit 1947 u 1977, EnnareeBckuii u Bacunbes
1972, O6pa3uos, BacunseB u bynakos 1977, Manwmetictep, Tamyx u Tetepc 1980, bonotun u
Hosuukor 1980, AndytoB, 3unoBbeB u IlomoB 1984, ITloGenpss 1984, BacwmibeB 1988,
Hapycb6epr u Tetepc 1988, banuuyk, Ko6enes u Pukapac 1988.

B dacTHOCTHM, paccMaTpuBaJUCh TOJIBKO OPTOTPOIHBbIE KOHCTPYKLHMM C TPSIMOJIMHEHHON
YKJIaJKONH CJIOEB U HE YUUTHIBAJIOCH BO3MOXHOE 3aKPUTHYECKOE IOBEJCHHE KOHCTPYKLHUU.
OtnenbHble  MoHoOrpaduu, nosBuBmmecs B Poccum mocne pacnaga CCCP  (Bumbaeman,
Cokonkun n TamxunoB 1997, Angpees u Hemuposckuit 2001, benoszepos u Kupees 2003,
Marsees u ITycrooit 2005, 3unoBbeB u CmepnoB 2006, Mutpodanos 2012, I'punus, [[3106a u
HynapekoB 2013, Jdyauenxo 2014, Tlomunos 2016), npomomkanid METOAOIOTUYECKYIO JTUHUIO
NpEIbIIYIINX W3/IaHUH, YKa3aHHBIX BbIIIE (OTMETUM, KaK Haubojiee COBPEMEHHBIE B HEKOTOPBIX
acniekrax ywyeOHuk HITY 2015 roma aBropoB Makcumenko, Onermna u IlycroBoro,
OPUEHTUPOBAaHHBI B OCHOBHOM Ha BOIPOCHl MEXaHMKM pa3pylIEHUs I@pHU YIPyrom
ne(OpPMUPOBAHUN OPTOTPONHBIX KOHCTPYKIUN C MNPSIMOJIMHENHO YJIOKEHHBIMH CIIOSIMU; U
yueOHuku MAW MurpodanoBa 2020, a Ttaxke Mutpodanosa u Kaiikosa 2017, rne
paccMaTpUBAIOTCS OrPAaHUYEHUS 110 IOTEPE YCTOMYMBOCTH, IO IMPOYHOCTH M peCypcy Ui
3aKpUTHUECKUX JAedopMaIiii OpTOTPONMHBIX KOHCTPYKIHUH € NPAMOJIMHEHHO YIOXKEHHBIMU
cnosimu). HOcTpanHas ke (aHrjIoA3bIYHAas ) JIUTepaTypa U yUeOHUKH, IIUPOKO BBIMTYCKaeMbIe B
nocneanue 30 JeT, MOKpHIBAIOT BCE HOBbIE Pa3fefibl MpeaMeTa U BCE HOBBIE METOJIUYECKUE
MOJXO/Ibl, B YaCTHOCTH, YYET aHMU30TPOIHOM M KPUBOJIMHENHOM YKIAJIKH CIOEB (Ha3plBacMOM
Steered Fibre wmnu Variable Angle Tow) u 3akputuueckoro nehopMHpOBaHHs, KOTOPOE
HEO0OXOJUMO paccMaTpuBaTh NpPHU aHAJIM3€ HAarpyXeHHs YpPOBHS BBILIE 3KCIUTyaTallMOHHBIX

Harpy3oK.



B cBs3u co cka3aHHBIM BbIIIE, HUMEETCS HEOOXOJUMOCTb CO3JIaHUSl OTEUECTBEHHOTO,
COOTBETCTBYIOIIIETO CETONHSNIHEMY IHIO, W3JIaHUs, KOTOPOE€ MOIJo Obl OBITh Kak y4eOHBIM
nocoOueM [Uis CTYIACHTOB-CTApUIEKYPCHUKOB, TaK W MOIJI0O OBl HCIIOJIB30BAaThCS TaKXKe
aclUpaHTaMU, CHEeNUaTUCTAaMHU-UHKEHepaMU W Hay4yHbIMU pabOTHHUKaMu. OJTa 3agade u
MOCBSIIEHA HACTOSIIAs KHUra, MCHOJIb3YIOIIas pe3yiabTarbl aBTopa 3a nepuoxa 2005-2022 rr.
(cm. Crircok muTepaTypsl B MaTepuaiibl aBTopa Ha ResearchGate.net). JlanHast KHUTA ONUCHIBAET
COBPEMEHHYIO METOAOJIOTHIO, NPUMEHUMYIO TPU CTaTUYECKOM aHAJINW3€ M MPOYHOCTHOM
NPOSKTUPOBAHUM  KOMIIO3MIIMOHHBIX  IUIACTUH W maHened.  Bompocbl  Ge3omacHoit
MOBPEXAAEMOCTH U BBIHOCIMBOCTH MpPH 3TOM HE pPAacCMaTPUBAIOTCSA, TaK Kak, MO HAIIeMy
MHEHHIO, 3TH BOTPOCHI SBISIFOTCS OTAEIHHO CTOSIIUM OOJIBIINM Pa3/IelIoM aBHAIMOHHON HayKH
0 TPOYHOCTH KOHCTPYKUMH W3 KOMIIO3HIMOHHBIX MAaTEpHAIOB W TPEOYyIOT CIENUaTIBLHOTO
pPaccMOTpPEHHUS.

3apyOexHbie paboThl B 00JaCTM NPOYHOCTH M MPOEKTUPOBAHUSA KOHCTPYKIMH W3
KOMITO3UITMOHHBIX MaTEPUAIIOB TPEACTABICHBI JOCTAaTOYHO oOmmpHO, cM. Ashton and Whitney
1970, Gibson 1994, Turvey and Marshall 1995, Kollar and Spinger 2003, Reddy 2004, Falzon
and Aliabadi 2008, Kassapoglou 2010, Jones 2018, a Taxke HEKOTOpbIE 0030pHBIE CTaThbHU B
AHTJIOSI3BIUHBIX KYpHaNaxX (BUAUMO, o/lHA U3 ocnenHux Wu et al 2018).

Kak m3BeCTHO, pacCMOTpeHHE YCTOWYMBOCTH M 3aKPUTUYECKOTO Je(hOpMUPOBAHUS TUIACTHH
OPUMEHUMO IS aHajlM3a CTEHOK JIOH)KEPOHOB M HEPBIOP MEXAY COCEIHHMH peOpaMu
KECTKOCTHM, a TakXe NaHeJIel HeCylUMX TIOBEpXHOCTeH (Kpblia WM OINEPEeHUs]) MEXIY
COCEIHUMU CTPUHIE€paMU U HEPBIOPAMH.

Psin pa3menoB naHHOM KHUTH TIOCBAIIEHBI BHIOOPY Hauiydlled YKIaAKd clo€B (Kak ¢
NPSIMOJIMHEHHBIMA, TaK W C KPUBOJWHEWHBIMH BOJIOKHAMH) JUIS ONTHUMH3AIMUA PaOOTHI
AHU30TPOMHON KOHCTPYKIMH. [logxon ¢ KPUBONMHEHHBIMH BOJIOKHAMHU CIOEB HAYMHAET
MPUMEHSTHCS B CHUJIOBBIX MPOTSDKEHHBIX KOHCTPYKIUSX THUIA KPbUIA WM TAHENU, TPUBOJIS K
JIOTIOTHUTEIbHOMY BBIMTPBILTY Beca KOHCTpYKUUHU 110 20% (110 CpaBHEHMIO C MPSMOJUHEIHON
YKJIaJIKOM).

[IpenmnonaraemMoe 3HaHWE MaTeMAaTHKU YUTATEJIEM COOTBETCTBYET MPOrpaMMe TEXHHUYECKOTO
YHUBEpCHUTETa (32 MCKIIOYCHUEM JIeTajlel pa3/ienoB ¢ ONTUMHU3AIMEN YKIaJKH, KOTOPble MOTYT
OBITH MPOMYIIEHBI CTYIEHTaMHU-CTapLIeKypCHUKaMu Oe3 yiiepOa s MOHUMaHHUS OCHOBHOTO

COJICpKAHUA).



OCHOBHBIE YC/JI0OBHbIE€ 0603HAYEHUSA

X, Y, Z - nekapToBa cuctema KOopJAruHaT
X, ¥, Z - KOOPJIMHATHI B 3TOU CHCTEME

u, v, w oo u,, i=1,...,3 - COOTBETCTBYIOLIME X, }, Z IEPEMELIEHH B 3TOH CHCTEME

u; ; - POU3BO/IHAS IIEPEMELICHHUS [ [I0 KOOPUHATE j

&, - KOMIIOHEHTBI TeH30pa aeopmannii ['puna

e, - KOMIIOHCHTbI HH(DHHATE3MMAIIHOTO TeH30pa Aedopmaruii

P

o ; - IepBblii TeH30p HanpsbkeHuii [Tnonbi-Kupxrodda

0 ; - Bropoil TeH30p Hanpsokenui [Tnossi-Kupxrodoa

h — TONIIMHA TUIACTUHBI

h,;, - TONIMHA CIIOSI

T - YACJIbHAs NOTCHIHUAJIbHAA SHEPTUA ,[[e(i)OpMaLII/II/I

plate

7T, - YACIbHAS MOTEHIMABHAS SHEPTHs Ae)OPMALHK CIIOST

IT - oO11as moreHMaNbHAS SHEPTUS AePopMaLiU
U - oOmrast sHEpTUs IIIaCTUHBI
W - noteHnuan BHEIIHUX CHJI

7T, - YACJIbHAs OOMOJHHUTCIIbHAA DOHEPI U

T - yaclIbHasd JOMOJIHUTEIIbHAA DHEPTUs CJI0A

c_ply
IT, - o01I1ast TOMOTHUTENbHAS YHEPTUS

0 - 3HaK BapHaIllH

k..k, k, - KDUBU3HBI IOBEPXHOCTH IO XX, )V, Xy, COOTBETCTBEHHO

K..K,, K, -0000eHHbIC KPHBU3HBI IIOBEPXHOCTH I10 XX, )V, Xy, COOTBETCTBEHHO

w?
i - 0003HaYEHUE BEKTOPA, COCTOSILETO U3 KOMIOHEHT 71,
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O, - MaTpuIa )XECTKOCTH CIIOSI

U,,...,U, - 4eTbIpe yIpyrux KOHCTAHTHI CJI05
A, D - maTpulbl KECTKOCTH TIJIACTUHbI
N,,N,,N,, - IOrOHHBIC CHJIBI
M .M, M, - HOTOHHEIC MOMCHTHI

MKD — MeTo1 KOHEYHBIX DJIEMEHTOB

K3H - ko3¢ dpurmenT 3akpuTudeckon Harpy3Ku



I'maBa 1. BeKTOpBbl, MAaTpUILbl U TEH30PHI

1.1. IIpedeapumesibHble 3aMeYaAHUS

B nmannoii ['maBe OynmyT npuBEAEHBI CBEACHUS W3 Kypca JHMHEHHOW anreOpbl U
AHAIUTUYECKON reOMeTpHUH, He0OXOUMbIE JJI1 MOHUMAaHHUsI [TPeIMETa 3TON KHUTH. Takxke OynyT
OMKCAaHbl HY)XHBIC BHIOOPOYHBIE CBEICHUS M3 TCH30PHOTO aHanmm3a. Jta ['7aBa MOXKeT OBITh
MpOIyIIeHa YUTATENIeM, BIAJCIOUIUM KYpCOM BBICIIEH MaTeMAaTUKH HA YPOBHE TEXHUYECKOTO

YHUBCPCUTCTA.

1.2. Eek/1udoeo npocmpaHcmeo ¢ dekapmoeoll cucmemoll KoopouHam

[Toxxonapl, omuchiBaeMble B 3TOM KHHUIe, UMEIOT [JEJI0 C pPa3HOOOpa3HbIMH YHUCIOBBIMU
BEJIMYMHAMH, OIIMCHIBAIOUIMMM IIOBEJEHUE KOHCTPYKIMH. Bce paccmaTpuBaeMble Hamu
BEJIMYUMHBI SIBJISIFOTCS] BEIIECTBEHHBIMU, TO €CTh, UMEIOIIMMH 3HAU€HUs, KOTOPbIE, B IPUHLHUIIE,
MO’KHO U3MEPUTH TEM HJIM UHBIM 00pa3zoMm.

YucnoBble BEIMUUHBI MOTYT HMETh YHCIOBOE 3HAYCHHE caMU 1O cebe, OTJIENIBHO OT APYIHX,
Y TOT/1a OHY Ha3bIBAIOTCA CKAJSIPHBIMU BEIIMUMHAMMU.

Ecnu ke 4ncnoBble BETUYMHBI UCIIOIB3YIOTCS KaK HEKOTOPBIH HAOOp M3 HUX MOCTOSIHHOTO
cocTaBa (HampuMmep, TPU KOOPJIMHATHI KaKOM-TO TOUKH (PU3NYECKOT0 MPOCTPAHCTBA), TO TaKue
HaOOPBI BEIMUUH HA3bIBAIOTCS BEKTOPHBIMH BETMYMHAMHU.

[TpuBbIUHOE HAM (U3UYECKOE MPOCTPAHCTBO, B KOTOPOM Mbl HAXOJUMCS, C TOUYKH 3pEHHS
MaTeMaTUKH, O3TO - TaK Ha3blBAEMOE €BKJIMJOBO IPOCTPAHCTBO TPEX H3MEPEHUM.
[IpsimoyronbHasi cucTeMa KOOpPAMHAT (C OAMHAKOBBHIMU MacHITadaMu IO OCSIM KOOpPJIWHAT),
BBEJEHHAs] B 3TOM IPOCTPAHCTBE, HA3BIBAETCSA AEKAPTOBOW CHUCTEMOM KoopauHaT. B maHHOM
KHUTE MBI OyJieM HCIIOJIb30BaTh TOJIBKO TaKyl0 CHCTEMY KOOPJIMHAT, BBEAEHHYIO B TPEXMEPHOM
(U3MUECKOM TPOCTPAHCTBE. DTO TPEAINOJIOKEHHE CYIIECTBEHHO YIPOILACT HCIOJIb3YeMbIi
MaTeMaTUYECKuH armnapar.

Touka B 3TOM MpOCTPaHCTBE HMEET TPHU 3HAYEHHUS KOOPJIMHAT IO KaKIoM U3 ocei

KOOpAUWHAT.
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1.3. Bekmopbl u mampuyul

BekTopoM Ha3bpIBaeTCs HANpaBIEHHBIA OTPE30K, UMEIOLIMK Hayano, KOHEL|, HAlpaBJICHUE U
mHy. O003HavYaeTcs BEKTOp, Hampumep, Tak: 7 . Bektop-cronben — 3To Tpu 3HAYeHUsI, paBHbIE
Pa3HOCTU COOTBETCTBYIOLMX KOOPAMHAT TOYEK KOHIA M Hayaja HaIpaBJICHHOTO OTPE3Ka. JTU
Pa3HOCTU HA3bIBAKOTCS KOOPJIMHATAMH BEKTOPA.

Marpuueit 3x3, 0603Ha4aeMoii, HapuMep, B, HazbIBaeTCsl HAOOP U3 ACBSITH YKUCEN by, TIE i ]

IIPUHUMAIOT HCJIOYMCICHHBIC 3HAYCHHNA OT CAMHUIBI 10 TpéX. 3anuch MaTpulbl:

b, b, by
B=|by by, by (1.1)
by, by, by

ManI/II_Ia Ha3bIBACTCA HHaFOHaHBHOﬁ, €CJIn BCC DOJICMCHTLI, KpPOMC biiﬂ paBHBI HYIIIO.

Marpuua Ha3bIBaeTCs CHMMETPUYHOM, €CIIM JIIEMEHTBL b; U b, paBHbI MEKIY COOOM.

TpaHCcHOHMPOBaHHAs MaTpPUIlA — 9T0 MaTpuua (o603Hauaemas B’ ), 3epKallbHO OTPAKEHHAS

OTHOCHTEJIBHO INIABHOW JMaroHau (JIMHUM OT b, 10D;;).

CobcTBeHHbIE UncIa MaTpUIlbl 3X3 ONpenesstoTCs KaKk TPU KOPHS A ypaBHEHUS:
det(B—AE)=0 (2.1)
(rne E — equanunas Matpuna). Ecnu MaTpuiia cuMMeTpuydHa, TO Bce €€ KOPHU — BEILIECTBEHHBI.
CoO6cTBeHHbBIE BEKTOPa MaTPHULIbI MOTYYAIOTCSI U3 COOTHOIICHUN:
Bn=An 3.1
JluneitHoe npeoOpa3zoBaHNe BEKTOPOB IpPH JMHEWHOM NpeoOpa3oBaHUM KOOpAUHAT Jaércs
bopmynoii:
n'=Cn (4.1)
KBanparuunoii popmotii ¢ matpurieit B u BEKTOpoM 71, Ha3biBaeTcs hopma
n' B (5.1
Marpuia, KBaapaTWdHble (OPMBI OT KOTOPOH TOJOXHTENBHBI MJIsi JIOOBIX BEKTOPOB 171,
Ha3bIBACTCSI TIOJIOKHUTEIBHO oOmpeAeséHHon. Bce coOCTBEeHHBIE UMClIa TaKOW MaTPHIIBI —
MOJIOKUTENbHBL. B 0a3zuce U3 COOCTBEHHBIX BEKTOPOB TaKHe KBaJpaTHuHble (OpPMBI —

JuaroHaJiIbHbl, a Ha AWaroHajln CTOsAT COOCTBEHHBIE YHCIIA.
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1.4. TeH30pbl

TeH30poM Ha3bIBacTCSI MAaTEMaTHYECCKHH OOBEKT, 3a/JaHHBI B BEKTOPHOM IPOCTPAHCTBE
pPa3MEpHOCTH 71, UMEIOLIMI TaK Ha3bIBa€MbIl paHT M 00JaJarolIuii HEKOTOPHIMU CBOWCTBAMHU.
Tak, ckamsip — 310 TeH3zop 0 paHra, BEKTOp — 3TO TeH30p |1 panra. B naHHOW KHuUTE
MaKCUMAaJIbHBIM paHT TEH30pOB paBeH ABYM. Pa3MepHOCTh MPOCTPAHCTBA, KaK MPABHUIIO, PaBHA
JIBYM (B 3adadax Juis 1iacTuH). MIHAEKCH TEH30pa MEHSIOTCS OT €AMHUIIBI JI0 YKCIIa, PAaBHOTO
Pa3MEpHOCTH IPOCTPAHCTBA. YNCII0 UHIEKCOB TEH30pa PABHO PAHTY TEH30DA.

B nBymepHOM mpoCTpaHCTBE TEH30p BTOPOrO paHra (Hampumep, TeH30psl aedopManuii B
MJIOCKOCTH ) 3aITUCHIBACTCS

g = j’“ » 6.1)
yx pag

B TpéxmMepHOM MpOoCTpaHCTBE TEH30p BTOPOTO paHra (HampuMmep, TEH30pbI aedopMaiuii B

MIPOCTPAHCTBE) 3aIUCHIBACTCS

Eu &, Ev
g, =|€, &, &, (7.1)
EZX gxzy gZZ

B kaxpgol cucreMe KOOpAMHAT Ka)XJI0MYy TEH30py COOTBETCTBYET HEKOTOpas MaTpulia €ro
KOMITOHEHT. B 0csiX TaBHBIX HalpaBieHUH (COOCTBEHHBIX BEKTOPOB ATHX MATpHIl) TEH30pa €ro

KOMIIOHCHTBI — 3TO I'JIaBHBIC 3HAYCHU A (CO6CTB€HHLIC qucjia 9TUuX ManI/II_I) TCH30pa.
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I''taBa 2. OCHOBHbIE CBeJeHUs 0 KOMIIO3ULMOHHBIX MaTepUaJax

2.1. lIpedsapumeibHble 3amMe4aHust

Jlannast ['maBa onuchIBa€T OCHOBHBIE 3aKOHOMEPHOCTH KOMIIO3ULIMOHHBIX MAaTEpUaJIOB, UX
XKECTKOCTHBIE ¥ MPOYHOCTHBIC XapakTepucTHku (cM. Gibson 1994). Takxke W3II0KEHBI OCHOBBI
Teopuu miaacTuH. Kak U3BECTHO, MJIACTUHBI SIBJISIOTCS YaCThIO CHIIOBBIX MaHENEH U OrpaHUYEHBI
[0 TMEPUMETPY IPYrMMH CHJIOBBIMU 3JIEeMEHTaMu Tumna pébep, Oamok u T1.1. Tak, OoTceku
JIOH)KEPOHOB U HEpPBIOp MexXAy péOpamMu IKECTKOCTH MOTYT paccMarpuBaThecs (B
KOHCEpBATUBHOM MpPHUOIMKEHNWU) Kak IUIaCTUHbI. [lmacTuHbBl Takke SBISIOTCS YacThIO
KPBUIbEBBIX TOBEPXHOCTEH.

qI/ITaTCJ'Ib, 3HAKOMBIU C 3TUM MaTepruajIoOM, MOXKET IIPOITYCTUTD ITY FnaBy.

2.2. OcCHOBHble donywjeHus

KoMmro3uTHbIe MIacTUHBI COCTABJICHBI U3 HEKOTOPOTO YHCIIA CIIOEB, COCTOSINX U3 BOJOKOH
(0OBIYHO  3TO  YIVIEBOJIOKHO WJIM  JIpyTM€ BOJOKHAa C  BBICOKMMH  KECTKOCTHBIMHU
XapaKTEepUCTHUKaMM) M 3alloJIHUTENs THUIA, HAllpUMep, SMOKCUIHON cMouibl. BosokHa cioéB B
K10 TOYKE OpPUEHTHPOBAHBI BJIOJIb HEKOTOPOTO HarnpapieHus. CIon yI0KeHbl CHMMETPHYHO
OTHOCHUTEIILHO CPEAMHHON TUIOCKOCTH (0bmiee ux uncio 2K). [1nacTuHbl cUUTAOTCS TOHKUMH,
TO €cTh, UX TOJIIIMHA /i MHOTO MEHbIIE J000oro juHelHoro pasmepa. Ilpunsata rumoresa
npsaMbeix HopMmasielt Kupxrogda, o3Hauaromas paBeHCTBO HYNIO Xz, VZ, zZ KOMIIOHEHT TE€H30pa
neopmanuit (MHOTAa Ha3bIBaeMOro TeH30poM jaedopmaruii ['puna).

B I'maBe 8 OyzaeT ykazaHo, Kak TeOpeTHUYECKHUE pe3yabTaThl [11aB 5, 6 u 7 o6o0matores (mpu
yKa3aHHBIX BHIIIE KHHEMAaTHYECKHX THUIOTE3aX) Ha KOMIIO3HMIIMOHHBIC TUIACTHHBI C COTOBBIM
CJIOEM BHYTPH IaKeTa M CHMMETPUYHO YJIOKEHHBIX MOKpbIBatomux cioéB. [Ipeamnomnaraercs, yto
COTOBBIM 3aIllOJHUTENHh OOECleYnBaeT HaJIeKallee HaAE&KHOE BOCHPATHE Mepepe3bIBaroIIeh

CHIJIBI.

2.3. Ynpyzue ceolicmea niacmuHsl

[IpunsTO CliemyroIee CoramieHne 0 3HaKe yria opueHTaiuu cios (Puc. 2.1):
-13-



Puc. 2.1. Cornamienue o 3Hake yriia OpUeHTALUH CJIOSI.

Hanpspxenns n nedopmaryu cinosi B ocsix 1-2 ¢i1osi CBsi3aHbl COOTHOIIICHHEM

O, O, 0O, 0 &y
(= 0, 0O, 0 g, (2.1)
T 0 0 204|le

Xy

Q

w
rae O; - KOMIIOHEHTbI MATPHUIIBI KECTKOCTHU CIIOSI
0=
=
l=v,vy,

__VhE,
O 1=v vy, (2.2)

(@) :L
22 1
— ViV
Oss = G
rne E,E,,G,,v,,,V, - COOTBeTCTBeHHO Monynu lOHra nns Hampasinenuit 1 u 2, Momyns
caBura, n1a ko3¢ dunnenta [lyaccona.
Hanpsokennst o,,0,,7,, v aebpopmanmu & ,€,,€,, B 0csix XY CBA3aHBI COOTHOIICHHEM
O, O, Qn G| &
0,0=10n On Ox| & (2.3)
v O O O ||2¢,

N

rie (O, - KOMIIOHEHTBI IPEOOPA3OBAHHON MATPHIIBI KECTKOCTHU CIIOS
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0,,=0,,cos* 6 +Q,,sin* 0 +2(Q,, + 20, )sin* O cos’ &

QZ = (Q11 +0,,— 4Q66)sin2 fcos’ O+ le(cos4 6 +sin’ 6’)
sz =0, sin 6 + 0,, cos” 6 + 2(Q12 + 2Q<)(,)Sin2 @cos’ @

— . ; 5 (24)
Q]6 = (Ql 1 le o 2Q66)Sln @cos™ 0 - (sz o le o 2Q66)Sm &cos 6
Q26 = (Qll o le - 2Q6<>)Sin3 fcos O - (sz o le o 2Q66)Sin fcos’ 0
Oy = (Q] ,+0,,-20,,— 2Q66)sin2 Ocos’ O + Qﬁﬁ(cos4 0 +sin* 6’)
H3BecTHO, 4TO UMEETCS YETBIPE yNpyrux KoucranTel cnoa U,,U,,U,,U,, Takue, 4To
0,,=U,+U,cos20+U, cos 40
0,=U,-U,cos46
0,,=U, -U, cos 20 + U, cos 40
O =%U2 sin 26 + U, sin 46 (2.5)

0,6 = %Uz sin 20 — U, sin 46

Oge :%(Ul ~U,)~U, cos 40

OTH KOHCTAHTBI JIETKO BBIPAXKAIOTCS YEpe3 YIpPYyrue XapakKTEPUCTUKHU CJOs, HCHOIb3YsS

cooTHoweHus (2.2) u (2.4).

Jnst cioucToi TIacTUHBI BBOJATCS CHIIOBBIE XapaKTEPHUCTHUKH Nx,Ny,ny,

M. M M,

(BTO IIOTOHHBIC YCUIIUA 1 MOMCHTBI, IPUJIOKCHHBIC K HJ'IaCTI/IHe). HaHpHMep,

~h/2 k=l |z,

N, = hf o.dz= i{ zjk(ax ) dz} (2.6)

M = "'/'.2 o, zdz = i{ T(O‘x )k zdz} (2.7)

—h/2 k=1 Zp

(z — 91O KOOpAMHATAa mMOMNEpEK IIACTHHBI). MCHOMB3ylOTCS Takke KPUBU3HBI CPEIUHHON

MMOBCPXHOCTHU
o*w o’w o*w
k =— ok == ko =— 2.8
* oL oy’ T Ox0y @8
BBO)IHTCH CICOYIOIMIUE MaTPHIIbI JKECTKOCTH ILIACTHUHEI

W2, K,

Az_’f = J- (Qi')k dz = Z(Qu )k (Zk _Zk—l) (2.9)
—h/2 k=1
h/2 = K ,

D,= [ ©)7¢=30) =) (2.10)

—h/2 k=1

B MaTpuuHoii popme OCHOBHBIE K€CTKOCTHBIE COOTHOILICHUS 3aMUChIBAIOTCS
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N. | 4, 4, 4, 0 0 0 | &
Ny A12 Azz A26 0 0 0 éy
N A, A, A 28
M [~ o 0 o (z))“ (z))lz (z))16 K @1
My O 0 0 D12 D22 D26 y
M, |0 0 0 Dy Dy D2k,

I/IE€ «KpBbIIIKa» O3HA4YaeT BEJIMYMHY B CPEAMHHOHN IIocKocTU. Martpunsl 4, D oTBedaroT 3a

TI0CKOE JIehopMHUpOBaHHE U U3TUO MJIACTHHBI, COOTBETCTBEHHO.

2.4. [IpouHOCMb NIACMUH € NOOKPEenAsiiowuMu 31emMmeHmamu

2.4.1. Kputepuii paspyiieHHsi Hau6o0Jiee Harpy>KeHHOro cJa04

CraTuueckuil aHalu3 IUIACTUH [I03BOJIAET BBIIBUTH Haubojee HarpyKeHHbIH CJOH.
Harpy3ku, npuBozsdmye K paspylIeHHI0 HauOoyiee HArpyKeHHOTO Cllosi, HEOoO0s3aTelIbHO
ABJISIIOTCSA HArpy3KaMm paspylleHus BCEH IUIACTUHBI, TaK KaK B IUIACTHUHE HMMEIOTCA CIIOU C
pa3IMYHBIMM OPHEHTALMAMHU, MO-Pa3sHOMY CONPOTHUBIISIOIIMECS IPU HAyaBIIEMCs MEPBUYHOM
paspymieHuH. JIOJKHO OBITh HAKOIUIEHO pa3pylleHHEe HECKOJIbKUX CIOEB, AN TOrO, YTOOBI
paspylmiach Besl IlacTuHa. TakuM oOpa3oM, KpUTepuil pa3pylleHus: Haubosee Harpy>KeHHOTo
CJOsl SIBJISIETCS, BO3MOJXKHO, JJOCTaTOYHO KOHCEPBATHBHBIM. Te€M HE MeHee, ATOT KpHUTEepuil
HIMPOKO yHoTpebussercss Ha npakTuke. OnNMCcaHHbIE HMXKE KPUTEPUU MPOYHOCTH HCHONB3YIOT

KPUTEpH pa3pylIeHUs HauboJiee Harpy>KEHHOT'O CIIOS.

2.4.2. KpuTepuu MAaKCMMaJIbHOI0 HaNps>KeHUs U MAaKCUMaJIbHOHU
Aedopmanuu

Cnou mnpennonaratocst oprorponHbiMu. Ilycte PX pact, PY pact — nomyckaemble
HaIlpSDKEHUsT PACTSDKEHMS 10 TIaBHBIM ocsaMm cnosi, PX cxkar, PY cxar — npomyckaemsle
HaIIPSDKEHUS CKaTUA I10 TVIABHBIM OCAM CJIOS, S CIBUI — MAaKCUMaJlbHbIE HANPSDKEHUS CABUTA.

Torna KpI/ITCpI/Iﬁ paspymiCHus Npu MaKCUMAJIbHOM HAITPAKCHUU 3aIMUIICTCA B BUAC!:

|o .| <min(|PX pact| wu |[PY_pacrt|) (2.12)
|0, | <min(|[PX_cxar| wiu [PY_cixat]) (2.13)
|7, < S_cnur (2.14)
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Kputepuii makcumanbHON aedopmanu 0ObIYHO HCTIONB3YETCS B BUAE OTPAHUYECHHS CBEPXY

Ha BEJIMYMHY MaKCUMAIbHOTO CKMMAIOIIET0 HAMPsDKEHUs (C y4€TOM 3HAKA).

2.4.3. Kputepuu Lasa-Xusia, lasa-By u aApyrue, uM nog00HbIe

Kpurepuii Las-Xumna 11t Hanbosiee Harpy>KeHHOTO CJIOsI 3aIUChIBAETCS B BHJIE:

2 2 2
o oo} o T

R R SRR | (2.15)
o 20 o T

ax ax ay a

ric o, ,O

ax? ay’Ta

- IIpeJieNbl POYHOCTU IPU PACTSKEHUH (CKAaTUHM) IO OCSIM OPTOTPOIHHU CJIOS U

IIpeJies MPOYHOCTHU IIPU CIBUTE.

KpI/ITepI/Iﬁ LIa;I—By JJIA HauoOoee Harpy>KC€HHOIr'o CJI0A 3aIllMChIBACTCsS B BU/IC:

2 2
o (o)) O
x _ x7y + ¥y 4
O-axften s O-axfca mpr Gax—tens O-axfco mpro-a y—tens O-a y—compr Ga y—tens Ga y—compr
(2.16)
2
1 1 1 1 72,
+ — o, + - o, +—
y 2
(o2 (o3 (o2 T

ax—tens ax—comp ay—tens ay—comp a

e o

axtens O axcomp> Taytens O ay—comp COOTBETCTBYIOIIUE  JOIYCKAE€MbIE  HaNpsKEHUS
pacTspkeHus (tens) u cxatust (comp).

Ectb emé HeCKOJbKO MOJO0OHBIX KPUTEPUEB, HCHOJB3YIOUIMX, KaKk W MpeablaylIue,
U3BECTHBIN 1oxo] poH Museca.

VYKazaHHbIe BBIIIE KPUTEPUU ILIMPOKO MCIIOIB30BAINCH B OOJBLIIOM yHciae padoT
(mepeuncneHHblX, Hampumep, B kHuUre Jlymuenko, 2014) mnpu BbeIOOpe YKIAaIKH CIOEB
KOMITIO3UIIMOHHOTO aKeTa M0 YCJIOBUSAM MPOYHOCTH. bbula ycTaHOBIIEHA Ba)kHasl pOJIb TJIaBHBIX

HaHpH)KeHI/Iﬁ Hn ux HaHpaBJ’ICHI/Iﬁ JJIA BBI60pa OpHUCHTAllUU BOJIOKOH U OINTHUMAaJIbHOM YKIIaJAKN

CIOEB.

2.4.4. l{pnTepvm AJIA 00JITOBBIX COCAI/IHCHI/Iﬁ IJIACTHUH C APYTUMHU 3JIEMEHTAMHU

CmMmsTue noa Oonramu (bearing) HCO6XOI[I/IMO YYUTBIBATH B MECTAX COCAWHCHUSA ITIACTHUHBI C
COCCAHUMU DJJICMCHTAaMMU. HawubGonbmiee A0IMYCKAEMOC YCUJIIUC PACCUHHUTBHIBACTCA C IOMOIIBIO

npeaABapUTEIIbHO MOTYYCHHBIX 9KCIICPUMCHTAJIbHBIX KPUBLIX.
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[Iponéprusanue ronoBok OonToB (pull-through), coemuHsFONUX TIACTHHBI C COCETHHUMH
DIIEMEHTAMH, TaKKe€ HEAONYCTUMO W PACCUMTHIBACTCA C IOMOUIBIO AKCIEPUMEHTAIBHBIX
KpuBBIX. Omnupuueckoe mnpasuio (Kassapoglou 2010) rmacur, uTto moTaiiHas TOJIOBKa HE

JOJDKHa JOXOJHNTh FJIYG}KG B COCAUHACMOM 3JICMCHTC, YEM 2/3 TOJIOUWHBI 3TOI'O 3JICMCHTA.

2.4.5. MecTHas noTeps yCTOUYUBOCTHU

MecTHyl0 TIOTEpr0 yCTOWYMBOCTH (aHTI. crippling) Mexnay 3akinénkaMu HEOO0XOIUMO
YYUTHIBATh TPU aHAJHM3E HECYIIEH CIIOCOOHOCTH KaK IJIACTHUHBI, TaK M MpHIIETaloniero (ianma
CTpUHTEpa/IOHXKEPOHA/HEPBIOPEL. Takke BO3MOXKHA MECTHAasih NOTEpS YCTOMYMBOCTH ISt
CBOOOAHBIX (DIIaHIIEB YKa3aHHBIX CHUJIOBBIX 3JIEMEHTOB. AHAIN3 MECTHOM MOTEPH YCTOWYHBOCTHU
U e€ BIUSHUS Ha HECYIIYI0 CIOCOOHOCTh KOHCTPYKLUHHU BEAETCSA, KaK MPaBUIIO, C MOMOIIBIO
MKD mubo skcrepuMeHTanbHBIX KpuBBIX (cM. Kassapoglou 2010). B mocnenneit kuure

PCKOMEHAOBAHBI CICAYIOIINEC (I)OpMYJ'ILI JJIA HAIIPSPKCHUA MECTHOM IoTCpun YCTOﬁqHBOCTH o . .

crip *

o, .
”u”’ = 160%]7 npu b>1.98t, a npu b<1.98¢ =0, , I1e
o, b

crip ~ ¢
b,t, G: - COOTBCTCTBCHHO TOJIIINHA W HIHWPUHA q)HaHHa " IIpeaciibHasA IMPOYHOCTb (1)JIaHL1a Ha

- s cBOOOAHOTO (hIaHIa

cKaTue;

Ty 11.0

0: - (bjl.l24
t

I[J'IH MaKCHMAJIbHOTO IIlara 3aKJI€noK S nax 0e3 MeCTHOM IoTepunu YCTOI\/’I‘II/IBOCTI/I MCKAY HUMHU

- (ranerr 6e3 cBOOOAHOTO Kpast npu b>8.443¢t, anpu b<8.443¢t o, =0,

crip —

0.717
cn’D,, (b , .
pekoMeHaoBaHa QopMmyna s, = Teio" | 7 , Toe ¢ = 1 ang 3aki€nkuM ¢ YTOIUICHHOM
630, \ 't
c

TOJIOBKOHM, ¢ = 3 JuIs 3aKJI€NKHU C BBICTyMAONEH ronoBkoil, D, - anemeHT 11 (Brons dranna)

MaTpPHUIIBI H3TUOHOM KECTKOCTHU (hIaHIIA.

2.5. YpasHeHus pagHogecusi NJ1AcCmuHbl

YpaBHEHMs paBHOBECHS IJIACTUHBI MILTIOCTPUPYIOTCS PucyHkom 2.2
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Puc. 2.2. HarpyxeHnue 3jieMeHTa IJTaCTUHBI.

U 3alUCBIBAIOTCS B BUAE (¢(X,)) — Harpy3Ka Ha MOBEPXHOCTb IJIACTHHBI)

N.,.,+N,,=0 (2.17)
N,,+N,, =0 (2.18)
M, . + 2Mxy’xy +My,yy+q(x, y)=0 (2.19)

[Tocnennee ypaBHEHHE MPUMEHUMO TPHU OUYEHBb MAJBIX MPOTHOaX M JOJKHO OBITH TOMOITHEHO
1utst cimydaeB OOIBIIMX TPOrHO0B.
K sTtuM ypaBHEHUSM HaJ0 J00AaBUTh ypPaBHEHHUS YIPYTUX CBSA3CH CHI M MOMEHTOB C

nedopManusMu CpeJUHHON MIIOCKOCTH U €€ KpuBu3HaMu (2.11).

2.6. [lomepsa ycmoiiuueocmu n/1acmuHsl

[Ipu paccMOTpeHHMH YCTOWYMBOCTH TaHENW MpUHUMAaeTcsd (3TOT TMOAXOJ SBIsSeTCs
KOHCEPBATUBHBIM), YTO YCTOHUYMBOCTH IaHENU MOIEITUPYETCS YCTONYMBOCTBIO IUIACTHHBI C
pasMepaMH M KpaeBbIMH YCIIOBHUSIMH, ONpEAEISIEMbIMH CIOCOOOM KpEIUIEHUS IUIACTHHBI K
MOAKPEIUIIIOIMUM d1eMeHTaM. HanprumMep, KperieHne 0JHOPSIHBIM 3aKJIENOYHBIM IIBOM MOKET
CUMTAThCS IPOCTBIM 3aKPEIUICHHEM, a KpPEIUIEHHE JBYXPSAIHBIM IIBOM MOYKET CUYUTAThCS
3aKpEIUICHUEM C 3aleMIeHueM. PasmMepbl MOIEIUPYIOLIEH TUIACTUHBI IIPU 3TOM OIIPEIEIISAIOTCS C
MIOMOILBI0 3aKOHOMEPHOCTEH, BBITCKAIOIIMX U3 DKCIIEPUMEHTOB I HJIEMEHTOB KOHCTPYKIUU.
OTmeTuM, YTO YyKa3aHHBIC BBIIIE KpacBble YCIOBHA M MOAXOABl OyAyT B JdalbHEHIIEM

H3JI0KCHUU IPUMCEHATHCA U JJIA 3aKPUTUYCCKOI'0 IIOBECACHUA KOHCTPYKIIUH.
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YpaBHeHHe IS ONpeAeseHus] MOTepH YCTOWYMBOCTH BBIBOAUTCS C Y4ETOM monaxona ¢oH
Kapmana (mosiBisroTcst 1ONoJHUTENbHBIE WieHbl B (2.19)) u 3anuceiBaercs, ¢ yuérom (2.11) u

HEeoOXoauMBbIX KpaeBbIX ycinoBuil Ha C, u C, , B BUJE:

M, +2M, +My)yy+q(x,y)+q(x,y)+(wa’x +nyw’y) +(nyw,x +Nyw’y) =0 (2.20)

»X P
[TpuBeném pemenue (Libove 1983) o kpuTudeckoil Harpy3ke s CXKATOW OPTOTPOITHOMN
MJIACTUHBI JUIMHOW @ W IIUPUHON b C MPSIMOIMHEHHON YKIAAKON CIIOEB (C)KaTHE TMPHIIOKEHO Ha
cropoHax b). IIporu6 oteickuBaetcs B hopme:

wx,y)=w,, sin@sin% (2.21)
a

KpI/ITI/I‘leCKaH Harpyska 6yz[eT 3aBHUCCTH OT YUCJIa ITOJTYBOJIH 110 KaXXJI0M OCH KOOpaAuHar m, n:

2
Vi

2 4
N, =——|D,m" +2(D,, + zpéﬁ{mn%j + Dzz(n 3) (2.22)

2
T atm b

[Tpu mpou3BONBHOI (HEOPTOTPOIHOMN) YKIIAJKe CIOEB KPUTUYECKUE CHIIBI HYKHO OMPEIEISTh

YUCJICHHBIMHU METOJaMU.
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I'naga 3. 0 3aga4yax ONTUMM3ALUU KOHCTPYKL MM

3.1. Budsl 3ada4y onmumu3sayuu KOHCMpPyKyuii

3amauu MPOEKTUPOBAHUS HAWIy4dllleldl KOHCTPYKLMU E€CTECTBEHHBIM OOpa3oM CBOJATCS K
3ajjayaM ONTUMM3alMKU KOHCTpyKuui. IlpuBenem cBeneHus, HEOOXOAMMBIE Ul TOHUMAaHMS
Mmarepuaja JaHHOM KHWIHM, cjlelysd OJHOMY M3 IIOCIEJIHUX Y4eOHHKOB B 3TOH oOxactu
(Christensen and Klarbring, 2009).

B 3amavax onTUMHM3anuMM  KOHCTPYKIMH  HEOOXOAMMO  ONpPEAEIUTh  3HAYCHMUS
KOHCTPYKTUBHBIX ITapaMeTpOB (TOJIIMH, CEYEHU, JAMUHUPOBAHUSA U T.J.), MAKCUMHU3UPYIOIUX
(MM MUHUMH3UPYIOIUX) HEKOTOPBIM KpUTEpUil KauecTBa / 11e1eBYI0 (DYHKIHMIO (MM HECKOJIBKO
KpUTEPUEB KadyecTBa IPU MHOIOLENEBOM onTtuMuzanuu). MHOraa oTAenpHO BBIAEISIIOTCS Tak
Ha3bIBa€Mble  IIEPEMEHHBIE  COCTOSIHMS, XapaKTEpU3YIOLUe IOBEJCHHE  KOHCTPYKLUHU
(paBHOBecue, Je(QOPMHUPOBAHHOCTb, HANPSDKEHHOCTb, OOLIYIH0 WM MECTHYIO IOTEpIO
YCTOMUMBOCTH,  3amachl  MPOYHOCTH,  YCTAJIOCTHBIE  XapaKTEPUCTUKU,  a3pOylpyrue
XapaKTepUCTUKU M T.A.). IlepeMeHHble cOCTOSHUS, BOOOIIE TOBOPS, JOCTATOYHO CIIOMHBIM
00pa3oM 3aBHUCST OT KOHCTPYKTUBHBIX ITapaMeTpoB. JlJis onpenenenns nociueIHuX NepeMEeHHbIX
HE00X0/IMMO TIPOBEJICHUE aHallM3a KOHCTPYKLIMHU, HAlpUMeEp, C MOMOLIbI0 METO/a KOHEUHBIX
anemeHToB (MKD).

[To xonuuyecTBY KOHCTPYKTHBHBIX IapaMeTpPOB 3aJauyd ONTUMH3ALUU KOHCTPYKLHUMN
MOJIPa3/eNIA0TCsl Ha KOHEYHOMEPHBIE 33Jauu (3a7aud ¢ KOHEYHBIM UYHCIOM KOHCTPYKTHMBHBIX
[apaMeTpoB - MEPEMEHHBIX NMPOEKTHUPOBAHUS) U OECKOHEYHOMEpHbIE 3a7aud (MU 3a7aud C
pactipeniei€HHBIMU Tapamerpamu). [IpuMep KoHeYHOMEpHOM 3ahaud — HaWIy4IIUd BBIOOD
ceueHH 6asloK (MMOCTOSTHHBIX MO UX JUIMHE) Ul paMbl KaK CUCTEMbI HECKOJIbKUX Oasok. [Tpumep
0ECKOHEYHOMEPHOW 3aaud — HAWIy4IIud BBIOOp MapaMeTpoB IUIACTHHBI (HalpuUMep, YIJIOB
OpHUEHTAINH CJIOEB), MEHSIOIIMXCS OT TOYKU K TOUKE.

3agaun oNTUMM3ALKU ObIBalOT OE3yCIOBHBIC M YCIOBHbIE. B mepBOM cilydae OTBICKHBAETCS
ontuMyM (pyHKIUHM WK (pyHKIIMOHANA MO MEepeMEeHHBIM MPOeKTUpoBaHus. Bo BTOpom ciyuae

9TOT OITUMYM JOJIKCH YIOBJICTBOPATH emé " KaKUM-TO YCJIOBUSM.

3.2. 3adauu KOHeYHOMepHOUl onmumu3ayuu

[Ipu Ge3ycinoBHOM KOHEYHOMEPHON ONTUMHU3AIMH HEOOXOAMMBIM YCIOBHEM ONTHMYyMa

MEPBOro MOpsiAKa SIBISETCS PABEHCTBO HYINIO TIpagueHTa IeneBoil ¢yHKuuu. JlocTaTOuHBIM
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YCIIOBUEM ONTHMYyMa B 3TOM Ciyd4ae SIBISIETCS TOJIOKHUTEIbHAs OMpPENeIEHHOCTh MaTPHIIbI
BTOPBIX MPOM3BOJHBLIX (Ha3piBaeMoW Matpuieir [ecce) mneneBoii Qynkumm. Ecnm 3amaua
KOHEYHOMEPHOH ONTHMHU3AIUN BKIIIOUAET B €05l U HEKOTOPBIE YCIOBHSI, TO CIIEAyeT OTHICKUBATH
ONTUMYM TaK Ha3biBaeMoil ¢yHkuuu Jlarpanxka (uHorna HaspiBaemoro Jlarpamxuanom). Ota
GyHKIMS €cTh cyMMa 1eneBord (GyHKiuu U GyHKIMA ycinoBuil Buga g(x)<0 (rme X — BEKTOp
MEPEMEHHBIX MTPOCKTHPOBAHMS), JOMHOKCHHBIX Ha TaK Ha3biBaeMble MHOXkwHTENU Jlarpamka. K
YCIIOBUSIM TIEPBOTO TOpsiAka aist GyHkmww Jlarpamka J00aBSATCS TaK Ha3bIBAEMBIC YCIIOBUS
Kyna-Takkepa, umeronue SICHbIA CMBICI. A HMEHHO, €CJIM KaKOe-TO YCJIOBHE B ONTHMYME
BBIMIOJTHEHO KaK PaBEHCTBO, TO HEOOXOJMMOE YCIOBHE ONTHUMyMa MEPBOrO MOPSAKAa TaKOBO:
rpagueHT JlarpamknaHa paBeH HYJIIO W TPOM3BEICHHE €r0 HEOTPUIATEITHHOTO MHOMKHUTEIS

Jlarpanyka Ha COOTBETCTBYIOIIEE €My OTpaHUUYEHHUE g(X) paBHO HYIIIO.

3.3. 3adavu 6eckoHeY HOMepHOll onmumu3ayuu

Cnyyall 6€CKOHEUHOMEPHOW ONTHUMH3ALUU 3HAYUTEIBHO CJIOKHEE U TPeOyeT MpHUBJICUCHUs
anmnapara BapuanuoHHoro ucuucienus (I'enbdang u @omun, 1961). Ilpuseném 3aech cBeneHus,
MHUHHMAaJIbHO HEOOXOUMBbIE [l TOHUMaHUs pe3yabTaTOB TAaHHON KHHUTH.

Bo3bméM mpumep 0AHOMEPHOrO0 MHOKECTBAa M3MEHEHUM NMEepEeMEHHBIX 3ajadd (Hampumep,

KOOpAMHATBl X BAONb Oanku). g 3amaun muHumuzanuu ¢ysakiuonana O(F), seustomerocs

uHTerpasioM OoT (yukiuu F(x, y(x),w) 0 HEKOTOPOMY MHOYKECTBY X MEPEMEHHOU X,
x

d
yCIIOBUEM ONTHMyMa (yHKIMOHaja Oy/leT paBeHCTBO HYJIIO MepBOi Bapuauuu (0003HauaeMoit
0®) sToro pyHKIMOHANIA 110 HE3aBUCHUMbIM IIEPEMEHHBIM MIPOEKTUPOBAHUS ). 31€Ch O — CUMBOJI
BapHUaIlvy.
21.]'[5[ YCJ'IOBI/II\/'I ONITUMYMa Ba)XHa TaK Ha3bIBacMass OCHOBHad JICMMa BapUallMOHHOI'O
HCUYHCIICHUA, IIO3BOJIAIOMIAA BBIYHUCIWTE YCIOBHUEC OINTUMYMa B BHIAC YPaBHCHUA Bfmepa,
UMEIOIIME B OJHOMEPHOM CIIydae BHI:

oF daF:()

oy dx oy

(3.1)

Hns 3amad  ycIOBHOW  OECKOHEYHOMEPHOW  ONTHMM3AIMHA  CTPOHTCS, AaHAJIOTHYHO
KOHEYHOMEpHOMY ciyyaro, ¢pyHkius Jlarpanyxa u oTeickuBaeTcs e€ onTumyM. YcinoBus Kyna-

Takkepa 0000MIarOTCs 1 HA OECKOHEYHOMEPHBIN CITyJaid.

-22 -



I'maBa 4. OCHOBHBIE IPUHATHIE NIPEAN0JI0KEeHUA

B naHHOM KHHMre NPUHSATHI CIEAYIOIINE OCHOBHBIE IIPEAOIO0KEHHUS.

PaccmaTtpuBaeTcs TOHKasi TUIOCKAsk KOMITO3UTHAS IUIACTHHA TOJIIMHON /1, COCTaBIEHHAs U3
2K CUMMETPUYHO YJIOKCHHBIX OPTOTPOMHBIX CIOEB (000OIICHHE Ha HEYETHOE YHCIIO CIIOEB
MOKET OBITh JIETKO BBIMOJHEHO HpU HEOOXOAMMOCTH). TOJNIIMHA TUIACTUHBI MHOTO MEHBIIE
I000r0 €€ IMHEWHOTO pa3Mepa.

Puc. 1.1 ummoctpupyeTr AexkapToBy cucrteMy KoopauHat XYZ, CpeuHHYIO IUIOCKOCTh [’
MJIACTUHBI, OTPAHUYEHHYIO KYCOYHO-TJIAAKUM KOHTYpoMm C, HOpMajb U KacaTeJIbHbI BEKTOP K

3TOMY KOHTYpY.

*Z

e :"‘“\\

S \

~ .
~
7 0 M""‘*-..H
..-"'f e
J -

Puc. 1.1. Toukas ruiactuHa.

Bosokna c10€B cunTaroTcsl KpUBOJIMHEHHBIMU M YIOKEHHBIMU TJIAJAKUM 00pa3oM.
[Tpunsra runore3a Kupxrodda mnpsMbeix HOpMaiell K MOBEpXHOCTH [, O3Hayaromas
PaBEHCTBO HYJIIO XZ, VZ, zZ KOMIOHEHT TeH30pa Jedopmanuii ['puna.

Bo3MmoxHbIe KpacBbIC YCIIOBUA AJIA IIJIACTUHLI — 3alICMIJICHHUC WX IIPOCTOC OIIMPAHUC.
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[TepBoe (HamMeHbITIee) COOCTBEHHOE 3HAUCHUE TTOTEPH YCTOMYMBOCTH CUUTAETCSI HEKPATHBIM
(M30IUPOBAHHBIM). 3aMETHUM, YTO YYET BO3MOKHOUW KPATHOCTH IEPBOTO COOCTBEHHOTO 3HAUCHUS
MOTEPU YCTOMYMBOCTH TPeOyeT 3HAHUS MaTEMAaTHKH, BBIXOMSINETO 3a Mpelenbl e€ M3ydeHHs B
TEXHUYECKOM yHuBepcutere. [lo TocienHeid NpuYMHE BO3MOXKHAS KpPaTHOCTh MEPBOTO
COOCTBEHHOT'O 3HAYCHHUsSI HE paccMaTpUBacTCs. ABTOP MPEIIoaraeT B JajJbHEHIIEM MOCBITUTh
OTJENIbHOE HCCIIEZIOBAaHUE BOIPOCY KPATHOCTH TIIEPBOTO COOCTBEHHOTO 3HAYEHUS IOTEPH

YCTOMYUBOCTH.
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I'1aBa 5. IloTeps ycTOMYUBOCTH IJIACTHH M BbIOOP HAUJIY4YLIel YKIAAKHU

5.1. Teopemu4eckue ocHOBbI

W3BecTHO, YTO YypaBHEHHUS MPEAEIBHOTO PAaBHOBECHS NPU MOTEPE YCTONYMBOCTH
KOMIIO3UTHON IUTACTUHBI MOTYT OBITh MOJY4YeHBl U3 COOTBETCTBYIOIIETO KMHEMATHYECKOTO
BapHAIlMOHHOTO PHUHITMIA. DTOT MPUHIIKII 3anKchiBaeTcs B Bue (cM. Bacumzy 1987):

oU =d1-oW =0 (5.1

TAC NTOJIHAsA NOTCHIHAJIbHAA SHEPTHUA IJIACTUHBL

8w owotw 1 (o*wY
= {[ds( D”(ax J +D128x_26y_2+5D22[8y_2J +

(5.2)

2 2 2 2 2. \?

+2D166—V2V—a L 268—?—8 Y 12D 6 ow )

Ox~ OxOy oy~ Ox0Oy Ox0Oy
a MOTEHIMAJl BHELIHUX CHUIT
2 2
W:—lﬂds NX(G—WJ N[ oy WO (5.3)
2 ox "\ oy Y ox 8y

rae D,,i=12,6;j=12,6, - eCTh 2IIEMEHTBI MaTPHIIbI XKECTKOCTH MmiacTunel D, a N ,N Ny,

IIOTOKU CHJI B INIOCKOCTH IIJIACTUHBI, JEHCTBYIOLIME COOTBECTBEHHO B HAIIPABICHUHU X, Y U HA
CIBUT.

OTOT BapHAllMOHHBIM NMPUHIMII MOKET OBITh 3alKMCaH U KaK CTAllMOHAPHOCTb OTHOLICHHUS
MOTEHIMAIBHOW Hepruu IutacTuHbl [I u nmoreHnnama W HEKOTOPBIX PaBHOBECHBIX BHEIIHMX
CWJI, JEUCTBYIOIIMX B KOHCTPYKLIHMHU JIO0 TOTEPH YCTOMUMBOCTH (3TH CHUJIOBBIE (DAKTOPBI

o0o3HadyeHbl BepxHuM uHIekcoM (0)). Umeem

1
5{W(0) } =0 (5.4)
rac
2 2
W =—[[ds N(O)(ij +%N;°)(%J N$>2W2W (5.5)
X X Oy

CoOcTBeHHOE 3HAu€HHE, COOTBETCTBYIOLEE pPEIICHHI0 W  paccMaTpUBaeMOM  3ajgadu
YCTOMYUBOCTH, MOKET OBITh BEIYMCIECHO KaK OTHOLIEHHE Pasest:

IT

-25.-



VYpaBHeHHE MpeAeTbHOr0 paBHOBECHS CIEAYeT M3 YKAa3aHHOIO BapHAIlMOHHOTO MPHUHIMMA U
3aIUCBHIBACTCS B BUJIC

(— Dyw. . —D,w, —2Dw,, )W + 2(— Dygw,, —Dyw , —2D¢w )xy +
(5.7
+ (nyw’x + Nyw,y) =0

>y

+(— Dlzw’xY —Dzzw’yy -2D,w ),yy +(wa,x + nyw,y)

XY X
K 3TOMy ypaBHeHI/IIO JOJI?KHBI 6BITB HpI/ICOGI[HHeHBI COOTBeTCTByIOH_H/Ie KpaeBBIe yCHOBI/Iﬁ.

Cratudyeckuil BapUAllMOHHBIA TNPUHIUN JUIsi OE3MOMEHTHOTO OINUPAHHS  IJIACTHHBI
3aKJII04aeTcs B craliMoHapHoctd no M,Q ¢ynkuuonana I1,(M,(Q) nononHUTENbHON SHEPrUuu

IUIACTUHBI (IIPU YIOBJIETBOPEHUH YPaBHEHHUsI IPEACITLHOTO PABHOBECHS)

M, (i7,0) = —%ﬂ dS[MTD‘IZV[]—% [[aslo Q] (5.8)
rae
M = Z ;. Q. =—-N w_ N . Q0 =-N MW oNM e Moo Ny (5.9)
_My > Xx T * B xyay’y_ Y Oy yéy’ _ny Ny )

Oynkunonan I1,.(M,Q) paBeH Hydr0 B TOYKE CTALMOHAPHOCTH, YTO BEIET K CIEAYHOILEH

(1)opMyJIe JJIA COOCTBEHHOTr'0 3HAYCHUS noTepu YCTOI\/’I‘II/IBOCTI/IZ

A= _;H dS[QTF(O)ﬂQ]

=—2 (5.10)
B
5 ] ds[s" 1]
e
NEO) N)(CO)
FO _ NV“” N({)) (5.11)
Xy y

BepHemcsi Kk paccMOTpeHHMIO ypaBHEHUS IIpeleibHOro paBHOBecHs. J[ias opToTpomHOI
IUTACTHHBI C MPSIMOJIMHEHHBIMU BOJIOKHAMHU CJIOEB 3JeMEHTHI 16 1 26 MaTpuisl D paBHBI HYIIIO,

" YpaBHCHHC NPCACIBbHOTI0 PaBHOBCCHUS CYIIECCTBCHHO YIIPOIIACTCA U 3alIMCBIBACTCA

o'w 0w 0w o*w o*w o*w
Dy, ——+2(D, +2Dy) ———5+t D)y —5—N,—; —Ny > —ZNW =
ox ox oy oy ox oy oxoy

PaccmoTpuM ciyyail mpsMOYrojbHOW OpPTOTPONHOM IUIACTHHBI pa3MepamMu a*b, cxatoil B

0 (512

HANpaBlIEHUU X TOToHHOW cumoii N. I[lmactuHa cuuTaercs OE3MOMEHTHO OIEPTOM.
Bocnpousseném, s HariasiIHOCTH, YKa3aHHbIOE paHee pemieHue. Crienyst pe3ynbTaTy TEOPEMbI

JIu6oge (Libove 1983), oThickuBaeTcs penieHue B popme
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w(x,y)=w _sin 2= sin 2 (5.13)
a

HerpusuansHoe pemieHue st KpUTu4eckon Harpy3ku N, Oyner, kak cka3aHo B I'maBe 2

N, =|Z ||| b,m*+2(D,,+2D ) 22| + D, | 22 (5.14)
am b b

Haumensbiiee 3HadeHue Ajii KPUTHUECKOM Harpy3ku umeeT mecto npu n=1. Konkpernas
BEJIMYMHA 3TON HArpy3Ku 3aBUCUT OT OTHOIICHUS CTOPOH IIJIACTUHBI.

B konme »sToro noapasaciia CKaX€M HCECKOJIBKO CJIOB O TaK HAa3bIBACMBIX IMapaMCTpax

JTAMUHUPOBAHUA.
Martpuubl 4, D niacTUHB ¢ CHMMETPUYHON YKIAAKOW CIIOEB MOTYT OBITH MPECTABICHBI C

MOMOIIBIO TakKX Tlapamerpos (W, W, W, W, W, ,W.o, W, W,,) kax (cm. Gibson 1994):

B T —Ul W9* I/VIT) |
All * *
U1 - W9 Wlo
A22 *
P U, 0 =W, 1
Pl=h Us 0 - VV;) U,
A66 1 * * U
A, 0 5 W W 3
1 * *
-A26- 0 - I/V] 1 VVlz
L 2 J
D U, W;* W10
U1 - W9 W10
D22 *
U, 0 —w,| 1
D n’ .
Pl=—|U;, 0 -W,|U, (5.15)
D | 12 1 . .-
D,, 0 B W Wy 3
Dl o S -
I'Jie TaK Ha3bIBaeMble MapaMeTphbl JAMUHUPOBAHUS OMPEIEISIOTCS KaK
W cos 26
W, "?| cos 40
A g™
W, | h<|sin26
w, sin 46
W, cos 20
W, " | cos46
= 2—? 2} dz (5.16)
w,| hy |sin26
W, sin 46
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1 6 — 3TO yroy opueHTAIUH ci10s (Yyroa MEeXly HallpaBJICHHUEM BOJIOKOH U OCBIO X, cM. [ 1aBa 2).

WuBapuantsl matepuana U,,U,,U,,U,,U, aBndi0Tcs QyHKIMAMHU YIPYIHX CBOICTB CIIOd, a

umenHo E,E,,v,,,v,,,G,(Mogynmu IOHra Bnoab u momepék BOJOKOH, ABa KOd(hHIUEHTa

HyaCCOHa U MOAYJIb CABUTA, COOTBeTCTBeHHO).

5.2. OyeHka eausiHUA y4yéma u32u6Holli aHu3omponuu Ha Kpumu4eckoe
3Ha4YeHue ycmoiiyugocmu

Ecnu mmactuHa HarpyxeHa CIBUIOBOM HAarpy3KOH, TO BEJIMYMHA KPUTHYECKOW HArpys3KH

6yz[eT 3aBHUCCThb OT HAIIpaBJICHUS CJABHIA. HYCTL Wy (x,y) - 9TO q)opMa nporH6a U3 IMIOCKOCTH,

COOTBETCTBYIOIIAsl KPUTUUYECKOM HArpy3ke A, IMOJIYYEHHOH C HMCIOJIb30BAaHHUEM OPTOTPOITHON
MOJEIM MaTepuana IJIacTUHBL. Tormga, MCIoib3ys METOJ BO3MYILIECHHM, MOXHO IOJACYMTATH
MONPABKY MEPBOI0 MOpsJIKAa HAa YYET HEHYJIEBBbIX WieHOB 16 u 26 marpuusl D. DTa nmonpaBka

3alIMIICTCA B BUJC

2 2 2 2
[as| 2D, aa ll Z Y 42D, aa i Z lid]
M=—— T ’2“ Wy . 0y (5.17)
[as 1N<0>(5Woj L yof Mo o O Oy
o2 " Lox 2 7 oy Yoox oy

TAC CUJIBI B 3BHAMCHATCJIC COOTBETCTBYIOT UX KPUTHYCCKHUM 3HAYCHUAM B OpTOTpOHHOI\/’I MOJCIIN,
a4 HUHTCTPUPOBAHHUEC B YHCIWUTCIC W 3HAMCHATCIIC BCACTCA I10 BCEH Ioniagu CpGI[I/IHHOI\/'I

MMOBCPXHOCTHU IIJIACTUHBI.

5.3. Teopema ezaumHocmu

Ucnonp3ys pesynbrarsl (Selyugin 2019a), paccMoTpum maniee aHaaor W3BECTHON U3 TEOPUH
YIPYTOCTH TeopeMbl beTTu 1uist ciydast IByX KpUTHUUYECKUX HarpyxeHuil. beino mokaszaHo, 4To
paboTa, COBEpIICHHAs KPUTUYECKUMHU CHUJIAMH B COCTOSHUU | Ha mporubax U3 IIOCKOCTH
IJIACTUHBI B COCTOSIHUU 2, paBHa pa60Te, COBGpIH@HHOfI KPUTHYCCKUMH CUJIaMU B COCTOSAHUHN 2
Ha Hpom6ax W3 INIOCKOCTH INIACTUHEI B COCTOSIHUU 1.

JleficTBUTENEHO, PACCMOTPUM JBa PA3IMUYHBIX KPUTHYECKUX COCTOsiHHSA. [lepBoe M3 HUX
OyzIeM moMeuaTh BEPXHHMM 3HAYKOM ', a BTOPOE — BEPXHUM 3HAYKOM ". DTH JBa KPUTHUUECKHX

COCTOSIHUSI COOTBETCTBYIOT, BOOOIIE TOBOPSI, pa3HBIM HArpyXECHUSIM.
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PaccmoTtpum crenyroliee BoIpaKeHHE U MPOUHTETPUPYEM €T0 0 YacTAM, YUUTHIBAs KpaeBble

YCJIOBUS TUIIA 3AICMJICHUA UJIM MIPOCTOr'0 OIMMPAaHUA:

[t e ffas| ML T 12T | s 222,22,

ox’ oy’ oxoy ox Oy (5.18)
— J’J‘ dSQ,T(B”
rie
_ _azw ;
8§c2
g a w — (Dx aW aW — g
k = —az ; O= ;(sz_;¢y=_;M=Dk
Y ?, ox oy
_9 o*w
0x0y |
C npyro# CTOpOHBI
[[asm"k” = [[ dsk'” Dic"= ([ dsm"" k' (5.19)
3T0 BeJeT K COOTHOIICHUIO
[[ds0"¢" = [[ds0"" ¢ (5.20)

KOTOpPO€ M O3HavaeT, 4To paboTa, COBEpIEHHAs KPUTHMUYECKUMHU CHJIAMH B COCTOSIHUM | Ha

nporn6ax N3 IJIOCKOCTH IJIIACTUHBI B COCTOAHHNHN 2, paBHa pa60Te, COBGpH.ICHHOfI KPpUTHYCCKUMHU

CHJIAMH B COCTOSIHUU 2 Ha npom6ax W3 IJIOCKOCTHU IIJIACTUHBI B COCTOSIHUM 1. HOI[CT&BJ'ISISI Q

gyepe3 ¢ (cMm. Bacuazy 1987), momyyaem:
O+F$p=0
[[ds@"F'g"=[[ds@™ F'¢" (5.21)
VYTBepKaeHue J0Ka3aHo.

Hanpuwmep, s npsMoro (mporuGsl  w,, ) ¥ o0paTtHOro (Iporudbl w,, ) CABHIOBOTO

Hal"py}KeHI/Iﬁ HUMECT MCCTO PaBCHCTBO

jjrwf’" Wonp Pz Mo }dS =0 (5.22)

8x8y oy Ox

5.4. [InacmuHa npu KOMOGUHUPOBAHHOM HA2PYyXHCeHUU
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PaccmoTpum fanee KOMIIO3UTHYIO TUIACTUHY, MOABEPTalOUIyIOCs OJJTHOBPEMEHHO HECKOJIBKUM
pa3MYHBIM HarpyxkeHwsiM B IutockocTH (cM. Selyugin 2016). Takoii ciydaili Ha3bIBaeTCs
KOMOWHHUPOBAHHBIM Harpy>KeHHEM.

[Ipu HarpyXeHHH CKaTUEM M CABHIOM KpHBas B3aUMOJCHCTBHS KPUTHUECKUX HArpy30K
OyIeT UMETh CJIeTYIOIINUNA HAKIIOH:

J‘ a5 ow ow

dN _ ox 8y (5.23)

dn,, W)
%l‘“’(ax)

a IIpU HArpy>X€Huu CIBUTOM U HM3riOOM B IUIOCKOCTH HMEEM HAKJIOH 1T TaKou KpHBOﬁ

B3aMMO/ICUCTBUSI:
N I P ow ow
dNy ox oy (5.24)
dN, 2= e
Vfas— 227 ==
. b ox
IJIe U3ru0 B INIOCKOCTH JaeTcst hOpMYIIOit
2(v-0%)
N, =N™ —A (5.25)

b
B pa6ore (Selyugin 2016) moka3zaHo, YTO MOBEPXHOCTb B3aUMOJEHCTBHUS KPUTHUYECKHX
Harpy3oK npu KOMOMHUPOBAHHOM Harpy»K€HUU SIBJISETCS BBITYKJIOH.
KpuBble B3auMOJIEHCTBUS KPUTHUECKUX HArpy30K MOTYT OBbITh TaK)Ke allpOKCUMHPOBAHBI C

NOMOIIbI0 KOHeUHbIX (opMyil. Tak, usBectHa popmyna banabyxa, ykazannas Jlexuunkum 1947:

N N
N%v e g ey (5.26)
x0 nyOl nyOZ

rae uHjaeke 0 o3HayaeT COOCTBEHHOE 3Hau€HUE MPH OJTHOM HarpyXeHuH ckatueMm, uuaekc 01
COOTBETCTBYET CJIBMIOBOMY COOCTBEHHOMY 3HAu€HHI0O B TIEpBOM (paccMaTpUBacMOM)
HampaBieHud, uHAeKC 02 COOTBETCTBYET CABUTOBOMY COOCTBEHHOMY 3HAYEHHMIO MpU
IIPOTUBOIOJIOKHOM HaIIPaBJIEHUU C/IBUra (OHO UMEET 3HaK MUHYC).

Ha ocnoBe unen dopmynsr bamabyxa MOXHO TONYy4YHThH 00JIE€ TOUYHYIO AlMPOKCHMAIINIO B

BHUJIC TIOJIMHOMA Y€TBCPTOT'O IMOPAIKA:

N/ 1N, YN, .
/on_q N}:(;l 1 ij())z 1[(ny) p(ny)-i'Q:I (527)
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2
qg=- nyOleyOZ (5 28)
/ / 2 °
N +2N +ﬁ)ny01ny02 _ fi nyOleyOZ
xy01 xy02 N N (N N )
x0 x0 xy01 - xy02
fiN_ N,
P==q Ny + Ny + —— 22 (5.29)
x0
rie fo/ , fl/ - 3TO NPOU3BOJHBIC KPUBOW B3aUMOIECHCTBUS 3HAYECHHUM HArpy30K MOTEPHU

ycroiuuBoctd N (N, ) B Toukax N, =0 (4UCTBIA MONOKUTENbHBIA caBur) 1 N =0 (4ucroe

CKaTHE), COOTBETCTBEHHO.

5.5. Hcnoav3oeaHue memoda 'anépkuna

[Tpy 4yKMCIEHHOM HAXOXJIEHWU KPUTHUYECKHUX HArpy30K OT KOMOMHHPOBAHHOI'O HarpyXKeHHs
OKa3bplaeTcsl TOJE3HBIM CIENYIOUMH TOAX0A, ucHoib3youmii merox [lanépkuna (M.
KanropoBud u Kpeuio 1962) crieninanbHbeIM 00pa3om, onrcaHHbIM Hibke (cM. Selyugin 2016).

[Ipennaraempiii TOAXOA UCIONB3YeT COOCTBEHHBIE (POPMBI MOTEPH YCTOHMYMBOCTU OT
pa3leNnbHbIX HAarpy>KeHUM NI aHajau3a KOMOMHUpPOBAaHHOrO HarpyxkeHus. I[Ipeanonaraercs, 4ro
KOMOWHUPOBaHHbIM HAa0Op COOCTBEHHBIX ()OpPM TOTEPU YCTOMUMBOCTU OT OTAEIBHBIX
Harpy)KeHu#  sIBJISETCS  TOJHOW  cHCTeMOW  COOCTBEHHBIX  (GopMm  (pyHKuuMi) s
KOMOMHHMPOBAHHOTO HAarpyxeHus. Takke BakHO, 4TO COOCTBEHHBIE (OPMBI JUISl Pa3AEIbHBIX
Harpy>keHui oepyrcs 111 000MX BO3MOXHBIX HANPaBICHUN HAarpyKEHUS.

PaccmarpuBas KHHEMAaTH4YeCKMM BapMAallMOHHBIM HPUHIMI, Mbl BHAMM, 4YTO B METOjE
[anepkuHa  OTbICKMBaeTcs HJKcTpemyM sHeprun U =I11-W, wucnonsdys (yHKIMH,
yJIOBJIETBOPSIIOIINE KpaeBbIM ycinoBHsM. (OO003Hauas yKa3aHHble COOCTBEHHbIE (DYHKIIMU
w,,i=1,...,N, cobcTBeHHast QyHKIMS 11 KOMOMHUPOBAHHOI'O HArPYKEHUs OyaeT

w=>y aw (5.30)
i=1
rae «,,i =1,...,N HEeKOTOpbIE€ HEU3BECTHBIE MHOKHUTEIIH.

Crnenys dopmanuzmy merona [anepkuHa, NPUXOJUM K JIMHEHHON OIHOPOJHON cUCTeMe
YpaBHEHUH [UII MHOXKUTENIEH paccMaTpuBaeMbIX CcOOCTBeHHBIX @opm N-ro mopsjka,
KOA((UIIMEHTHl KOTOPOTO BKIIIOYAIOT B CeOs JIMHEHHBIM O0pa3oM HEM3BECTHOE COOCTBEHHOE
3HaYeHHUEe Harpy3ku A. OmpenenuTens 3TOH CUCTEMBI JT0JDKeH OBbITh paBeH HYJI0. Borumcienue

ATOTO OIpPENENUTENs MPUBOAUT K HENMHEHHOMY No A ypaBHeHHIO N-ro mopsnaka. Ilepserii
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MOJIO)KUTENbHBIA KOPEHb A TIOCIETHEr0 HEJIWHEHHOro YypaBHEHHS U JaéT COOCTBEHHOE
(KpUTHYECKOE) 3HAYCHHUE HATPY3KH A JIJIsl KOMOMHHUPOBAHHOTO HArpyXEHUSI.
[IpuBeneM nmpumepsl UCIIOIB30BAHUSI 3TOTO CIIEUAIBLHOTO MeToAa ['anepkuHa.
PaccmarpuBaercs miiacTuHa, U3roToBiieHHas u3 matepuaina cioéB T300-yrmeBomaokno/ 5208-

SIOKCHIHAsA cMoyia (CM. Takkeo http://composite.about.com/library/data/blc-t300-5208.htm)

tomuHon 0.125 mwm. IpomsBomutens marepuana - Hexcel Company. ColicTBa marepuana

npencraBieHsl B Tabnwmie 5.1 Huke.

E11, GPa E22, GPa G12, GPa vl2

181 10.3 7.17 0.28

Tabmuma 5.1: T300/5208 yriieBoa0KHO/3MOKCUAHAS CMOJIA, OJJHOHAIIPABJICHHBIHN MpEmnper.

[InacTuHa UMEET CUMMETPUUHYIO YKIAAKY [[+45°,-45°]4]s , BHEmHUE cioit +45°, HanpaBieHue
0° cooTBecTByeT HampaBlICHHIO 0ojee JIUHHON CTOPOHBI (HAmpaBlIeHHE X), BEIMYMHA YyIIIa

IMOJIOKHUTECIIbHA ITPU ITIOBOPOTE OT JUIMHHOM K KOpOTKOfI CTOpPOHC. TommuHa 1IacTUHBI 2 MM, €€

mmpuHa 200 MmMm. PaccmaTpuBaeTcs COOTHOIIEHHE CTOPOH a U b: ¢ b= 3. IlnactuHa cBOOOHO,

T.e. 0E3MOMEHTHO, ONEePTa IO KOHTYPY.

Hwxe pe3ynbTaTbl pacueToB IMOTOKA HAINPSDKEHUM IMpeacTaBieHbl B Oe3pa3MepHOM BUJE,
orHecénHble K 50 H/mm. KommnoHeHTBI MaTpuibl H3rMOHOM JKeCTKOCTH  Djj TaKOBBI:
D11:D22:37.8 HM, D12:28.2 HM, D16:D26:5.36 HM, D66:31-1 Hwm.

[Tapamerp opToTponuu £ M mapaMeTpbl MU3rMOHON aHm3oTpornuu y, 0 (cMm. Selyugin 2016)

COOTBETCTBEHHO paBHbI 2.39, 0.142, 0.142. ®opMyiibl 7151 3TUX APAMETPOB:

D, +2D
ﬁ: 12 66
VD11D22
D
V= —— (5.31)
D11D22
5: D16

4\Il)llD232

Jns nuneeix wiactuH (cM. Weaver and Nemeth 2008) BenuunHa £, paBHast TpéM, yKa3zaHa Kak

HauOoMbIIasg [ HKCIOJb30BaHUA (GOpPMYN B3aUMOJEHCTBUS (OpPM MOTEPH YCTONYMBOCTH,
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NpeJIOKEHHBIX B 3TOW pabore. Hurke Mbl HcmonbdyeM 3TH (OPMYNBI ISl MPOBEIEHUs
CpaBHEHHUS PE3yJIbTaTOB.

Cnenyer OTMETUTh, YTO TOYHOCTh B 1% i KpUTUUECKUX 3HAYEHUW HArpy3KH SIBIISETCA
npuemiieMoil Jiisi OONBIIMHCTBA MPHJIOKEHUH, HampuMep, Ui aBUAIIMOHHBIX KOHCTPYKLHUH.
Huxe Mbl CpaBHUM MOJIydYEHHBIE HaMU Pe3yJbTaThl ¢ pesyibratamMmu MKD aHanuza BBICOKOM
TOYHOCTH.

PaccmaTpuBaeTcss KOMOWHUPOBAHHOE HArpyXEHUE IUTACTUHBI CIBUTOM M CXKaTHEM B

HAallpaBJICHUH UIMHHOM cTOpoHbl. Harpyxkenune npoBoxutcs Ha cxatue N = - 50 H/MM u Ha
CIBUT ny = 50 H/mm. HemocpencTBeHHBINH aHaIM3 yCTOMYMBOCTH MPOBOAMUTCA C IOMOIIBIO

MKD BBICOKOI TOUHOCTH.

N
OTMeTum, 4YTO TIpHU YN =0.8 uMeer MeCTO JABYKPaTHOE KpPUTHUECKOE 3HAUYCHUE
w

KOMOMHHMPOBaHHOW HArpy3ku, paBHoe 1.14.

Ha Puc. 5.1 npeacraBieHbl KpUBbIE B3aUMOJICHCTBUS KPUTUYECKUX 3HAYCHHUH YCTONYMBOCTH
B CPaBHEHUH C pelIeHUEM BhICOKOH TouHOCTH 110 MKD (crmommHas nuawms ). @opmyne bamadyxa
COOTBETCTBYET ITYHKTUPHAsI JIMHUS, ONMCAHHOMY BBILLIE [TOJIMHOMY 4-TO MOpsiIKa COOTBETCTBYET
LITPUXITYHKTUPHAs uHus, popmyie u3 (Weaver and Nemeth 2008) cooTBeTcTBYIOT pOoMOBI IpU

B =2.39.
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————— Balabukh formula

1.6 — high-accuracy
numerical solution
— - — 4th order polinomial
Weaver-Nemeth formula, flexural
* ¢ o anisotropy neglected
1.2 —
. -
o
[
”
&
s 0.8 —
7]
b
o
=
7]
0.4 —
° ! | ! | ! | ! |

0 04 0.8 12 16
compression stress flow

Puc. 5.1. 3aBUCMMOCTb KPUTHUECKOTO CABUTa OT KPUTHUYECKOTO cxKatus (B cpaBHeHUH ¢ MKD

BBICOKOU TOYHOCTH) JIJIsl KOHEYHBIX allPOKCUMAIMOHHBIX (HhOpPMYII.

Kak BugHo Ha Puc. 5.1, uro pesynbTarhl Juis moiumHoMa 4-ro mopsiaka Ommke k MKD
pe3ysibTaTaM BBICOKOM TOYHOCTH, YeM pe3ynbTaThl 1 (Gopmynsl banabyxa (mocienHue naroT
3aHIKEHHbIE OLIEHKM KPUTHYECKUX 3HaueHui). B To ke Bpewms, mpeHeOpexeHHe H3ruOHOMN
aHu3oTponuei B popmyne Busepa-Hemera npuBOIUT K 3aBBIIICHUIO OIIEHOK JIJIsI KPUTHUECKUX
3HAUEHUH, 10 CPaBHEHMIO C pe3ynbraraMu MKD BbICOKOI TOYHOCTH. DTOT pe3yabTaT MOHATEH C
¢bu3nyecKol TOYKM 3pEHUs, TOCKOIbKY Yy4yeT W3TMOHOW aHM30TPONUU MOXKET IOHU3UTH

Kputnueckue 3HadeHus (cM. Nemeth 1995).
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PesynbpTaThl 115 crienuaibHOTO BapuaHTa MeToja ['anepkuHa mpeacrasieHsl B Tabmume 5.2.
N3 sroii Tabmumpsl BUAHO, YTO TPU «IIOJIOKUTEIBHBIX» COOCTBEHHBIX (POPMBI cIBUTA (311€Ch U
HU>KEC CJIOBA ((HOJIO)KI/ITGJIBHBIP’I CABUI» O3HAYAKOT CABHUI C paCTSIHYTBIM BHCIIITHUM CJIOCM) IIJ1FOC

TpH COOCTBEHHBIX (bOpMBI CXKatusgd HOpUBOAAT K MPAKTHUYCCKHM 3HAYUMOMY II0 TOYHOCTH

pe3ysbTary.
Yucno UeIob3yeMbIX COOCTBEHHBIX (GOpM MaxkcumanbHast pa3HHLA B IEPBBIX
HOTEPU YCTOWYMBOCTH COOCTBEHHBIX 3HAUCHMSIX JUIS
KOMOMHUPOBAHHOTO HAarpyxeHus, % or MK2J
pelieHus
OnHa ¢opma casura (nepsast WiIn BTopast 2.
«II0JIOKUTENIbHBIE») + 0/1HA OopMa CHKATUS
(mepBast uiM BTOpPAst)
JIBe GpopMmbl caBura (nepBast U BTOpast 1.7
«TIOJIOKUTENIbHBIE») + 1B (OPMBI CIKATHS
(mepBas u BTOpasi)
Tpu dhopmsl ciBura (mepsasi, BTopasi U TPEThs 0.5
«TOJIOKUTEINIbHBIE») + TPU (HOPMBI CHKATHUS
(mepBast, BTOpasi U TPEThs)

Tabnuna 5.2. Pe3ynbratrsl 1715 cieMaabHOro BapuaHTa Merosa ["anepkuHa, KOMOMHUPOBAaHHBIN

CABUT-CXKATHUC.

Pe3yJ'IBTaTLI B CTPOKEC «O,Z[Ha (I)OpMa cIBuUTa (HepBaH HJIN BTOpasd ((HOJ'IO)I(I/ITeJ'IBHBIe») + oJHa

dbopma cxxatust (mepBasi WK BTopasi)» Tabmuibl 5.2 ObUTH MOTyUYEHBI CIeAYIomuM 00pa3om. Jis

N .
XN <0.8 (HOTCpH YCTOUYUBOCTU C JOMHUHHUPYIOIMIUM CI[BI/IPOM) HCIIOJIb30OBAJIUCH TICpBas
xy

cobctBeHHas popma (M0/1a) «IIOJIOKHUTEIHPHOTOY» CIIBUTA U BTOpas Moja cxaTus (oTHomeHue 0.8

COOTBCTCTBYCT KPAaTHOMY KPUTHUYCCKOMY 3HAUCHUIO MMOTCPU yCTOﬁ‘-IHBOCTH, YKa3aHHOMY BLIH_IC).

N .
Hna N > 0.8 (moreps YCTOWYMBOCTU MpPH JOMUHUPOBAHUHU CXKATHS) HCIOJIB30BAIKChH
xy

BTOpasi «IOJOXKUTENbHAs» (opMa caBura W TepBas Moja cxartus. COOTBETCTBYIOIIUE
Oe3pa3MepHbIe pe3yabTaThl npeacTaBieHsl HAa Puc. 5.2. CrtomHas auHus cooTBeTcTByeT MKD
PEIIEHUIO0 BBICOKOM TOYHOCTH, KBAJAPAaTUKU COOTBETCTBYIOT CIIELIMAILHOMY BapUaHTY pEIICHHUS
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no 'anepkuny. Ha 3Tom PucyHke BHAHO, 4TO MOCJIEAHUE PE3YJIbTaThl JOCTATOYHO XOPOUIH, a
HauOonbliee pasnnuve ¢ pesynbraraMu MKD — B nenrpe Pucynka. CooTBeTcTByOIINE
coOcTBeHHBIE (hOPMBI CIBHTA (TIEPBasi U BTOPast), a TAKXKe MepBast U BTopasi COOCTBEHHBIE (POPMBI
cKaTus 1moka3anbl Ha Puc. 5.3 — 5.6. BeaeacrBue u3ruOHON aHM30TPOIIUHU 3TH MOBEPXHOCTH (TI0
CPaBHEHMIO C YHCTO OPTOTPOIHBIM CIy4yaeM) CJIETKa HAKJIOHEHBI MO OTHOIICHHUIO K KOPOTKOMH

CTOPOHE IUIACTHUHBI.

1.6 —
high-accuracy
numerical solution
1.2 —
special Galerkin-type
U approach, two modes

g
=
w0
0
£ 08 —
("]
|
@
Q
£
"

04 —

0
' I ! | ! I ! |

0 0.4 0.8 1.2 1.6
compression stress flow

Puc 5.2. Kputndeckuii MOTOK CABUTOBBIX HANPSKEHUHM B PYHKIHUN OT KPUTHUECKOTO OTOKA

CKUMAIOIINX HaIPSHKEHU.
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Puc. 5.3. [lepBas ¢popma norepu yCTOWYMBOCTH MIPU MOJIOKUTEIHLHOM CABUTE.
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Puc. 5.4. Bropas ¢hopma motepu yCTOWYUBOCTH TIPH MTOJOKUTEITHHOM CIBUTE.

-37-



5
o
Sl
P
e
s
SR
=

N

Snans
N
SR
SR
R
e
TSR
raeiataarniia it
e A L AR A
S
S

Stetiin s
2 BTN

T sy
T
Pttty
SRR
S
AV AR A
RS
TR TR R s
T Lt e e M R
S

R

e
AT
-\:{x‘!

Puc. 5.5. IlepBas hopMa moTepu yCTOWYUBOCTH MTPH CIKATHH.
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Puc. 5.6. Bropas ¢opma notepu yCTOHUMBOCTH NPU CIKATHH.

IIpoeMOHCTpUpPYEM BO3MOXKHOCTh HCIIOJIB30BAHMS CIIEHMAIBHOIO nojaxoaa tuna ["anepkuna
JUIS cilydasi KOMOMHUPOBAHHOTO HArpyKeHUsl Oosiee 4eM JABYMS Harpy>KEHUSIMH.

PaccmotpenHast Bble IUiacTuHa a/b=3 Harpyxkena ciasurom N =S50H/MM, usrubom B

wiockoctu N™ =500 H/mm u npoponsHbM cxxatuem N =150 H/mwm.
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[Ipu cxatuu, CKOMOMHUPOBAHHOM CO CABUIOM W M3rMOOM B IUIOCKOCTH, BEIMYMHA
KPUTUYECKON Harpy3ku (mepBoe codcTBeHHoe 3HaueHue) coctasisieT 0.478 mo MKD. Ananus mo
CIEMaJIbHOMY BapMaHTy MeToja l'ajlepkuHa ¢ YeThIPbMS <«II0JIOKUTEIbHBIMU» U UYETBIPbMS
«OTpULIATEIBHBIMU» COOCTBEHHBIMH (DOpMaMM CABUTA, C YETHIPbMS «IIOJIOKUTEIbHBIMU» U
YETBIPbMS «OTPULIATEIbHBIMUY» COOCTBEHHBIMU (hOpMaMu H3rMba B IUIOCKOCTH M YETHIPHMS
coOcTBeHHBIMU (hopMamu cxaTst naet TouHocTh 0.2% mo cpaBHeHuto ¢ pemenuemM MKDO
BBICOKOM TOYHOCTH.

[Ipu pacTskeHHH, CKOMOMHHPOBAHHOM CO CABHIOM M HM3rMOOM B IJIOCKOCTH, BEJIMYMHA
KPUTHYECKOW Harpy3ku (mepBoe coocTBeHHOE 3HaueHue) coctaiseT 0.839 mo MKD. Ananus no
CHelMaIbHOMY BapHaHTy MeToja l'ajepkuHa ¢ YeThIpbMS <«II0JIOKUTEIbHBIMU» U UYETBIPbMS
«OTPULATEIBHBIMI» COOCTBEHHBIMH ()OpMaMH CJABHTa, C YETHIPHMS «IOJOXKHUTEIHHBIMIY U
YETBIPbMSI «OTPULATENLHBIMIY COOCTBEHHBIMH (opMaMH H3ruda B IUIOCKOCTU U YETHIPbMS
coOcTBeHHBIMU (QopMamu Cxatus naeT ToyHocTh 0.4% mo cpaBHeHuto ¢ pemeHuem MKD
BBICOKOM TOYHOCTU. BakHO MOJUEpKHYTb, YTO JJIsl Cllydas ydeTa pacTSIKEHHsS] MbI, TEM HE
MEHEee, UCII0JIb3yeM COOCTBEHHBIE (POPMBI IOTEPH YCTOMUMBOCTHU IIPU CKATHH.

Puc. 5.9 noka3eiBaeT cedyeHue IIOBCPXHOCTHU B3aUMOICUCTBHUS KPUTHYCCKHX Hal"p}I)KeHI/Iﬁ JJIA

N™ /NW =10. Ha »tom Pucynke mpencrasieHsl pe3ynbTarsl 1o MKD BpICOKOI TOUHOCTH
(kBampatel) N, B ¢dyHKkumm or N, . PesynpTarhl WiA CHENUaJIbHOrO BapuaHTa MeETOIa

FaﬂepKI/IHa HC IMPUBCIACHBI HA 3JTOM PI/ICYHKC, OHH MaKCHUMajJbHO oTimdarTca or MKD

pe3yabsTaToB Ha 0.3%.
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0.8 —

high-accurac
H B m'° 4

numerical solution
0.6 —

shear stress flow
o
n

0.2 ==

| ' | ' | ' |
0 04 0.8 12 1.6
compression stress flow

Puc. 5.9. CiBuroBoii moTok HanmpspDKEHUN Kak (PYHKIMS OT MMOTOKA HANPSHKEHUN CKaTHS.

N™ /N, =10.

Taxkum o0Opa3omM, cnenuaibHbIN BapuaHT MeTona ['ajepkruHa MOKeT OBITh paclpoCTpaHEeH Ha

MIPOU3BOJILHOE YHCIIO KOMOMHUPYEMBIX HATPYKEHHH.

5.6. Bv160p Hauy4uell ykaadKu c/10€6 (00HO HazpydceHue)
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Jlanee paccMOTpUM BOIIPOC O BBHIOOPE HAMIYYIICH YKIAAKU CJIOEB (TIPH 3aIaHHOM MX YHCIIC)
JUIsL CONPOTHUBIIEHUS NOTepe yCTOM4YMBOCTU. [Ipu 3TOM BO3MOJKHBI JiBa BapuaHTa: 1) BOJIOKHA
KaXa0ro cjosda HpHMOHHHCﬁHBI, 2) HX YI'OoJI OpUCHTAIUU MOKCET U3MCHATHCA BOJIb BOJIOKHA U B

3aBUCUMOCTH OT pacCMaTpruBa€MOI'O0 BOJIOKHA CJIOA.

5.6.1. BbiBOJA yC/10BUI1 ONTUMAJIBHOCTH

B nmaHHOM pa3nene HMCMONB3YIOTCS pe3yiabTarthl  pabdor (Selyugin  2019g, 2020).
PaccmaTtpuBaemast miacTuHa npeanosaaraeTcs Npocto (0e3MOMEHTHO) ONIEPTOM MO HAIIPABIICHUIO
Z. IloBeieHHe MIIACTUHBI OIUCHIBAECTCS KIACCUYECKON Teopuel JaMUHUPOBAHHBIX IJIACTUH (CM.
Gibson 1994, Jlexuuukuii 1947, Reddy 2004). Ota Tteopus 6a3upyeTcss Ha THUIOTE3€ MPSMBIX
HopMmaneir Kupxrodpda. VYpaBHeHHe mpenenbHOro paBHOBecHs (HAa TpaHHIE MOTEPU

YCTOMYMBOCTH) AJIsl POTUOOB W U3 IJIOCKOCTH /' NPUBEIEHO B JAHHOMW IJIaBe BBIILE, 1€ TAKKE

yKa3aHa CBsI3b BEKTOP-CTOJIOIIOB MOMEHTOB M W KpUBH3H k .

Pacnpenenenue noTokoB HAPSYKEHHUM B INIOCKOCTH TAETCS COOTHOLLICHUEM :

u,x
N=4 v, (5.32)
M’y +V’x
Trac A - MaTpuna XKCECTKOCTH IINIACTUHBI B IINIOCKOCTH. BeKTOp-CTOH6eH CJI€EBa B 3TOM
COOTHOLICHHNHU €CTh
N=(N_,N,.N,J (5.33)

BerHI/Iﬁ uHaeKkc 1 o3HadaeT TPAHCIIOHUPOBAHUC.

KoMmmoHeHTsI N JOKHBI  YIOBIETBOPATH YpABHEHHSMH DABHOBECHS B IUIOCKOCTH
IIJIACTUHBI, & IEPEMEICHHS B TOU INIOCTKOCTH JOKHBI YIOBIETBOPATH KPAEBBIM YCIOBUSM.

IIpuBenéM psn  COOTHOLICHMHM, OTHOCAIIUXCS K YOPYrOM KOMIIO3UTHOM IIJIACTHHE,
0a3upyroNIMXCs Ha TaHHBIX [ J1aBbI 2.

B coorBerctBum ¢ (Gibson 1994), npousBoaHbie 1Ji1 KOMIIOHEHT MaTpPHIIbI KECTKOCTH CIIOSI

Q,; 10 yTily OpUeHTalun ciost O OyayT:
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dg,,

i —2U, sin 20 —4U, sin40 = —4Q,

% =2U, sin20 - 4U, sin40 = 40,

dQ,, =4U, sin40 = 2(0,, — Oss)

deo

“ (5.34)
dQ; =U, cos20+4U, cos 46

ddQ; =U, cos260 —4U, cos 40

A0y,
do

=4U, sin40

Onpez[eneHI/Ie MaTpun Ay n Dij qepe3 IMapaMeTpbl CJIOA OCYHICCTBIIANOTCS IIO O6H_II/IM

dopmynam (Gibson 1994), ij=11, 12, 22, 16, 26, 66:

Ay = ;(Qy ) (2,2, (5.35)
Dy = %;@, )z -22) (5.36)

Iie z,,Z, , - 9TO z-KOOPJIUHATHI BepXa U Hu3a ciod (z=0 cOOTBETCTBYET CPEAMHHON IIOCKOCTH

TUTACTHHBI).

[IpousBoaHble MaTpuIl KECTKOCTH A, D no yriy opueHrtanuu cinos 0, oyayr (ij=11, 12, 22,

16, 26, 66, k=1,...,K):

dAi/ d(Qj )k
=(z, —2;.1)
do, do,
(_ ) (5.37)
P d\Q.
. :_(22_21371) £
dg, 3 do,

[lepeitnem K ONpEACNICHWIO BapuallMd COOCTBEHHOTO 3HAYEHHUS. OTO 3HAYCHHE
npernoaraeTcd HeKpaTHbIM. J[7si BBIYMCIIEHHS STOW BapHallMM BOCIHOJIb3yeMcsl (GyHKIUEH
Jlarpanxa (Jlarpanxuan) L, 00beAHHSIONICH 11e1eBYI0 (QYHKIIMIO U OTPAaHHUEHUS 3aa4H.

OTH OTpaHUYEHUS TAKOBBI:

- ypaBHEHHUS paBHOBECHUs JUIsl MOTOKOB HamnpsbkeHuid (Gibson, 1994)
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NO NG, =0
(5.38)

(0) (0)
Ny, +N,,;=0
- yCIIOBHS HarpyxeHust o X u Y, COOTBETCTBEHHO, Harpy3kamu N 53 ), N, N na C :
(0) 0 _ 70
NI+ N,/'m=N,
(5.39)
(0) ), _ 3O
NS+ N m=N,
- KMHEMaTU4YeCKHe ycaoBus 3akpemienus Ha C,
=u=0
(5.40)

=0

ypaBHeHue (5.7) mis TpaHUIbl YCTOMYMBOCTH, CJIEAYIOIIEE M3 BapHAIMOHHOTO

<I

npuHuumna (5.4).

ﬂarpachHaH L 3a7a4yn onTUMHU3AIUM 3alUIIEM B BUJIC:

L=2G +Idf[a1 N+ NG ey (N0 + N )+
+ j dC|g(NO1+ NOm =N )+ f(NO1+ NOm=NO |+ [dC(ru+p,0)+ (5.4
G
u,x
+Idf &' AN — v,
r u, +v,

ToC O, 0, B, LYV @, @y, @, - 3T0 MHOXHTeNH JlarpaHxka; BeKTOp-cTOIOCl @ HUMeeT

KOMIIOHCHTHI @, , W, , ;5 .
HepBaﬁ Bapuanugd HarpaHx(HaHa (OHa JOJI2KHa OBITE paBHa HYIIIO U ONITUMAJIbHOU YKIIAAKU

CJI0€B) 3aITUCHIBACTCS B BUJIC:

=0, i [+ 0n i [# 0 i [+ 0T e (N2 0 Y 2, 2
8 [dClp (VO NP m=N )+ (VD14 N Om =N |+ [dC(r, 60+ 7,6)+
G 2

. J‘dSc?)T(A”N(O)—(u,x;v,y;u’y+v, ) ) +Z5 J‘dS*TA 1N ©

i=1

(5.42)

IZI€ TIEPBBIM YIEH PaBEH HYJIO BCIEACTBUE UCIOJIB3YEMOIr0 KMHEMATUYECKOIO BAPUALIMOHHOIO
OPUHIUNA JUISI TPAHUIBl YCTOMYMBOCTU IUIACTUHBI, BTOPOM WieH OOYCIIOBJECH BapHauuei
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M3THUOHO-KPYTUIILHON JKECTKOCTH M BbIBeleH B padore (Selyugin 2013) B mpeHeOpexeHUn
BJIMAHUCM BAapbUPOBAHHA CUJI B IIJIOCKOCTH IJIACTUHEI, TpeTI/IfI YWICH YUYUTBIBACT BAPbUPOBAHUC
CHJI B IIIOCKOCTH IIJIaCTUHBI, quBepTHﬁ WICH COOTBCTCTBYCT YCIIOBUAM PABHOBCCHUSA B
IUIOCKOCTH IIJIACTUHBI, IATHIA YICH COOTBETCTBYET HArPY)KECHHIO IUIACTUHBI, IIECTOH WieH
COOTBETCTBYET KPaeBbIM YCJIOBUSM B IJIOCKOCTH, CEIbMOW YJICH COOTBETCTBYET CBSI3U IOTOKOB
HaHpH)KeHI/If/'I U OPOU3BOJHBIX HepeMemeHHﬁ, BOCHEMOH JIEH COOTBCTCBYCT BJIMAHHUIO YIJIOB

opueHTauuu cno€s 6,,i=1,...,K, Ha IOCIEIHIO CBA3b.

BrinonHsist 00bI9HBIE TPe0Opa30BaHMsI ¢ UCIOIBL30BAaHUEM TEOPEMEBI [ 'aycca, moydaem:

8o [—Wr(lo) } = —% fo) [as(wien, +w2en, +2w w &N, ) (5.43)
S
8ol [dS@" (47N —(u sv s, +v, ) )| = [ds@” 4™ sV (5.44)
S S

O IdS@T (A"IN - (u,x;v,y U, +v, )T ) = {dl[(a)léu + w,0v)cos(x,v)+
§ (5.45)
+(@,6v + wy6u)cos(y,v)] - IdS[&u(a)Lx +a;, )+ 5v(a)2,y + o, )]
S

Tak kak ou,0V 5TO BapHallMu HE3aBUCUMBIX BEJIMYWH, TO MOJTydyaeM U3 Bapuaiuu L 1o u, v (c

YUYCTOM MMOCIICAHETO COOTHOHICHPI?[):

o,+0,,=0; o, +o, =0 Ha [’ (5.46)
@, cos(x,n)+ @, cos(y,n)=0 ; @, cos(x,n)+awm,cos(y,n)=0 Ha C, (5.47)
7,=7,=0 HaC(C, (5.48)

Otkyna nosrydaeM
o =0, =w,=0 (5.49)

CJIC,Z[OB&TCJILHO, Bapuanusd 1o N paBHa HYJIO.

OxkoHYaTeabHO, OIyCKasi MPOCThIE MPeoOpa30BaHus, OTyYaeM:
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_ lwi _
I,x 2W(0)
- w’ IT
_ % _ B RS
oL = [dr{sN Gyt +5D{W(°>}+
r
Aw w

al’y —Q,, +W (550)
Bil+al a,l

+ IdCé]V(O)T pBom+oa,m + IdCéYV(O)T a,m

G Bm+ Bl+al+am| © a,l+a,m

rac ON COACPIKUT HC3ABUCHUMBIC BapUalllu. M3 nocaenHero COOTHOIICHUS ISt oL noJrydacm:

a,=a,=0 HaC, (5.51)
u
pi=a ; pB,=a, Ha C (5.52)
Taxxe
w’ w’ Aw w
—a, +W;ﬁ)=0 ; —ay, +2W’({)) =0 ; -, —a,, +W+—0 wal  (5.53)

HOJ'IyLIeHHBIe COOTHOLICHUS TO3BOJIAIOT ONPECACIINTDG &, K, .

EnuHCTBEHHBIN YiIeH JJIs 5]4, conepx(auu/lﬁ Bapuanuu yrjioB OpuCHTaluu, 3TO

—4Uh,,, sin2(6, y/){ —2 (k! —k3)+(k, —k,)* cos 2(6, — w)}

K
‘:W(O):l J. Z (0)
r = 1 5 5
g(zi —z;,)

(5.54)

e kl,kz,l//,Zi,Zl._l - HauOOJIbIICE M HAWMEHbBIICE 3HAUYCHHE TJIABHBIX KpHUBU3H CpGI[HCfI

IUIOCKOCTH IIJIACTUHBI, YTOJI MEXJy HampaBleHUeM k, W ocbl0 X, BEpPXHA M HUXKHSI Z

KOoOpAuHaThl i-ro cnos, i=1,...,K. CooTHOmeHus st o {

b W‘O)} ObUIO TOJTy4yeHO B paboTe

(Selyugin, 2013) B npeHeOpexxeHUN BapbUPOBAHUEM CHJT B TUIOCKOCTH.

OKOHYATEILHO noJjrygyacm yCJIOBHA ONITUMAJIBHOCTH YKJIIAAKH C KpHBOHHHeﬁHLIMH BOJIOKHaMH

CII0OEB B BHUJIC

sin2(6, —y) ;z]j' (klz—kzz)Jr(kl—k2)20052(0i—1//)}=0 yi=1,... K (5.55)

3
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Wtak, MBI TIOKa3aay, 4TO HEOOXOAMMBIE YCIOBHS ONTHUMAJIBHOCTH IEPBOrO MOpsAAKa A
YKJIAIKHA CJIOEB HE 3aBUCAT OT y4é€Ta MM HEY4YETa U3MEHEHHUU PACIPEICIICHUS HANPSKCHUH B
IIJIOCKOCTH IUIACTUHBI.

HerpynHo BHIETh, 4TO B cCillydae INpPSAMOJIMHEHHBIX BOJIOKOH CJIOEB M BapbUpPOBaHUS MX
HAKJIOHA 9TH YCJIOBUS 3alIUIIYTCS B BUJE:

v,
4U,

desinz(a—W) (k} —k)+(k,—k,)* cos2(6, —y) |=0 ,i=1,...K (5.56)
r

5.6.2. COOTHOLIEHUA AJIsl NTapaMeTPOB JIAMUHUPOBAHMS ONTUMATbHOM
YKJIaJKU

Omnwmpasice Ha (Selyugin 2019b), BbIBenem HEKOTOpBIE COOTHOIIECHUS. BBenem cremyromme
IPOMEKYTOUHBIE BEIIUYHHBI:
U
b= 4(;3 (k12 _kzz)
1
B =E(k1 _kz)z

(5.57)

[Tpeobpasys yciioBus ONTUMAIBHOCTH JJIsi KPUBOJMHEHHBIX BOJIOKOH Ha OCHOBE M3BECTHBIX
TPUTOHOMETPUUECKUX (GOPMYT U CYMMHUPYS 3TH yclIoBus s i=1,...,K, momydaem cieaymoiiee

JIMHEMHOE COOTHOIIICHUE JIJISI CYMM CHHYCOB U KOCHUHYCOB JIBOMHOI'O U YCTBCPHOI'O YTJIOB:

B COS(Z(//)i sin(260,) - sin(21//)i cos(20.)+ B, cos(41//)i sin(40,) —
i=1 i=1 i=1 (5 5 8)

-5 Sin(4w)i cos(46,) =0

* * * *
OTH CyMMBI, OYEBUIHO, IPONOPLMOHAIBHBI TapaMeTpaM JIJaMUHUPOBAHUS (W1 Wy W W, ),

COOTBETCTBEHHO. TO €CTb, IMOCJIICAHUEC IMapaMETPhI JIAMUHUPOBAHUA JJIA OIITUMAaIbLHOM YKIIaAKH

SIBIIIFOTCS. IMHEMHO 3aBUCUMBIMH, U TOJIBKO TPH U3 HUX — JIMHEMHO HE3aBUCHUMEL.

5.6.3. Oco6bie (opTOTpONHBIE) pelleHU YCI0BUM ONITUMAILHOCTH

PaccmaTpuBast ycinoBus ONTUMAILHOCTH JUIS YKJIAJIKH CIIOEB ¢ KPUBOJIMHEHHBIMUA BOJIOKHAMU,
HETPYAHO BUAETb, UYTO 3TU YCIOBUS OYAYT yIOBIETBOPEHBI, B TOM YHCIIE, U NIPU
sin2(0, —y)=0,i=1,...K (5.59)
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YTO 03HAYAET AJIS JTFOOBIX LIETIBIX § TOJ0KUTEIbHBIX, OTPUIATEIBHBIX JINOO PaBHBIX HYIIO

20, —y)=m (5.60)
a peasibHOo 0 m +/-0.57 (kak u3BecTHO, ©=3.14159...). 3HauuT, HaNpaBJICHHE BOJIOKHA CJIOS JJIs
TaKUX PEHICHUN WM COBMAJACT, WM MEPHEHAUKYJISIPHO HAIPABICHUIO HAUOOJbIIEH TJIaBHOU

KPUBU3HBI CPEIMHHON NIOBEPXHOCTH IUIACTUHBI.

5.6.4. HekoTopble CBOMCTBA ONTUMAJ/IbHBIX pelIeHUn

PaCCMOTpI/IM HCKOTOPLIC CBOMCTBA KOMITO3UTHBIX IJIACTUH C ONTUMAJILHOM YKHaﬂKOﬁ.
B03BpaH_[a$ICI> K TIOJIYYCHHOMY paHEC YCIOBHIKO ONTUMAJIBHOCTU I YKIIAAKH CIIOEB C

KPUBOJIMHENHBIMHA BOJIOKHAMH, IIEPEMUIIEM 3TO YCIOBHUE B BUJIE CACAYIOIMIMNX TPEX YCIOBUIM:

sin2(0, —y) =0, i=1,...K (5.61)

k, =k, (5.62)

(8 ) O~ ) 0820, ) =0 (5.63)
3

OTH ycnoBUs, KaK HETPYIHO BUAETh, MOTYT OBITh 3alIMCaHBI B BUJIE:

[W«»} Idr(zwdeD j 0 (5.64)

OTKy,Z[a, BCJICACTBHUEC HC3aBUCUMOCTH MCKIY CO6OI\/'I BapbUPOBAHUA YIJIOB OPUCHTAILIUU CII0EB
nojryqyacm

dD -

KT = 7 k=0, i=1,..K (5.65)

i
HJiv, B CUCTEME KOOpAUHAT, OpHeHTHpOBaHHOﬁ 110 HAITPaBJICHUAM T'JIaBHBIX KPUBHU3H CpGHHHHOfI

NIOBEPXHOCTH IUIACTHUHHI &,k :

dD,, dD,,
r| d6,  do. (k) _ .
(k.. k,) iD., dD., (kzj—o,z—l,...,K (5.66)
do.  do,

1 1

YuuTheiBasi TOJIYYCHHBIC paHEe COOTHOIICHHS A k-ro cjosi (MIpUBEIEM WX eIe pa3 st

HaTJISITHOCTH )
dD, o)

Y :l(zi zkl) ( ) k=1,...K
dg, 3 do,
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dQ,,
do,

dQ,,
do,

=2U, sin26, —4U, sin460, =40,
=2U,sin260, —4U,sin40, = 4@26

990 _ 4y, sin46, =20, - 0yy)
do,

U, IPOBOJISI COOTBETCTBYIOIIEE CYMMUPOBaHUE 10 k=1, ...,K, mojlydaeM JUHEIHYI0 KOMOWHAIUIO

YCHOBI/Iﬁ OIITUMAJIBHOCTH YIJIOB OpPUCHTAIN CJI0EB B BUC
pr.cur. pr.cur. 2 2 pr.cur. pr.cur. 20
—2{(ppre + D ik =iz )+ (D = D Xk, —k, ) }=0 (5.67)
(BerHI/Iﬁ HHACKC pr.cur. O3HA4YaCT BCIMYHUHY, COOTBCTCTBYIOIIYIO OCAM TIJIaBHBIX KpI/IBI/I3H),

501040
Dl[;r.cur.kIZ _ széncur.k; _ (Dl;;ncur. _ szér.cur. )I(Ikz — O (568)

IlocnengHee COOTHOIICHUE YAOBJICTBOPACTCA, C€CJIN YHOBJICTBOPCHO XOTA OBl OAHO U3

CIEAYIOLIUX TPEX:
k =k, (5.69)
DI = DEre = () (5.70)
DI £ DI~ 0 (5.71)
OTH TPU COOTHOIIEHUS PUBOJIAT K
(k, —k, )Mj;”’“" -0 (5.72)

YTO 03HAYAeT PAaBEHCTBO HYIIIO KPYTSIIEro MOMEHTA IUIACTUHBI B OCSAX IIaBHBIX KPUBM3H, JHO0
PaBEHCTBO 3HAUYEHUU IJIAaBHBIX KPHUBH3H (3TO COOTBETCTBYET TaK Ha3bIBAEMOM OMOMIMYECKOM
TOYKE ITOBEPXHOCTH).

Wtak, B OTCYTCTBHME OMOWJIMYECKOT'O pELIEHHs, B paccCMaTpUBAEMON TOYKE CpEAMHHON
MIOBEPXHOCTU IIJIACTUHBL, TEH30P MOMEHTOB U TEH30p KPUBU3H COOCHBI.

[Tpu BBIOOpPE YKIAAKU JUIS TUIACTUH C MPSMOJIMHEHHBIMU BOJIOKHAMH TMOCIEAHUN KpUTEpUil

MEePEXOaUT B

[as(ie, =i, e =0 (5.73)
r

VYkaxem TAKXKC, IIPU KaKUX 3HAYCHUAX TJIABHBIX KPHWBU3H MOXET PABHATHCA HYIIO
KBaJpaTHasi CKOOKa B YCJIOBHIX oNTUMANbHOCTH (5.55). COOTBETCTBYIOIINE HEPABEHCTBA JIETKO
CJICAYIOT U3 YCIOBUN Ha 00JIaCTh 3HAUYCHHUH (PYHKIIUU KOCUHYC, KOTOpasi HaxoauTcs ot -1 10 +1.

Nmeem:
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U, 1— U,
AU, _k+k, _  4U,
UZ kl _kz i
4U, 4U,

1+

OtmeTHM, 4TO yKa3zaHHas KBaJlpaTHas CKOOKa B YCJIOBHSIX ONTHUMalbHOCTHU (5.55) paBHa HYIIO,
Hanpumep, npu k, =—k,.
s matepuana t300/5208 mociieiHee COOTHOIICHUE X JIBYX HEPABEHCTB MPEBpAIacTCs B

k
do2 < Btk 08

1~ M2

5.7. Bul60p Hauay4ulell YKAAadKU C/10€8 npu d8yX a/1bmMepHaAmMu8HbIX
HA2PYHCEHUSX

DTOT pa3zen OCHOBaH Ha pe3yabTaTax padotsl (Selyugin 2022b). [Ipeanonaraercst B JaHHOM

noapasaciic, 4To MOTCHIHWAJI BHCIIHUX CHII VV((I())),VVE(ZO)) JJI oboux HaFPY)KGHI/Iﬁ HCIIOJIOXKHUTCIICH

(cM. Muxsun 1970), To ecTh, TIaBHbIE HAIPSDKEHUS BE3J1€ — Ha CHKATHE.

B mpakTHkKe TpPOEKTHPOBAaHHS K OMIIO3UTHBIX IUIMT W TIAHEJEeH IMPOSKTUPOBIINKH, Kak
NpPaBUJIO, JOJDKHBI CO3/1aBaTh KOHCTPYKIHIO, BBIAEPKUBAIOLIYI0 HECKOJBKO CTaTUYECKUX
Harpy3ok. Jlis aBHAllMOHHBIX KOHCTPYKIMH KIIOUYEBBIM TpeOOBaHMEM, IOMHUMO MPOYHOCTHBIX,
ABISIETCA ~ OTCYTCTBME IIOTEpPU YCTOHYMBOCTM TMpPU TaK HA3bIBAEMbIX Ipe/ElbHbIX
AKCIUTYaTal[MOHHBIX Harpy3kax. OOBIYHO CYyIIECTBYET HECKOJIBKO CTaTHUECKHUX Harpysoxk,
BIIUSIIOLINX HA KOHCTPYKIUIO IUIUT U NlaHenel. KoHCTpYKTOPBI JOKHBI ONIPEENUTh KOJIUYECTBO
CJIOEB B IUIMTE, UX OPUEHTALIMIO U YKJIAJKY (ITOCIEe10BaTEIbHOCTD YKIAIKH).

Hacrosmuii paszien mocBsImEH 3ajaue ONTUMH3ALMM YKIAKU TUIACTUHBI, BBIIEPKUBAIOLICH
JIB€ aJIbTepHATUBHBIEC HATPY3KHU BILIOTH JI0 MOTEPU YCTONUYUBOCTH. MBI HCHIOIB3YyeEM U 0000111aeM
pe3ynbTaThl MPEABIIYINX pa3aenoB u padot (Selyugin 2013, 2016, 2019g).

[TycTh mutacTMHA HarpykeHa JABYMSI CHUCTEMaMH CHJI, JACWCTBYIOIIMX B IUIOCKOCTH X-Y Ha

yuactke C, rpaHn4yHoro koHTypa miactunbel C. [lanee mnzaekcom (1) wmm (2) o6o3HaunM

BCJIIMYHHBI, OTHOCAIIUCCA K IICPBOMY U BTOPOMY HArpyKCHHIO, COOTBECTCTBCHHO. OctanpHas

YaCTb KOHTYpa INIACTHHBI HC HNCPEMCIIACTCA IO OCAM X u Y. IInactuna cuuraercs CBO60,Z[HO
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omneprtoi B HanparieHuH Z. Kak o0bHO, mepemernienus mo X, Y, Z 0003Ha4YaloTCs Kak u, v, w
COOTBETCTBCHHO.

i AByx paccMaTpuBaeMbIX —albTEPHATUBHBIX HArpy)KeHUH co3JaJuM CBEpTKY A
HAaUMEHBIINX COOCTBEHHBIX 3HAUEHMI, 8 IMEHHO

A =ad, +(1-a)i,, (5.74)

IJIe «BeC» COOCTBEHHBIX 3HAYCHHUI OMpPEIeIEH ¢ TOMOIIBIO K0P PHUIIUCHTA O

0<ac<l (5.75)

[lenpro onTHUMH3AIMK YKIATKUA sIBIsieTCs Makcumu3anus A. [lepeMeHHBIMU MPOCKTUPOBAHUS
SIBIISTFOTCSL YTJIbI OPUEHTAINH CIIOCB.

Cnenys 0003Ha4eHHSIM U JIOTUKE MPEAbIAYIIUX pa3lieioB, a Takxke pabor (Selyugin 2013,

2019g), aHaoruyHO Moyy4aeM BapHaIlUIo 11eJIeBOM (YHKIIMH 33/1a4U B BUJC:

~ ~

I1 I1
o\ = Slady, +(1-a)iy )=0, 0‘%*'(1—0‘)14/((?)
1) 2)
sin2(6, —w )| U, , » , )
a l ki — ko) + (ko —k cos2(6. — +
/4% 4U3( i =k + gy =ka)) O ~yw)
LS 2U.h
:_Z&Z ;Ply (z)-z)) . U, LTI
i=1 +(1—a\81n2(9i_l//(2)) 4U3 1(2) 2(2)
ooy
+ (kyo) = k)’ €026, = 5))
(5.76)
e kyys Kyys Kiays Kays Wity Wiays Zi5 2, - HAMOOMBINAS M HANMEHBIIAS [JABHBIC KPUBU3HBI JUIs

Harpy3ok (1) u (2), yron Mexay HampaBiIeHHEM U Ocblo X JUIsl HaJuiexkamie Harpysku (1) win
(2), BepxHsis U HIOKHSAS KOOPJAMHATSHI Z 1-T0 cios, i=1, ..., K.
CoortHomenue (5.76) o3HadaeT, YTO YCJIOBUSA ONTHMAIBHOCTU YKJIAIKU IS IeNeBOU

(GyHKIUU A TaKOBBI:

sin 2(‘9i - lr’/(l)) |: U 5

wo ; (k

4. - k22(1) )+ (k1(1) - k2(1) )2 cos 2(6; - Y ):| +
) 3

,i=1,.. K

: (klz(z) _kzz(z)) + (k1(2) _kz(z))2 cos 2(6, _V/(z)) =0
4U,

(5.77)

\Sin 200,-v,)| U
+ (1 -a) o)
W)
[ToTeH1Manpl BHEIIHUX CUJI, KaK ObLUIO BBIIIE CKa3aHO, HEMOJIOKHUTENbHBIL. [lepenumiem (5.77)
B BUJIE:
h)

sin2(6, —y ;) +Z,,,sin2(0, —y,))=0 ,i=I,. K
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U2
3aMETUM, YTO OTHOIICHHEC

paBHo 1,09 mis TunuuHOrOo Martepuana rpaduT/>MOKCHIHAS
3
cmomna t300/5208 (Grenestedt 1991).

BEJIUYUHBI X

PaccMoTpuM cnenyrouniye HeTpuBHAIbHBIE ciydau (2
i(1)?

i(1y»2(2) HC PABHBI HYIIIO), & UIMEHHO: 1)
X, ;) UMEIOT OZIMH ¥ TOT ¢ 3HaK npu 0 <o < 27 1 2) BeNM4UHbL 2, ), %
IIPOTUBONOJIOXKHBIE 3HaKH 1pu 0 < o< 2.

i(2) AMEIOT
Hns cnoyuas 1) oba cMHyca HMMEIOT MPOTHBOMNOJOXKHBIC 3Haku. Ha Puc. 5.10 mokaszansb

XapakTepHbIe JTUHUU (POPMBI, COOTBETCTBYIOIICH (5.78), B HEKoTOpoii Touke P ¢ KoopauHaTamu

(X,y'). U_[TpI/IXOBBIMI/I JIMHUSAAMU C yI'JIaMH OpHUCHTalluUu l//(l)’l//(z) IMOKAa3aHbl JIMHUK HauOOIbIIEeH

KPUBU3HBI TIOBEPXHOCTEH MpOruda Mpu COOTBETCTBYIONIMX HArpy3kax (yroa MEXAy HUMHU HE
Boimie  90°). CrulomHble JIMHUM  TOKAa3bIBAIOT BO3MOXHBIM  yroin opueHTauuu 6
HemnocpencrBennass mpoBepka ¢ momomibio (5.78) MOATBEpKIaeT B3aMMHOE PACIOJIOKEHHE
JIMHUM.

i

Puc. 5.10. Benuuunsr =

i(l)’zi(Z)

HMEIOT OJUHAKOBBIM 3HAK.

Ha Puc. 5.11 noka3zan scku3 ans ciydas 2). HITpuXoBbIMH JTUHUSIMH C yTJIaMH OpUEHTALlUU
Y)W TIOKa3aHbl

JUHUW  HAWOOJNbINEH KPUBHU3HBI TOBEPXHOCTEW Tmporuba mpH
COOTBETCTBYIOIIMX Harpy3kax (yron wexay Humud He Bbime 90°). CromHble JTUHUU
MIOKa3bIBAIOT BO3MOKHBIN yron opueHTamuu 6.. HemocpencTBeHHas mpoBepKa C IMOMOIIBIO

(5.78) moaTBepxkIaeT B3aMMHOE PACIIONIOKEHUE JIMHUM.

1
1
1
\
1
1
\
1
1
1
1
1
1




Puc. 5.11. Bemnansst X, ), %, ) IMEIOT IPOTUBOIOIOKHBIC 3HAKH.

[Tomuas ykmaaka Juisi BCH IUIACTHHBI MOXET OBITh, BOOOIIE TOBOPS, KOMOMHAIIMEH PEIICHHUIA,
nmokaszaHabiX Ha Puc. 5.10 m 5.11.
Eme onuH mar Hamero umcciaeaoBaHHs 3aKI04YaeTcs B cieayronieM. Anamornyno (Selyugin

2013, 2019g) coctaBnsiem cymmy (5.77) ans Beex i=1, ..., K. 3T0 IpUBOAUT K

k

-k ki —k
1) 2(1) r.cur. 1(2) 2(2) Feur.
o M +(1_0‘)—(0)M§(2) =0 (5.79)

) @)
IJie BEPXHHUI WHACKC pr. cur. O3Ha4aeT BEIIMYHMHY, U3MEPCHHYIO B TJIABHBIX OCSX KPUBU3HBI.
Cootnommieane (5.79) sBisercs 0000IIEHHEM aHAJIOTHYHOTO COOTHOIICHHS IS  OHOTO
Harpy>KeHUs1, TOJYy4eHHOro B mpeapaynmx pasgenax u B (Selyugin 2013, 2019g). U3 (5.79)
BUJIHO, YTO KPYTSIIUE MOMEHTHI B (5.79) UMEIOT IPOTHBOMOJIOXKHBIH 3HaK (mpu 0<a<l1; Touyka Ha
IUTACTUHE HE SBIAETCS OMOWIMYECKOW s COOCTBEHHBIX (DOpM TOTEpPH YCTOMUMBOCTH B
ciy4asix 000uX Harpy>KeHH ).
JanpHeiimee onpeneneHne ONTUMAIBHOW IOCIEIOBATEILHOCTH YKIAIKA CIOEB TpedyeT
aHalM3a v Ipyrux ycnoBuil ontuManbHocTu (Jlexannapa, u ap.). OTMETUM, YTO, MO HAIIEMY
MHEHUIO, TIOCTICJIHHE YCIIOBUS HE MOTYT OBITH IOJYYCHBI U3 ONPEICIICHUS COOCTBEHHOTO

3HAYCHUS MOTCPU YCTOI>'I‘IPIBOCTPI 4Cpe3 OTHOMICHUC Panes.

5.8. IIpumepul, uraocmpupyrowue 8b160p Hauay4uiell yKaaokKu

5.8.1. 0gHO cABUTrOBO€E HAarpykeHue AJUHHOU MJIACTUHBI

DTOT mOApa3fen TOCBSIIEH PACCMOTPEHUIO U OOCYKICHHIO pE3yJIbTaTOB pPACUETOB.
OcHOBHOE BHUMaHHE OyJeT yAeNeHO (PU3NYECKOMY CMBICIY M OOCYXIEHHIO CBS3M HW3THO-
Kpy4CHUE.

PaccmarpuBaeTcss TOHKas JUIMHHAs IUIACTHHA, HArpy)KEHHas CIBUTOM TOCTOSIHHOM
WHTCHCUBHOCTH. 3a WCKJIIOYEHHE OJHOTO CIIEIHAIBHO OTOBOPEHHOTO CiIydas, IUIaCTHHA

cuutaercs Mnpocto (6e3MOMEHTHO) omepToil. CuMMeTpuyHas YKJIaJka CIOEB BBIIOJHEHA
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OPTOTPOIHBIM 00pa30M U 3aIIMCHIBACTCS |It9 (6 + 900)] A ]S (B 0603nauenusx kuuru Gibson 1994),

rje 6 — yroj OpueHTAlMH YKJIaJKH. DTOT Yroj COOTBETCTBYET HAlPABICHUIO BHYTPU MaTepHuaa,
BJIOJIb KOTOPOTO >KECTKOCTh MaTepuaja Haubosiee Benuka. JTa OCh OyJeT Ha3bIBaThCsl OCh
matepuana 1. Ilmactuna cocromt u3 16 ongHOHampaBieHHBIX cinoéB Martepuana t300/5208
YIIEBOJIOKHO/AMOKcHIHAs cMona. TommmHa cinost - 0.125 mm. TonmmHa TUIACTUHBI — 2 MM.
Pazmeps! miractunasl a=1000 mm, /=200 mm. Yrpyrue cBoicTBa Matepuaia Cios MpeACTaBICHBI
B Tab6u. 5.1. IlnactuHa HarpykeHa MOCTOSIHHBIM CIBUTOM C IOTOKOM HampspkeHuit 50 H/mwm,
YMHOXXEHHBIM Ha OTBICKMBAEMYIO BEJIMYMHY COOCTBEHHOTO 3HAYECHHUS MOTEPH YCTOWUYHUBOCTH.
MKD ananu3 ocymectBisiercs Ha ocHoBe ceTkd 20*100=2000 mpsiMOYroibHBIX 3JIEMEHTOB C
y3JaMH B KaXJI0¥ yrioBO#M Touke 3neMeHTa. OnTUMalbHas OpUEeHTAlUs YKIAAKU OMpPeeisieTcs
npsMbIM TouckaMm 1o @ ¢ marom 1° (kak M B APYruX NpUMEpax 3TOr0 U CIEAYIOLIETro
MOAPA3/ICIIOB).

Kak yxazano B kuure Kollar and Springer (2003), xpuTu4eckuid CABHTOBOH IOTOK JUIst

JUTMHHOM IUTaCTUHBI C YKIIaIKOH +/- 45°, B mpenedpexenun D, , D, , naércs popmyamu:

I;izilDuDgz (8.125+5.0458), f <1

i 5.80)
4 ( 1.46 (
b’ VD (D + 2D66)L1 1-71+7];1 <p

xy,crit

r7e, Kak OblJIO yKa3aHo paHee,
B= Dy, +2Dq
V Dl 1D22
HauanpHast TOuka 4MCIEHHBIX UCCIIEIOBAHUI — 3TO TUNTUYHAs +/- 45° Kilaccuueckasi yKiaaka
JUISl CABUTA, C BHEIIHUM pACTSHYTBIM CJIOEM IIPU TOJIOKUTEIHHOM HAMpPaBICHUH CJIBHUTA.
Bennuuna f ana paccmarpuBaeMoil miacTUHbl paBHa 2.39. Mcmonb3yst BTOPYIO CTPOKY H3

dbopmynst st N MOJTy4aeM OIEHKY KPUTHUYECKOTO CIBUTOBOTO MoToka B 70 H/MM. OTcrona

xy,crit 2
OLCHKa JIsI KPUTUYCCKOTO COOCTBEHHOTO 3HAYEHHUS YCTOI‘/JIQI/IBOCTI/I A=14. COOTBCTCTBYIOH_[a}I

MaTpHIia )KeCTKOCTH D Oynet

3.78E+04 2.82E+04 536E+03
D=|282E+04 3.78E+04 536E+03 (5.81)
536E+03 536E+03 3.11E+04

Juiis cpaBHEeHMs mpuBeneM marpuny D s [[OO/ 90°]4]S KOMITO3UTHOM IUIACTUHBI (cioi 0° -

BHeIHM). O603HAYUM 3Ty MAaTPUIly BEXHUM HHJIEKCOM mat:
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748E+04 1.93E+03 0
D™ =|193E+03 5.33E+04 0 (5.82)
0 0 4.78E +03

Mgz1 BUJIHUM, YTO YJICHBI D169D267 BO3HHUKAKOIMUE BCJICACTBHUEC BpalllICHUA OCH MaTc€puraia, HE

ABIISAIOTCA ONMM3KUMH K HYNMI0. TeM He MeHee, 3TU WIEeHbl 3HAaYUTEIbHO MEHbIIE M0 BEIHYUHE,
4YeM JuaroHajibHble wieHsl (mpumepHo 14% ot D).

Kak u oxunanock, ObUI0 MOJIYUYEHO, YTO COOCTBEHHOE 3HAUYEHHE MOTEPU YCTOWYUBOCTU MPHU
CABHUIE€ CYILIECTBEHHO MEHSIETCSl NMPU M3MEHEHUU HampaBlieHus casura. [Ipu monoxurenbHOM
casure oHo paBHO 1.3, u paBHO -1.67 - mpu orpunarenbHoM. COOTBETCTBYIOIIUM IMOTOK
C/IBUTOBBIX HANpSDKCHUH TOTydaeTcs YMHOKEHHEM coOCTBeHHOro 3HaueHus Ha 50 H/mm.
OtmedeHHas pazHHIa O0YyCIOBIIEHA U3THMOHO-KPYTUIILHOM CBS3bIO, OMHCHIBAEMOW 4YJIEHAMH C

D,¢,D,, ypaBHEHHs TIpelenbHOro paBHOBecusa. Puc. 5.12 mmmoctpupyer ¢opmy mnorepu

YCTOMYMBOCTU TPU OTPUIATEIILHOM CIIBUTOBOM HAarpy>K€HUHU. 37ech U HUXKe 0003HaYeHHE
o/ Mg CHMMETPUYHON YKJIQJKH O3HA4YaeT, Y4TO yroJl O COOTBETCTBYET HamMOOJee KECTKOMY
HAIPaBJICHUIO B TUIACTHHE, U TaKUE Mapbl CIIOEB YKIAIBIBAIOTCS HEOOXOAMMOE YncIio pa3. Eciu
COOCTBEHHOE 3HAYCHHE COOTBETCTBYET OTPHULATEILHOMY CIBUTY, TO, TOBOpS O €ro
MaKCHMU3AIMHA, Mbl IMEEM B BH]Ty MAKCHMH3AIUIO a0COIFOTHOTO 3HAYCHHS 3TOTO COOCTBEHHOTO

3HA4YCHUsI.
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Puc. 5. 12. ®opma norepu ycTOWYUBOCTH 1)1 YKIaaku +45°/+135°, cnBur B OTpHUIIaTEIIBHOM

HampasiieHuu, A=-1.67

Kak mbI Bugum, coOctBeHHas Gopma Ha 3TOM PHCyHKe, COOTBETCTBYIOIIAS HAUMEHBILIEMY
COOCTBEHHOMY 3HAYEHUIO A, , COIECPKUT HEYETHOE YUCIO 00JacTed, B KOTOPBIX HPOrud He

MEHSIET 3HaK.
Crnenyromuil mar B YUCICHHBIX MCCIIEI0BAHUAX 3aKI0YAETCA B aHAIM3€ YCTOMUMBOCTH IS
IUTACTHH C yKJIaakoh Bcex cinoéB 60°. Kak ykazano B pabdore Grenestedt (1991), sta yknanka
ABIIIETCS HaWiIydlled JUIsl JJIMHHBIX T[IacTUH. JlefcTBUTENnbHO, A Halled IUIacTUHBI
coOCTBeHHBIE 3HaUEHUS paBHHI -2.82 (nByKpatHoe) u 0.42. Matpuna D npu 3ToM
1.58E£+04 2.16E+04 134E+04

216E+04 7.29E+04 3.61E+04 (5.83)
1.34E+04 3.61E+04 245E+04

Ha Puc. 5.13 u 5.14 nokasansl 18e coOcTBeHHbIE hopMbI (MOaBI) ainst A =-2.82. CpaBHUBas
pesynbrarel Puc. 5.12-5.14, MOXHO cKa3aTh, 4TO O0JIACTH HA IUTACTUHE C MPOTHOOM OJHOTO
3HaKa MEXJy JINHUSMHU HYJIEBOTO ITPOruda CTaHOBATCS YK€, a UMEHHO, nopsaaka 1.1 oT mupuHsl
IUTAaCTUHBI. DTH JIMHUU O0Jiee HAKJIOHEHBI K ocH x (0koio -60°). Takue o01acTu B aHIIIOSA3bIYHON

JaUTepaType Ha3bIBaloTCs bay.

Puc. 5.13. IlepBas ¢popma norepu ycToMuUBOCTH 11 yKiIaaku +60°, 4 =-2.82.
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Puc. 5.14. Bropas ¢hopma notepu yCTOMYUBOCTH Uit YKiAaaAku +60°, 4 =-2.82.

[Ipemmaraercs crneayromiasi BO3MOXKHAsI TPAKTOBKA 3TUX PE3ylbTaTOB I yKiaaku +60°,

1=-2.82 (Puc. 5.15):

<k > <k1>

60°/120° rhombus

M J/ ff:j.lg

bay width material direction 11

Puc. 5.15. CxemaTtuuHas TpaKTOBKa pe3yJIbTaTOB /ISl COOCTBEHHBIX opM, yKiaaka +60°,

A=-2.82

Ob6nactp (mmpuHa ee mo-aHril. bay width) Mexny nuHUSMHE HyJeBbIX Nporu6oB Ha Puc. 5.15
MOKET OBITh CXemaTu3upoBaHa pomOoM (mo-aHri. rhombus) ¢ yrmamu 60° u 120° mexnay
O6okoBbIMHU cTopoHamu. HanpaBienue matepuana 1 coBnaiaeT ¢ KOPOTKOU AHaroHaibio poMoa.
Cremyromnuii mar B YMCJIEHHOM HUCCIIEOBAaHUU — BPAIICHUs yria 0 ykimaaku [[t9/(«9+90°)]4 ]S
JUISL  OTIPENIJICHUS MaKCHMYMOB YpPOBHS HAarpy3Kd TIOTEpH YCTOMYMBOCTH W TOBEICHHS
TUTaCTHHBI BOIM3M HUX. Kak u npexie, NCroab3yeTcst MeTOl MPSIMOTO MOUCKA.
[ToBopaumnBast BCIO YKJIaJKy LEIMKOM, MoiydaeM pe3ynbTaTtsel Puc. 5.16 mo 3aBucumoctu

COOCTBEHHBIX 3HAYEHHI YCTONYMBOCTH OT yTJIa OPUEHTAlMU MaTepHaa.
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HOJ'IyLIeHHBIC MaKCUMAJIbHBIC 3HAYCHUA |ﬂ,| COOTBETCTBYHOT MOIC j’l C HCYCTHBIM YHUCIIOM

o0iacTeil 3HAKOIOCTOSIHCTBA TPOTHMOOB, 3TH COOCTBEHHBbIC 3HAUYEHUS HMEIOT 3HauyeHus 1.47

(yxmaaka 28°/118°) and -1.93 (ykmaaka 60°/150°). Camu 3T 3KCTpEeMyMBbI — JOBOJBHO TIAJIKUC.

CooTBeTCTBYIONINE MATPHUIIBI KECTKOCTU OYAYT:

520E+04 2.00E+04 1.66E+04
D=|200E+04 4.00E+04 —7.74E+03 (5.84)
1.66E£+04 —-7.774E+03 228E+04
u
390E+04 2.16E+04 -6.74E+03
D=| 2.16E+04 497E+04 1.60E+04 (5.85)
-6.74E+03 1.60E+04 2.45E+04

Kak u oxwunanoce, BTopas mMaTpula *ECTKOCTHU MPUOJIMKEHHO IOIY4aeTcs U3 MEPBOM U3 HUX
IIPY COOTBETCTBYIOILEH NepeHymepauuu 3jaeMeHTOB. Jljii 000uMX HampaBi€HUH CIBUTOBOIO
Harpy>kKeHusl YIJbl HAaKJIOHA «BOJIH» COOCTBEHHOH (POpMBI K KOPOTKOH CTOPOHE CTAHOBUTCS
MEHbIIe, YeM AJIs ciydas yKiIaiaku +/-45°. PaccrosHue Mexay JIMHUSMH HYJIEBOTO Mporuoda
npubausutenbHo Ha 30% Oosblie, yeM ImMpuHa IulacTuHbl. Korna coOCTBeHHbIE 3Hau€HUs

AOCTUTAOT MAKCUMYMa, TO COOTBECTCTBYIOIIINC DIG’DZG YWICHBI MATPHUILIbL D MeHSIOT 3HaK.

Buckling eigen values for direct and opposite shear

directions
2
A 2o a
A
A

gs : .
= L

S o * :" * +"positive”
c - A * . S shear
3.2 A . IS

[ ] *® A A . * o

0.8 T T T T T T T T

0 10 20 30 40 50 60 70 80 90

lay-up orientation angle, °

Puc. 5.16. 3aBucuMOCTbh COOCTBEHHBIX 3HAYEHUI YCTOWYMBOCTH OT OPUEHTAIIUH YKIIAAKH 0.

CobctBennoe 3HaueHue (A=1.47), coorBeTcTBYylolIee opueHTarun +28°/118°, saBnsercs
JIBYKPATHBIM, UMEIOUINM JB€ COOCTBEHHBIX (DOPMBI C YETHBIM M HEUYETHBIM YUCIOM OOJsacTeit
MOCTOSIHHOTO 3HaKa Mporuda. OTu 0071acTH UMEIOT MPUMEPHO OJMHAKOBYIO IIMPUHY, a HAKIOH

JMHUAN HYJEBBIX IPOTUOOB K OCH ) ABISETCS MPUMEPHO OAMHAKOBBIM (~30°).
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HanmMenbpiiee coOcTBeHHOE 3HaueHWe s opueHtammu +60°/150° Takxke sBiseTcs
JBYKPATHBIM, UMEIOLIUM JBE COOCTBEHHBIX (DOPMBI C YETHBIM M HEUETHBIM YMCIOM objacteit
MOCTOSIHHOTO 3HaKa Mporuba. 3Ty 00JIaCTH UMEIOT MPUMEPHO OJMHAKOBYIO IIUPUHY U HAKIOH
JUHUN HYJIEBBIX POTHOOB K ocH y (mogo6Ho Puc. 5.13 u 5.14).

[TommyueHHble pe3yNbTaThl COTJACYIOTCA, JO HEKOTOPOM CTENeHH, C HW3BECTHBIMU
pesynbratamu (cM. Timoshenko and Gere 1961) mis M30TPOINHBIX JUIMHHBIX TUTACTHH, IS
KOTOPBIX yrojl HAaKJIOHA «BOJH» K OCH y Obul okojo 35°. 3HauMTeNnbHOE pa3iuyue C
pe3ynbraTaMi THMOIIEHKO 3aKJII0o4aeTcsi B OOJIbILIEM pPAaCCTOSIHUM MEXAY JIMHUAMU HYJIEBOTO
nporuba (3To paccTossHuE paBHO 1.22 OT MMPHUHBI TTACTHHBI Y THUMOIIIEHKO).

CpaBHUBas pe3ysbTaThl JJIs MOJIOXKUTEIBHOTO U OTPULIATEILHOTO HANIPABJICHUS HATPYKEHMUS,
MBI MO’KEM CKa3aTh, YTO OTPHIATEIEHOE HATPYKEHHE BEJIET K INI00ATBEHOMY MAaKCUMYMY A, B TO
BpEMsl KaK MOJIOXKUTEIHHOE HArPY>KEHUE BEAET K JOKAIbHOMY MaKCUMYyMY.

VYron opuentrauun marepuana 60°, COOTBETCTBYOIINM MakcuMyMy Ha Puc. 5.16, cornacyercs
co 3HaueHueM u3 pabotsl Grenestedt (1991). bonee Toro, mo HamieMy MHEHHUIO, OPUEHTAIUS
~30° (nokanpHbIi MakcuMyM Ha Puc. 5.16) coorBercTByeT -60° opueHTauuu ciabeiiield ocu

Marepuana (HampapjeHHe uarepuana 2, uiau D,,). DTO O3Ha4aeT, 4TO IOJIOKEHHE O00O0UX

MakcUMyMOB Ha Puc. 5.16 COOTBETCTByeT pEIICHHIO OJHOHAIpaBieHHOTO (60°) KOMIO3HTa,
yKkazaHHoTro B pabote Grenestedt (1991).

B cooTBeTcTBHM € pe3ynbTaTaMu pacyeToB, MEpBbI€ J1Ba COOCTBEHHBIX 3HAUEHHS SIBISIOTCS
JBYKpaTHBIMH HE TOJBKO B MakcuMymax Puc. 5.16, HO Taxke W BOJU3M 3THX MaKCHMYMOB.
I[BYKpaTHOCTB MMOJIYUYCHHBIX OINTHUMAJIBHBIX COOCTBEHHBIX 3HAYEHHUH HMMEET SICHOE (1)I/ISI/ILIGCKOC
0o0BsICHEHHE, TaK KakK paccMaTpuBaeMas IJIacTHMHA BeAET ceOs mogo0HO OECKOHEYHOH Mmoloce,
JUIE KOTOPOMl MOJbI C YETHBIM M HEYETHBIM YUCIOM oOiacTeil ¢ mporudamMu OJHOTO 3HAKa
COOTBETCTBYIOT OJHOMY U TOMY K€ PELICHHUIO C OJUHAKOBBIM 3HAUEHUEM KPUTHYECKOTO C/BHUTa

MIOTEPHU YCTOMYHUBOCTH.

5.8.2. ABa IMIPOTHUBOIIOJIOZKHO HAIIPpABJICHHBIX CABUI'OBBIX HAT'PYZKE€EHUA
JAJIMHHOM NJIACTUHBI

B mpempimymem moxapaszmene MBI PacCMOTpEIM  MaKCHUMH3alUI0  (HAMMEHBIIIETO)
COOCTBEHHOTO 3HAYEHHS, COOTBETCTBYIOIIETO OJHOMY HAIPABIECHUIO CABHUTOBOTO HATrpYKEHHUSI.
B peanpHOM mpoliecce MPOEKTUPOBAHUS BO MHOTHUX CIIy4asX MPOEKTHUPOBLIUK JOJKEH

00eCIeyunTh 3aﬂaHHLIfI YPOBCHBb IIOTCPU YCTOI\/’I‘-II/IBOCTI/I npu CABUIC BHC 3aBUCHUMOCTU OT
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HaIpPAaBJICHUSI HarpyKeHus. J[aHHBIA MOApa3feN IMOCBSAIICH YHMCICHHBIM HCCIIEIOBAaHUAM IS
CABUTOBOTO  HArpyXXeHMs, [JEHCTBYIOLIEr0O B JBYX BO3MOXHBIX IIPOTHUBONOJIOXKHBIX
HampaBjeHusAX. Pasnmuuue B ypOBHAX KPUTHYECKOM HArpy3Kd IIOTEPU YCTOWYMBOCTHU
00yCJIOBIEHO aHU30TPOIIUEH U CBA3BIO U3rNO-KpyueHue. Mbl yKakeM croco0 MPOeKTUPOBaHMUS,
YUUTBIBAIOIIMNA 00a HAIIPABJICHUS CABUTOBOM HAIPY3KH.

CHavasia Mbl pacCCMOTPUM BO3MOXHOCTb BpallleHUs YKJIaJKU U npoaHaiuzupyeMm Puc 5.16 B
CBSA3M C 3TUM. Tako# MOAXO0J MOXET UCIOJB30BaThCS B CIIydae, KOTJa Bbl XOTUTE COXPAaHUTh
B3aMMHYIO OPTOI'OHAJIBHOCTH CJIOEB, CKaXKEM, BCIIEACTBHE HEOOXOJUMOCTH COXPAaHUTh TOT K€
YPOBEHb HANPsKEHUN CMTHA O[] 3aKI€nKaMu (0oaTaMn).

U3 Puc 5.16 cuenyer, 4Yro COOCTBEHHBIE 3HAUEHUS NOTEPU YCTOWYUBOCTH  JUIS
IIPOTUBOIOJIOKHBIX HAIlPABJIEHUN YpaBHUBAIOTCS NP MPUMEPHO 37° (COOTBETCTBYIOLIAS 3TOMY
yknanka +37°/+127°). CobcrBennoe 3HaueHue paBHo 1.42, yto Ha 10% Bbile, 4eM 3HAUYECHUE
JUIS HarpY>KEeHHUs B [TOJIOKUTEILHOM HalpaBJIEHUH MPHU KJIaCCUUECKOM yKkiajake +/-45°. Matpuna

xecTkocTu D ipu 3ToM OyaeT

4.19E+04 267E+04 1.14E+04
D=|2.67TE+04 3.67TE+04 —9.70E+02 (5.86)
1.14E+04 —-9.70E+02 295E+04

CpaBuauBas (5.86) u (5.81), MbI BUIUM, YTO JUArOHAJIbHBIE WIEHBI U3MeHstoTcs 10 11%, HO

YJICHBI D16’D26 HU3MCHAIOTCA 3HAYUTCIBHO BO B3aMMHOIIPOTUBOIIOJIOKHBIX HAITPABJIICHUAX (HO

CPaBHEHMIO C MPEKHUMHU 3HAUYEHHUSMH, TEPBbIM 4ieH yBEJIWYMBAETCS MPUMEPHO B 2 pasza, a
BTOpOH - yMeHb11aeTcst Ha 80%).

YBenuueHne MHUHHMAaJIbHOIO 3HAYEHHs HArpy3KHM IOTEPH YCTOMYMBOCTH MOJKET BECTH K
BBIUTPHINTY B Bece MIacTUHBI 10 3%. DTa OlleHKa SKOHOMHU Beca KOHCTPYKIIMU TIOJydYeHa Ha
OCHOBE TPEJIOKCHHOW THMOIIEHKO KBaJpaTUYHOM 3aBUCHMOCTH MEXIY KPUTHYECKUMH
HANPSDKEHUSMU U TONIIMHON acTulbl (cM. Timoshenko and Gere, 1961). Jlns oproTpomHOit
KOMITO3UTHON TIIJIACTUHBI COTTHOIIEHHE OyAeT HECKOJIBKO OTJIMYAThCS, TaK KakK TOJIIIMHA
IUTACTHHBI y4acTBYET B yYPaBHEHUU KPUTHYECKOTO PAaBHOBECHUS 4e€pe3 AJIEMEHThl MaTpuibl D
Oosee cioxxHBIM 00pazom (cMm. Gibson 1994). Crnenyer OTMETHTB, YTO I CIydasl JJIWHHOW
IUTACTHHBI YroJ OPHEHTAIlMM M COOTBETCTBYIOIIEEe cOOCTBEHHOE 3HaudeHue 1.42 MoxeT ObITh
IpEeJCKa3aHo C XOpolIed TOYHOCTBIO Ha OCHOBE MPHOIMKEHHOIO HHEPreTHUecKOro Iojxoja
(cM., Hampumep, Thielemann, 1950). bonee Toro, B paccMarpuBaeMoM HpHUMEpE IMOCIETHUI
MOJXOJl TMpeJCKa3blBaeT COOCTBEHHYIO (OpMYy MOTEPH YCTOMYUBOCTH U €€ MaKCUMYMBI C

TOYHOCTBIO 5%, 1O cpaBHEeHUIO ¢ Puc. 5.16.
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JUis mpoBelieHNsI CPAaBHEHUS C IMOJIYYEHHBIMU pPEe3yJIbTaTaMU ObUIM BBIIOJIHEHBI PacueThl ¢
KpaeBbIMM YCIIOBUSIMU THUIIA 3alieMiieHus. Pe3ynpTaTsl 3THX pacuéroB npuBeAcHbl Ha Puc 5.17.
N3 storo Pucynka crnemyer, 4To it 000OMX HAmNpaBICHUI HAarpyXeHHs COOCTBEHHBIC 3HAUYCHUS
OJIMHAKOBBI 110 BeIWYWHE I yKiIagku 35°/125°, To ecTh, OTKJIOHEHHE OT KJIACCHYECKOTO

BapuaHTa +/-45° naxke Oosblee 1o BeauduHe (mopsaka 10°).

Buckling eigen values for direct and opposite shear
directions, clamped boundary conditions

3
A
® 2,6 A
= + "positive”
S A shear
c * A "negative
g2.2 L . shear
S .
A 2
1 .8 T T T T
25 30 35 40 45 50

lay-up orientation angle, °

Puc. 5.17. Haumenbiiee COOCTBEHHOE 3HAYEHUE YCTOWYMBOCTHU Il IPOTUBOIOIOKHBIX

Hal"p}/')KGHI/Iﬁ CABUI'OM, KpacBbIC YCIIOBUA TUIIA 3aIICMIICHU.

[anee B 3TOM noppasnesne Mbl OyeM 00Cy)AaTh pe3yabTaTbl pacue€TOB TOJIBKO JIJISl KPAE€BbIX
YCIIOBUH THIIA IPOCTOTO ONUPAHUS.

B Tabnune 5.3 mpuBeneHbl Yrosl OpHEHTAlMM MaTepuaiga | B 3aBUCMMOCTH OT YAJMHEHHUS
IUIACTUHBI  (OTHOUIEHUs JUIMH CTOPOH). OTOT yroil oTiauyaercs oT yrina +45° s
OpUOIU3UTENIBHOTO  BBIDABHUBAaHUS  HArpy3oKk IOTEPHM  YCTOWYMBOCTH BO  B3aUMHO
MIPOTUBOINOJIOXKHBIX HampaBieHUsX. TonmuHa miacTuHbl 2 MM. Kak u npexne, cumMmmeTpuyHast

YKi1agKa COCTOUT U3 CJ'IOéB, OPHUCHTHPOBAHHBIX BO B3AUMHO-TICPIICHAUKYIISIPHBIX HAITPABJIICHUAX.

Tabn. 5.3. Yron opueHTanuu ocu mMatepuana 1 s pa3iuyHbIX YATUHEHUH IaCTHHBIL.

a/b, b=200 5 3 2 15
MM
Ocs 1, 37 35 33 (37)

OpHEeHTanus, °

CobcTBeHHbIE 1.42/-1.43 1.51/-1.53 1.67/-1.67 (1.83/-2.12)
3HA4YCHUS
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B oroit Tabnume wmeercss omgHo wuckimodeHue. [ a/b=1.5 HEBO3MOXHO YBEIUYUTH
coOCTBEHHOE 3HaueHue Bblle 1.83 118 IOJOKUTENIBHOIO HAIpPABJIEHUS HarpykeHus (Ais
yknanku +/-45° cobctBeHHbIe 3HAauYeHHUs paBHBI 1.79/ -2.30). B arom ciydae Mbl HE HMeeM
BO3MO>XHOCTH JIOCTHYb PABHBIX COOCTBEHHBIX 3HAYEHUI MyTEM BpallleHHs YKIaaAKu +/-45°.

Kax BugnO n3 Tabu. 5.3, moBopoT ot 45° Bo3pacTaeT ¢ yMEHbIIEHUEM OTHOIIEHUSI CTOPOH OT
5 no 2. HauuHas ot 1.5 u MeHblIe, HEBO3MOXKHO JIOCTUYb PAaBHBIX YPOBHEH MOTEPU CABUTOBOM
YCTOMUYMBOCTH JIsl B3AMMHOIIPOTUBOIOJIOKHBIX HAIIPaBICHUN HArpyKEHHUS.

Puc. 5.18 nmokaspIBaeT yroj OpueHTaIlMyu Marepruaia 1 Kak GyHKIUIO OT TOJIIUHBI TIJIACTHHBI
(ucnonb3yercs ToT ke Marepuan t300/5208). Bes cummerpuuHas ykimaaka, CKakem, IS yria

27°, cocrout u3 nap 27°/117°. Touku Ha 3TOM PUCYHKE OTIPENIEICHBI ¢ marom 1°.

Material axis 1 orientation, °,
vs plate thickness, mm

45
[ ]
[ ]
40
®
[ ]
®
35 . .
@ orientation, °
[ ]

30

L
25 ! T T T T T T T : :

1 2 3 4 5 6

Puc. 5.18. Yron opuenTtanuu ocu matepuana 1 st pa3audHbIX TOJIIMH TUIACTHHEI.

Bolurpeiil B MUHUMaIbHOM COOCTBEHHOM 3HAUE€HUU MOTEPH YCTOMUMBOCTH, IO CPABHEHMIO CO
ciydaeM +/-45°, coctaBnsiet ~12% st TonuuHbl 1 MM U ~4% JUTIs1 TONMIIAHBEL 6 MM.

[InactuHa, cocTaBiieHHas W3 OJHOHANPABIECHHOIO TAaKeTa CJIOEB M PACCMOTPEHHas B
IpeIbIIyIieM MOoJpa3jiesie, UMEeT CYIIECTBEHHBIM HEIOCTaTOK, a HMMEHHO, OY€Hb HHU3KUI
YpOBEHb HArpy3ku IMOTEPU YCTOWYMBOCTU TPHU MOJOKUTEIHHOM HAIPaBJIEHUU Harpy>KeHUs.
Takast miaacTuHa HEe MOXKET ObITh HCIOJIB30BaHA Ha MPAKTHUKE. J[JI51 CHMMETPUYHOM YKIIa[KU BHIA
60°/120° (umu, 1pyruMu ciaoBamu, +/-60°) pazHuia Mexxay coOCTBEHHBIMH 3HAYEHUSMHU OTEPU
YCTOMYMBOCTH IPHU MOJIOKUTEIHHOM U OTPHUIATEILHOM HaIIPaBJIEHUN HArpyXEHUS 0JKHA ObITh

MCHBIIIC.
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Kak cnengyer u3 pe3yabTaToB aHAJIM3a aHU3O0TPOIMHOM MJIACTUHBI C CHMMETPUYHOHN YKIIaJIKON
+/-60°, 2 MM TommuHON U a/b=5, coOcTBeHHBIC 3HAaYeHUs OyayT 1.56, -2.00 (00a AByKpaTHEIE).
Marpuua D nipu 3T0M:

1.58E+04 2.16E+04 251E+03

2.16E+04 729E+04 6.77E+03 (5.87)
251E+03 6.77E+03 2.45E+04

CpaBnuBas (5.87) u (5.83), BUHO, 9TO 5TH MATPHUILI OTJIIMYAIOTCA TONBKO B dJIeMeHTax D¢, D, .

Bce ocranbHbIe 35IeMEHTHI MaTpHIl - OJIMHAKOBBI. PaccMaTpuBasi «BOJHBD) COOCTBEHHBIX (HOpM,
MOXXHO CKa3aTh, 4YTO OHHM OJM3KM K TakoBbiIM ¢ Puc. 5.13 m 5.14 (COOTBETCTBYIOIIMM
OJIHOHAIPaBJIEHHOM yKianake 60°).

HNmeercst BO3MOXXHOCTH COJM3UTh HAUMEHBIIME COOCTBEHHBIC 3HAYCHUS IS Pa3IUUHBIX
HalpaBJICHUN HArpyKeHUs WM JaXe ypaBHATh MX IyTeM BpalleHus ykiaaku +/-60°. Orto
NPUBOIUT K yKIaake +74°/+134° u HaumeHbIIUM cOOCTBEeHHBIM 3HaueHusM 1.70, -1.71. Onna u3

TaKuX COOCTBEHHBIX (opM IokazaHa Ha Puc. 5.19.

Puc. 5.19. Yxnanka 74°/134°, A=1.70. Cob6cTBeHHast popma 111 HAMHU3IIETO 3HAUYEHUs

Harpy3Kky OTepU yCTOMUHUBOCTH.
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[Tonydennsiit ypoBeHb 1.70 3HaUMTENBHO BhINIE, YeM BeauuuHa 1.30, mosydeHHas sl YKIaaKua
+/-45°, u BhIIIC, YeM 1.56, moTydeHHOM s YKIaaku +/-60°.

WHTEepecHO MOCMOTPETh Ha BUJ YKJIAIKH, BBIOPAHHOW TakUM CHOCOOOM, JJSl pa3iIU4yHbBIX
VAJUHEHUH IUlacTUHBL (IIpU TOM K€ YpOBHE Harpy3ok). [louck Haumyyiied ykIaaku
npeJiaraeTcsl BBIMOIHATH 3a [Ba mara. Ha mepBom 1miare ompezensercss Benu4yuHa yria 6 amns
ykianku +/-0. Ilpu sToM coOCTBEHHOE YMCIO Ui OTPULATEIBHOIO HANpaBJICHUS HArpyKCHHS
MaKCUMU3HpYeTCs (OTPUIIATEIIbHOE HANpaBliEHUE HATrPYKEHHUS COOTBETCTBYET HAMOOJBIIEMY
CONPOTUBIIEHUIO TMOTepe YycToiuuBocTtH). [locnme 3Toro, A BbIpaBHUBAHUS HAWMEHBIIMX
COOCTBEHHBIX 3HAYCHHM MPHU TMOJOKUTEIBHOM M OTPULIATEIHHOM HANpPaBICHUU HArpyKEeHHs
OCYIIECTBIISIETCS TIOBOPOT BCEM yKIanku. Pe3ynbTarhl 3TUX pacu€TroB mpuBeacHbl B Tadm. 5.4.
TouHocTh ompeaeneHus yriaoB cooTBercTByeT 1°. Kak u paHee, A O3HayaeT HauMEHbIlIEe

COOCTBEHHOE 3HAUCHIE.

Tabn. 5.4. Pe3ynbrarhl onpeneneHus YKIaAKu sl pa3TUYHbIX YATUHEHHUH MJIaCTHHBI.

a/b A s +/-6 A s +/-0 YKJaaKa A oA
(b=200Mm) +/-45° yKIIaaKa YKIIaJIKH nocine YKIaIKH
YKJIaIKU IIOCJIE mocie miara 2 mocie
mara 1 mara 1 mara 2
l. 2.48,-3.20
1.5 1.79, -2.30 +/-55° 1.89,-2.42 | +74°/-36° | 1.96,-1.97
2. 1.56, -2.00 +/-57° 1.74,-2.24 | +74°/-40° | 1.84,-1.83
3. 1.39, -1.80 +/-59° 1.62,-2.08 | +74°/-44° | 1.75,-1.75
5. 1.30, -1,67 +/-60° 1.56,-2.00 | +74°/-46° | 1.70,-1.71

Crpoka mia a/b=1 — mycras, Tak Kak HEBO3MOXXHO YBEJIMYUTh HAaUMEHbIlEE COOCTBEHHOE
3HaueHue 2.48 Ha mare 1, 2 B 3Tom ciyyae. VIHTepecHO, 4yTO B pe3yibTaTe MOUCKa s JIF0ObIX
a/b mpl monydaeM yron +74° nns cunbHedmeidl ocu marepana (ock 1). Taxke BHIHO, YTO
HeoOXo/uMasi BeTMYMHA MOBOPOTA YKIAJAKH pacTeT MO Mepe YMEHbIIEHHS OTHOCHTEIHHOIO
YIJIUHEHUS TIACTUHBI.

Tabn. 5.4 mo3BoisieT caenaTh BBIBOJA, YTO MOXKHO IOJYYUTh BBIUTPHIII B HAaMMEHbIIEH

BEITMYMHE HArpy3Kd motepu ycroiumBoctH 10 31%, mo cpaBHeHuro ¢ +/-45°, u nmo 9%, mo
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CpPaBHEHUIO C HAWIyYIIeH YKIagKoh +/-0. BO3MOXHBIN BBIMTPBIINI Beca B JTOM Ciydae
COCTAaBJISIET COOTBETCTBEHHO 110 9% u 3%.

B Tabn 5.5 npencraBnerno 00001IeHne BO3MOKHBIX BBIUTPHILICH CB COOCTBEHHBIX 3HAUCHUSIX
W Bece ISl Pa3u4HbIX TOMIMUH TutactuHbl (a/b=5, a=1000 mm). Mcnonb3yercs Bce TOT ke

marepuan t300/5208.

Tabmn. 5.5. Pe3ynbrarsl [uisl pa3TUYHBIX TOJIINH IJIACTHHEI.

TosmuHa mWIaCTUHBI, MM 1. 2. 3.

Haunnyumias yxnanka ¢ paBHIMU ypOBHSIMU 80°/-40° | 74°/-44° | T1°/-49°
HOTEpH YCTOWYMBOCTH JUIsi 0OOUX

HaHpaBJ’IeHI/Iﬁ HarpyxeHusd

VBennuenne HauMEHBIIIETO COOCTBEHHOTO 47% 31% 28%
3HA4YECHUS NIOTEPU YCTOMYUBOCTH, 110

CPaBHEHHUIO C YKJIaIKOH +/-45°

VBenndyeHne HauMeHbIIero COOCTBEHHOTO 21% 9% 6%
3HAYCHUS TTOTEPU YCTOMYUBOCTH, TI0

CpPaBHEHUIO C YKIIaIKou +/-60°

Bemrpeii Beca, 10 CpaBHEHHUIO € YKJIAIKON 14% 9% 9%
+/-45°
Briurpsiin Beca, Mo CpaBHEHHIO € YKJIAIKOU 7% 3% 2%
+/-60°

Kak M0xHO BUIETH, TOBOPOT OT yKJIaAKU +/-60° CTaHOBUTCSI MEHBIIUM MPU POCTE TOJILIUHBI.
Poct HauMmeHbliero coOCTBEHHOTO 3HA4YeHMsI MOTEPH YCTOWYMBOCTHM M DSKOHOMHS Beca
YMEHBILIAIOTCA C POCTOM TOJIIMHBI IIIACTUHBI. [locieqHee 3aKkitoueHue COraacyercst ¢ TeM, 4TO
JUI TOJICTOM IUIACTHHBI CBSI3b M3TMO-KpY4YE€HUE CTAHOBHUTCS HE CTOJIb BAXKHOW JIsi YPOBHS
notepu ycroiuuBoctu (cM. Narita and Leissa, 1990).

Pe3ynbpTaThl 3TOT0 U MPEaBIIYIIETo MoIpa3ieoB 0000IIEHBI B BUIE €BPOIEHCKOTO TaTeHTa U

narenta CIIA (Selyugin and Balzer 2017a, b).
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5.8.3. KBaapaTHasi JIaCTMHA NPHU CKAaTUU

> T .
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—» T X —
> =1 B> <
0i al2
—p i «—
= <

Puc. 5.20. KBaaparnas miacTuHa

Paccmorpum kBagpatnyto miactuny ¢ Puc. 5.20. [lmactuna mmeer pasMepsl a*a, siBlsieTcs
IpOCTO ONEPTONM MO KOHTYPY M PaBHOMEPHO C)KaTa B HallpaBIeHUHM ocu Xx. Bocmosb3yemcs
MOJTyYEHHBIM paHee HeOOXOIWMBIM YCJIOBHEM ONTHUMAIBHOCTH (5.72) B BHIE paBEHCTBA HYIIO
KpYTSIIEr0 MOMEHTa B OCSX, OPUEHTUPOBAHHBIX BJOJb HAIPABICHUN TJIABHBIX KPUBHU3H
neOopMUPOBAHHOM CPEIUHHOW TMOBEPXHOCTH IUIacTHHBL. [lojmaraem, 9To moJjie MpOruOOB
IUTACTUHBI TpPU TOTEpPEe YCTOMYMBOCTH OINMCHIBAETCS MEPBOW CUMMETPUYHOW COOCTBEHHOM
dbopmoii. BenenctBue cUMMETpUM MYHKTUPHBIE JIMHUKM Ha 3TOM PucyHke OyayT JTHHHUSIMH
HauOoJIbIIeH TTIaBHOM KpUBU3HBL. OYEBUIHO, UTO KPYTSIIHE MOMEHTHI BOJb ATHX JTMHUN TaKKe
Oynyt paBHbl Hymo. ClenoBaTeIbHO, ONTUMAIHHOM OPUEHTAIMEW BIOJIb ITHX JIMHUK OyneT
opuentanus cio€B 0° u 90°. Ilpu sTOM yKa3aHHBIE CJIOM HE 00S3aTE€NBHO UYEPEAYIOTCS, UX
HOPSIOK  MOXeT ObITh W ApyruM. OOBsCHSETCS TMOCleAHee 3aKIoueHHe TeM, 4YTO
WCIIONIb30BAHHBIE YCIIOBUSL ONTUMAJIBHOCTH SIBISIOTCS JIMIIb HEOOXOJUMBIMU YCIOBUSMHU

JIOKAJIbHOM OIITUMAIbHOCTH MEPBOro mopsaaKa.

5.8.4. KBajgpaTHas n/iacTUHA NPM JABYCTOPOHHEM CKAaTUU

PaccMoTpuM ABYyCTOpOHHE paBHOMEPHO CKaTYIO0 KBaJApaTHYIO I1acTuHy ¢ Puc. 5.21.
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Puc. 5.21. KBagparHas rmiacTvHa 0pu JBYCTOPOHHEM CKaTHU.

AHQJIOTMYHO PACCMOTPEHHIO MPENbIIyLIero Mojapas3ziena IojlaraeéM, 4YTo IMoJie MpOrudoB

IUTACTUHBI TpPU TOTEpPEe YCTOMUYMBOCTH OINMCHIBAETCS MEPBOW CUMMETPUYHOW COOCTBEHHOM
¢dopmoil. Torma mnomyyaem, 4YTO BAONb NYHKTHUPHBIX JIMHUM, COEIMHSAIOIINX LEHTPbI
IPOTHBOIOJIOXKHBIX CTOPOH, ONTUMANIBHOM opueHTarueit 6yaer opuenraus ciaoés 0° u 90°.
Ha pauaronansx miacTUHBl JUHUM TJaBHOM KpPUBU3HBI (BCJIEJICTBHE CHMMETpUH) OYyAyT
PacroJIoKeHbl BOJb 3TUX JAWAaroHajJel W NepeneHANKYIIPHO K HUM (OYEBHIHO, 3aKpyUHBaHUE
OTCYTCTBYET BJOJb ATUX JHHHN). CrenoBaTelbHO, ONTUMAJIBHON OpHEHTaluued BIOJb
JMaroHajel MiacTUHbl OyJaeT opHeHTalus cilo€B -45° u +45°. Ilpu 3TOM yka3aHHbIE CIIOU HE
0053aTeIbHO YEepeAyIOTCs, UX MOPAIOK MOXKET ObITh M JpyruM. OOBsCHAETCS IocieaHee
3aKJIOYEHUE TEM, YTO HCIIOJIb30BAHHBIC YCJIOBHUS ONTHMAJIBHOCTH  SBJISIIOTCA  JIMIIb
HEOOXOIUMBIMU YCIOBUSIMU JIOKaJIbHOW ONTUMAJILHOCTH NIEPBOTO MOPSIKA.

B Toukax, pacmoJOKEHHBIX Ha NYHKTUPHBIX JMHHUAX Puc. 5.21, MOXHO yka3aTh
MOCJIEI0BATEIbHOCTD CJIOEB ONTUMAIBHOW YKJIAJKU B YacTHOM ciydae K=2 (deTwlpe ciof,
VI0)KEHHBIX CUMMETPUYHO). A HMEHHO, B TOYKax Ha JIMHUSIX, COBIAJAIOIIUX C OCEBBIMU
JUHUAMH KoopauHaT X, Y, BHYTPEHHHM CIIOH OPTOTOHAJIEH COOTBETCTBYIOLIEH och. B Toukax
Ha JMaroHaJAX IUIACTUHBI BHYTPEHHUM CIIOM OPTOIOHAJIIEH COOTBETCTBYIOLIEH JHAarOHAJIU.

OueBUIHO, YTO YyKa3aHHas yKjiaaka uMeeT OONBLIYIO JOKAIbHYI0 M3TMOHYIO KECTKOCTh Ha

- 66 -



MYHKTUPHBIX JIMHUAX MO CPABHEHMIO C YKJIAIKOW, B KOTOPOW BHYTPEHHHH W BHEIIHHMN CIIOU
YKa3aHHOU BBIIIE YKIIAJKH B3aHMHO MEHSIOT MECTOTIOJIOKEHHE.

[Tomyuatomeecss MOCienHEE pEIICHHE OYyIeT YAOBIETBOPSATH HEOOXOIUMBIM YCIOBHSIM
JIOKQJIbHOM ONTHUMAaJIbHOCTH MEPBOIO MOPsiIKa, HO HEe Oy/IeT ONTUMAaJIbHBIM B I€HCTBUTEIHLHOCTH
(ero Harpy3ka MOTEpU YCTOMUMBOCTH, BCIEACTBHE yKa3aHHBIX CBOMCTB M3TMOHOU >KECTKOCTH,
OyZIeT, O4eBHIHO, HUXKE, YEM TaKOBasi HArpy3Ka sl IEPBOHAYATBHOTO PEIICHUS).

CrnenoBarenbHO, 00CyXJAaeMoe TIEpPBOHAYAILHOE pELICHHE MOXKET HCIIOIb30BaThCI B
KauecTBe TeCTOBOro mpumepa (aHria. benchmark) mis mporpamMmmHOro oOecrieueHus,
MpeIHAa3HAYEeHHOTO JUIS ONTHUMM3AIMKM YKJIaJKH CIOEB IUIACTHH, HArpyKaeMblX A0 MOTEepU

YCTOMYUBOCTH.

5.8.5. KBagpaTHas mjacTUHA, Harpy>kKeHHasi CABUTOM

[Tonaraem (cm. Puc. 5.22), yto Ay muiacTuHBl pasMepoM a*a 1mojie mporudoB MpH MOTEpe
YCTOMYUBOCTH OIUCHIBACTCS TEPBOM COOCTBEHHOH (POPMOI, CHMMETPHYHONW OTHOCHTEIBHO
nuaroHaned. Ha nuaroHansx IUIaCTMHBI JIMHUM TJIaBHOM KPHUBM3HBI (BCJIEICTBHE CUMMETPHM)
OyAyT pacroyio)KeHbl BJIOJb AITHX JUAroHaje U MepeneHAMKYIIpHO K HHUM (OYEeBHJIHO,
3aKpy4YMBaHHE OTCYTCTBYET BAOJb 3TUX JUHUN). ClieoBaTeabHO, ONTUMAIbHOW OpUEHTalUEn
BJIOJIb IMaroHaJiel IUIacTUHBI Oy/eT opueHTanus cio€B -45° u +45°. [Ipu 3ToM yka3zaHHBIE CI0U
HE 00s3aTeNbHO YepeAyIOTCs, UX MOPSJIOK MOXET ObITh M ApyruM. OObsACHsETCS IMocieaHee
3aKJIIOYEHHE TEM, 4YTO HCIHOJb30BAHHBIE YCJIOBHUS ONTUMAJBHOCTH  SIBJISIOTCSA  JIMILb
HEOOXOIUMBIMHU YCIOBUSMU JIOKAJIbHOW ONTUMAJIbHOCTU NIEPBOTO MOPSIKA.

B Toukax, pacmonoXeHHbIX Ha JUaroHalsfiX, MOXHO yKa3aTh IOCJEI0BaTEIbHOCTh CIIOEB
ONTUMAJIBHOW YKJIQJKU B YacTHOM ciyyae K=2 (4eTbIpe CII0sl, YJIOKEHHBIX CUMMETPUYHO). A
MMEHHO, B TOYKAaX Ha JINHUAX, COBINAJAIOIINX C AMATOHAISAMH, BHYTPEHHHUM CIIOW OpPTOrOHAJIEH
COOTBETCTBYIOLIEH auaroHanu. O4YeBHAHO, 4YTO YKa3aHHas ywiaaka wumeer O0Oubyro
JIOKQJIbHYI0 M3THOHYI0 KECTKOCTh HAa JAMArOHANSAX IO CPAaBHEHUIO C YKIAJIKOH, B KOTOPOH
BHYTPEHHUI 1 BHEIIHUH CJIOM YKa3aHHOM BBILIE YKJIAJKN B3aMMHO MEHSIOT MECTOIOJIOKEHUE.

[Tonywaromieecst mocienHee peuieHHe OyneT YIOBIETBOPATh HEOOXOAMMBIM YCIOBUSM
JIOKQJIbHOM ONTHMAaJIbHOCTH MEPBOIO MOPs/IKa, HO HEe Oy/IeT ONTUMAaJIbHBIM B 1I€MCTBUTEIHLHOCTH
(ero Harpy3ka MOTepU YCTOMYMBOCTH, BCIEACTBHE YKA3aHHBIX CBOMCTB M3TMOHON KECTKOCTH,

Oyzer, 0YeBUIHO, HIDKE, YEM TaKOBast Harpy3Ka JUIsl IEPBOHAYAIBHOTO PEILICHHS).
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CrnenoBatenbHO, 00CyXk/1aeMoe MEPBOHAYAIBHOE PEIICHHE TAK)Ke MOXKET HCIIOJIB30BATHCS B
KayecTBe TecToBoro mpumepa (auria. benchmark) s mporpammuoro oOecrneueHwus,
NpPEIHA3HAYCHHOTO JUIS ONTHUMH3AIMM YKIAJAKH CIOEB IUIACTHUH, HArpyXaembIX A0 IMOTepU

YCTOMYUBOCTH.

— — — — —

Puc. 5.22. KBagparHas 1uiacTuHa pu CABUTE.

5.8.6. Csiyyail 4eTbIpéX BO3MOXKHBIX YIJIOB ONITHMAJ/IbHOM OpUEHTALUHU
BOJIOKOH CJIOéB B HEKOTOPOM TOYKe IJIaCTHUHBI

[TpoumttocTpupyem, KOrja IpH BBINOJIHEHUM YCIOBUH ONTHUMaIbHOCTH YKIaaku (5.55)
MOXET OBITh paBHa HYJIIO KBaJpaTHast CkoOka B (5.55), a UMEHHO, BEpHO COOTHOIIIEHUE

v,
4U,

(k2 —k2)+(k, — k) cos2(6, —y) =0 ,i=1,..K (5.88)

PaBeHCTBO HyIO 3TOrO BBIPAKEHUS BO3MOXKHO (KakK YKa3bIBaJIOCh paHee), Hampumep, B
CEeII0BOM Touke 1e()OpMUPOBAHHON MMOBEPXHOCTH IJIACTUHBL, T1E k, = —k,.

B pabotre Tenenbaum et al (2019) nmpuBenensl mpumepsl peuieHu 1ist GopMm morepu
YCTOMYMBOCTH C TOYKOW JBOSIKOM KPUBHU3HBI UJIU C CEIOBOM TOUKOM.

Knaccuueckuii mpuMep cennoBod TOYKM MJa€T TaK HA3bIBAEMbId TUNEPOOIMYECKUI
napaboJion 1, ypaBHEHUE KOTOPOro 3anuckiBaercs B Buje (cM. Puc. 5.23 u bexnemutues 2015):

x'+y* =2z (5.89)

CedeHue HTOM TMOBEPXHOCTH TIUIOCKOCThIO 7z=(0 ma€T pABe MpsMble B IUIOCKOCTH X,

OPHUEHTHPOBAHHBIE K OCH X TOJ yriamu +/— 45°. I'maBHbIE KPUBU3HBI B TOUKE X=)=z=() paBHbI

+1 u -1, a rIaBHBIMM HaINlpaBJIEHUSIMU KPUBU3HBI SBJISIOTCS HAPABIEHUS OCEH ) U X.
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Pa3 riaBHble KpUBHU3HBI IUIACTUHBI B IIEHTPAIbHON TOYKE (@ 3TO KPUBU3HBI 110 X W IO ))

PaBHBI 110 A0COJTIOTHOM BETMUMHE MEXTY OO0, TO
cos2(6,—y)=0 (5.90)
u yrisl (6, —y ) paBHbI +/— 45°, T1ie HallpaBIEHUE i COOTBETCTBYET OCH Y.

Takoe paccMOTPEHUE U BeIET K BO3MOXKHBIM ONTUMAalIbHBIM yrjiaM YKIJIAAKU B 3TOH TOuKe. B

3aBUCHMOCTH OT MaTepualla IJIaCTHHbI U €€ HarpyKeHus, yribl opueHTauuu (6, —y ) npu

x=y=0, cnenys u3 (5.88), Moryt oTau4arbcs ot +/— 45°.

Puc. 5.23. 'unepOonnyeckuii napaboIouI.

BaxxHo oTMeTUTB, UTO B Hauane koopauHaT Puc. 5.23 nepBblif COMHOXKUTENb BUA
sin2(6, -y )=0,i=1,...K (5.91)
ycioBuil ontumanbHOCTH (5.55) Oyner Taxke paBeH Hymo mpu (6, —y ), paBHbix 0° u 90°.

Takum O6p8.30M, HCO6XOI[I/IMHC yCJ10BUsA JIOKAJIbHON ONTHMAaJIbHOCTH M[epBOro mnopsjaka B 3TOM

TOYKE YIOBJIICTBOPCHBI IJIA I-ICTHpéX 3HAYEHUH yriia OpuCHTaluu CJI0s.
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I'naBa 6. YMepeHHbIe 3aKpUTHYECKHE MPOruo6bl M BLIOOP HaW/IyYLIer
YKJIaJKHA

6.1. lepopmuposaHue niacmuHsl 8 COOMEeMCcMauU ¢ NpUGAUHCEHUEM
¢ou Kapmana

Kak u3BectHo (cM. HoBoxunos 1948, 1958), mupoko ucnosb3yemble B TEOpUM H3rHda
IUTACTHH TUIoTe3a npsmbix Hopmaniedl Kupxrodda n npubnmxenune pon Kapmana onuceiBaroT
TaK Ha3bIBa€MbI€ YMEPEHHbIE MPOTUObI IUIACTHHBI, CPABHUMBIE C €€ TOJIIMHOM, HO MaJlble 1O
CpaBHEHHIO C JIMHEHHBIM pazmepoM muiacTuHbl. B kaure (Reddy 2004) Takxke ykaspIBaeTcs, 4To
HAKJIOH [TOBEPXHOCTHU IUIACTUHBI IIPH 3TOM HAaXOJIUTCs B npezaenax 15°.

B cootBerctBuM ¢ npubiamxkenueMm ¢on Kapmana (cm. Bacuazy 1987) nepemenienus u, v, w
BHYTpPH IUIACTUHBI OMUCBIBAIOTCS (OpMysIaMu:

U=u,—zw,,
V=V, =W, (6.1)
w=w,
rae uaaekcom 0 0003Ha4YEeHBI IEPEMEIIECHHS B CPEIMHHON TIJIOCKOCTH.

Komnonents! Ten3zopa ['puna aegopmariuii BHyTpH MIacTUHBI Oy1yT

1 )
8xx = uO,x + 5 (WO,X ) - ZWO,xx
- ! (w,, P 6.2
£, =V, +5 Wo, ) —2ZW,,, (6.2)
2gxy =uy, vy, T W Wy, — 2ZW0’xy

rae qepopManuu B CpeAMHHON INIOCKOCTH COOTBETCTBYIOT z=0.

B nByx nmocnenyromux nojapaszaenax Mbl Oyznem onupatbest Ha padoty Selyugin (2019¢).

6.2. Kunemamu4ecKuil eapuayuoHHbIl NPpUHYUnN

Bapuanonsslil npuHIun A1 o01iel MoTeHIHaIbHOW SHEPTuu MIacTUHbI /1 pacCMOTPEHHON

KOH(urypanuu 3anucsiBaercs B Buje (Bacunzy 1987, Ashton and Whitney 1970):

IT= Iﬂ(x,y)dl" - I(Nxvu + ]T/yvv)a’C1 (6.3)

rne N,_,,N , - 3T0 3ajaHHBIE CHIIBI Ha €IUHUIY JUIMHBI KOHTYpa rpanuisl C, o nedopmannu

xv? v

(3aaHHBIE BEJIMYMHBI NEpEeMEIleHU Ha ocTaromeiica yactu C, TpaHUYHOIO KOHTypa OyayT
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MMOMEYCHBI JIajiee BEPXHEH 4epTOH Takxke), 7(X,)) - 3TO MOTCHIHAIbHAs dHEprus nedopmaruu
IUTACTUHBI HAa E€AMHUIY IUJIOUIATU CPEIMHHOM MOBEPXHOCTH 10 naedopManuu. DTa IHEpPrus
BBIBOOUTCA U3 HOTGHHH&HLHOﬁ SHECPTrrUun I[e(l)opMaI_[I/II/I CJIOA HMHTCTPUPOBAHHUECM 110 TOJIIUHE
TUTACTHHBI.

KommnioneHnTsl TeH30pa nedopmanuii ['puna cinost — 310 £.,€,,E,, . YACIbHAS NOTCHIHAIBHAS

sHeprus nedopmauuu cnost 7,, B o0beme n0 nedopmaunn sanucbiaercs B Buae (Gibson

1994):
1=, 1= _ ., _ _
7y = EQHSj +5Q228; +204660, +0,,6.6, +20,68,6,, +20,6 &, (6.4)

TAC HAIIPSDKCHUA B CIIOC O, ,O'y ) O'xy n IIG(bOpMaIII/II/I E.,¢& 8xy CBsI3aHbl COOTHOIICHUCM

y b

O, Ql le Qs &
o, |=10n On Ol &
w O O O |\ 26,

Q

rae O, i,j=1,2,6, - Marpuua ynpyrax KOHCTaHT CJIOS.. ITO COOTHOLICHHE YXKe NPUBOAUIOCH B

NpeaAbIAYIINX I'maBax u BBIIIHCAHO 34€Ch I HAariIsiJHOCTH.

KOMIOHEHTBI TIepBOro TeH30pa Hampsikenuit [Tunoma * O; ¥ BTOPOTO TEH30pa HAaNpPsHKCHHI
Kupxroda o, narorcst COOTHONICHUAMH (Kak OTOBOPEHO paHee, u, v, w 9KBHUBAJICHTHO 3alHCH

v,,1 =1,2,3, COOTBETCTBEHHO):

P o (Vz',j)
%= 6.5)
orle.
o, = —Zie’«’) (6.6)

rae 7m(..) O3TO TIUIOTHOCTh MOTEHLUMAJIbHOW JHEpruum jAepopmalii B  €IWHHULE

HeeOPMHUPOBAHHOTO 00BbeMa. Boobmie roBops, TeH30op 'O, ABIAETCS HECHMMETPHUHBIM.

y

BrIunciass KoOMIOOHEHTHI 3TOIO TCH30pa AJid CJI0s, MoJIyJacM:

_ 1 _ 1 _
PU}cx = Ql l(vx,x + Evzz,xj + Ql2[vy,y + Evzz,y ] + QlG(vx,y + Vy,x + Vz,xvz,y ) (67)

_ 1 _ 1 _
Po-yy = QIZ(Vx,x + Evzz,xj + QZZ(vy,y + Evzz,y j + Q26(Vx,y + vy,x + vz,xvz,y ) (68)

P

(T)Ly Iny

_ 1 _ 1 _
Q16(vx,x + Evzz,xj + Q26[vy,y + Evzz,yj + Q66(vx,y + Vy,x + vz,xvz,y) (69)
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Henocpencreennoe muddepenmupobanue (6.4) B coorBerctBuM C (6.6) maér xx, yy, xy, yx
KOMITOHEHTHI TeH30pa HanpsokeHnit Kupxrogdda paBasivu (6.7)-(6.9), COOTBETCTBEHHO.
Hcnonp3ys u3BecTtHble cooTHouleHus (cMm. Bacumzy 1987 u ynomsiHyToe Bblllle paBEHCTBO

KOMITOHCHT B INIOCKOCTHU IJIA IBYX TCH30POB HaHpﬂ)I(eHPII;'I)

PJXZ :PO'va,x+PO'xva’y (6.10)

P_ _P P
c.=o,v. . to,v, (6.11)

> zZ,x

mojiyqa€mM OCTaromureCss HCHYJICBBIC KOMIIOHCHTBI TCH30pa PGij. KoMIoHEHTHI TCH30pa O-ij’

OTJIMYAOIIUECS OT XX, VY, XY, VX, PaBHbI HYJIIO.
WuTerpupys 1o z yepe3 BCIO TOJILIMHY IJIACTUHBI, BBEAEM CIIEAYIOIIUE PE3YJIbTUPYIOLINE

cuitbl B MOMEHTBL N, M

N, = [("o, Jtz (6.12)
e
N, = [("o, hiz (6.13)
e
N,=N, = [("o, )z (6.14)
e
N, = [("o iz (6.15)
e
7
N, = [("o, hiz (6.16)
e
M, = ["o, J (6.17)
e
M, = ("o, Jiz (6.18)
%
My =M, = [,k (6.19)

N
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[ToacraBmsist (6.7)-(6.11) B (6.12)-(6.19) m BcmoMuHas ompeneneHne MaTpUIl KeCTKocTH A, D

Ut iacTulbl yepes Q.., i,j=1,2,6 (cM. npenpiaymue ['nmaBer u Gibson 1994), momydaem 3tu

[j b
CHUJIbI U MOMEHTHI.
[Tepenumem Gopmyny 11t 001l TOTEHIUATbHON YHEPTUH [IJIACTUHBI B BUE

-]

r

Ggg AE, +%1€ TDEde— [N u+ N, vhc, (6.20)
G

rJie BEKTOP-CTOJIOIBI &€,,k €CThb, COOTBETCTBEHHO, 2D-nedopmanu ¥ KPUBU3HBI CPEIUHHOM

IMOBEPXHOCTHU IIJIACTHUHBI.

_6214/
€, ox?
- - 2
&y = eyy ; k= ~0 W@yz
% = -20 z%x(ﬂy
z=0

[Tepssiit unTerpan B (6.20) nonyvaercs u3 (6.4) (c yuérom (6.1) u (6.2)) mocne UHTErpUPOBAHUS
0 TOJIIIUHE.
Bapuanus norennmanpaoi 3aeprun (6.20) Oyaer

SU = ja( gl Az, +
r

1 [ =
> EkTijdF ~ [(N, 6+ N, 60 hC, (6.21)

Cl
I/ICHOHBSyﬂ HN3BCCTHOC COOTHOIICHUC

57;:8_”5\;_1_:1301_ S (6.22)
avj[ Js 5J J»

U mnoicTaBisisi B Hero (6.1) juig  BBIYMCICHWS TNPOM3BOAHBIX MEpPEMEUICHUH, Mocie
HHTCTPUPOBAHUA TI0 TOJMIIMHC IIJIACTUHBI IIOJIydYa€M BapUalnuio MOTEHITHAIbHOMN SHEPIUn

I[e(l)OpMaI_[I/II/I Ha CAVMHULY Heﬂe(bOpMHpOBaHHOﬁ I1omaaun Cpe):[I/IHHOﬁ TIOBEPXHOCTHU:
or =N, u +N,du, +N (6, +& J+N_Sw +N_ow ~M. 6w ~M w —2M_ w,
(6.23)

Janee 0603Ha4YMM 7,71, KOMIIOHEHTHI HOPMAILHOTO BEKTOPA K TPAHUYHOMY KOHTYpY Juist I
Hcnonp3ys WX, BBEOEM X, ), z KOMIIOHEHTHl MNOTOHHbIX cwi N _ ,N U TIOTOHHBIX

xv2:lyv?d zv

MOMCHTOB Ha I'paHUIIE:
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N, =nN_ +nyNyX
Nyv = anW +nyNW
N, =nN_ +nyNyz
(6.24)
M.  =nM_ +nyMyx

Myv =anxy +nyMyy
M,=nM_, +nyMyv

Hanee Mbl OyzieM UCIIONB30BATH X U Y KOMIIOHEHTBI HOPMAIU 71,1, K HeNepOPMUPOBAHHOMY

rPaHUYHOMY KOHTYpY (T€ § —3TO HaIlpaBJIEHUE BIOJIb KOHTYpA)

0 0 0
Ox on 7’ 0Os
(6.25)
0 0 0
—=n,—+n,—
oy ' on Os

I71€ 1, S — 3TO HOPMAJIbHOE U TaHTE€HIMAJIbHOE HaIlpaBlIeHUE K KOHTYpY. MHTerpupys (6.21) no
4acTsM U MCIOJNIb3Ysl TeopeMy ['aycca, moiydyaeM Bapuanuio oOuied NOTEeHIMaIbHON 3HEepruu

IIJ1aCTUHBI:

U =[N, + N, o (N, + N, oo+ (M 20 M AN N, W+
B | AV 0 PNV A S AP v 0
G

# I, b v, 60 . G-, 6, i

(6.26)

Hagactu C, rpaHMYHOrO KOHTYpa HMEEM:
ou=ov=ow=Mow,6 =0 (6.27)

rac HOCJ'IG]:[HI/II\/’I YJICH OIMUCBIBACT W YCJIOBHUA 3allYMJICHUSA, W IIPOCTOC OIIHMPAHUC. Torna

CTalMOHApHOCTh U M0 NepeMEIeHHUsIM BEAET K YPAaBHEHUSAM PaBHOBECUS IIJIACTUHBI B [~

N+ ny,y =0
ny’x + Nyy,y =0 (6.28)
M, + ZMWW + Myy,yy +N,_ .+ Nyz,y =0

rae, B coorBeTcTBUH ¢ (610), (6.11), (6.15), (6.16):

Nxz,x = Nxxw,x + NX,V Wa)’
(6.29)
N..=N,w,+N w,

Tperbe ypaBHenue B (6.26), mocie moacTaHOBKH B (6.29), BeIET K U3BECTHOMY YPaBHEHUIO z-

paBHOBecHs r1acTuHb! o Kapmana:
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M oO°’M, M
0 42 =+ —— +i Nma—W+N ow +i N 8—W+N ow =0 (6.30)
Ox Ox0y Oy Ox ox  “oy) ol Tax Yoy

JIunelinble kpaeBble ycaoBusa Ha C, OynyT:

NXV _NXV :O
va - _yv = 0
’ (6.31)
N_, =0
M, =0

Ha ycnoBusix B TOYKax HErJaJKOCTH TPAaHUYHOTO KOHTYypa MbI 3]1€Ch OCTaHABIMBAThCS HE
OyzeM; COOTBETCTBYIOLIUHU 1oax0 onucan y (Bacuazy 1987).
Janee mpumeM, 4TO Harpy3ka B IUIOCKOCTH WMEET BEIMYMHY, HEHAMHOTO INPEBBIIIAIONIYIO
HArpy3Ky MOTEpH YCTONYMBOCTHU; IPaHUYHbBIE YCIOBUS — MPOCTasi OMOpa WK 3alleMJICHHE.
Hccnenyem macTuHy BOMU3M TOYKM OHQYypKallMu, HCIONB3YysS MOJIXOJ, OINHCAHHBIA B
(AngpyroB 1978, § 30), m wraccuueckyro Teoputo cioucthix tuiactuH (Gibson, 1994). B
onucaHuu AndyToBa Ipeanoyiaraercs, 4YTo BOJU3M TOYKM OuUDypKalMM KOHCTPYKIIHS
HampsbkeHa, HO He nedopmupoBaHa. CorjacHO MOAXOAY, MNPEATOKEHHOMY THMOIIEHKO,
CMEILEHMSI TOYEK TUIACTHHBI B UX HOBOM (BO3MYILIEHHOM) COCTOSTHMM COCTaBIISIIOT:
u=u, +ou +a’u,
v=v,+av, +a’v, (6.32)

w=w, +oaw, +a’w,

rae o — OeCKOHEYHO Malblil napamerp, (u,,V,,W,) — HEBO3MYILICHHbIE (DYHKIMH MOJIOKEHHS
HavalbHbIX TOYEK, (u,,V,,W,) ¥ (u,,V,, W, ) — KOHEUHbIE (DYHKIIUU KOOPAUHAT.

IIpumensis OAXOJX TumomieHko, [OJIy4aeM GyHKIIIN nepeMenieHu
w, (X, ¥),u,(x,¥),v,(x,y) u ¢ynkuuto Diipu D(x,y), YIOBICTBOPSIONIUE BCEM TI'PAHUYHBIM
YCIIOBUSAM 3aa4H.

jlanee IIpUMEM HpI/I6J'H/I)KeHHO, qTO IOpHU MaJlblIX, HO KOHCYHBIX HpOFI/I6aX IIJTaCTHUHBI

COCTOSTHUE TJTACTHUHBI OMHUCHIBACTCS CAEAYIOUMMHI (QYHKIUSAMHU (Y - MaJIblil MapameTp):

w(x, y) = (x, )
u(x,y) = y’uy(x,y)

(6.33)
v(x,y)=7"v,(x, )

O(x,y) = 7’ ®(x, y)
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B »ToMm ciiydyae n3MeHeHue MOJHON MOTEHIMAIbHON SHEPTUM TIacTUHbI U M3-3a OTKJIIOHEHHH OT

HCXOJHOT'O IJIOCKOT'O COCTOSIHUA PABHOBECHUA BbIITIAANUT CICAYIOIIUM O6p330MI

2

o*w o*w, 0°w. o*w, 0°w,
1 X X~ Oy X~ Ox0Oy
AU=U—UO=72§Idxdy -
2 2
' +D 0w +4D T 0w +4D 07w, (6.34)
2 9y ¢ oy axoy | axoy
~7*§(qu, +q,v, JAC + W,
C
rae U, — monHas MOTEHLMalbHAs SHEPIus IUIaCTHHBI, HE 3aBHCsAINas OT y; D — marpuna

M3rMOHON HKECTKOCTH IIACTHHBL, ¢, ,q, — TOTOKH HANpPSDKEHUH HA TPaHUYHOM KOHType C

BOKpYT Iu1acTuHbl /. Bennunna W, onpenensercsa BEIPAKEHUEM:

W, = % [[axavla e +24,606" + A,87 44,506, +ad,glsl, 14487} (639)
r

rac A— MaTpuia )KCCTKOCTH IIJIACTHHEI ITPH ITJIOCKOM I[e(l)OpMI/IpOBaHI/II/I,

.ou, 1(ow Y

&, =—+—| —
ox 2\ ox

g":% 1{ ow,

2
+—| — 6.36
Yoox 2\ oy (636)

. 1(0ou, Oov, oOw Ow,
£, == +—2+
© 2oy Ox  Ox oy

[Nockonbky ¢(yHKIUU W,,uU,,v,,D OT (X, y) U3BECTHBI KaK pe3yIbTaThl 3aJaud O JHHEHHOH
YCTOMYMBOCTH IUIACTHHBI, MOBEIEHUE IUIACTUHBI MOCIE MOTEPU YCTOWYMBOCTH BOJU3U TOUKH
OudypKauu onpeaensercs TOIbKO MapaMeTPOM Y.

OueBunHO, uTO BenuuuHa W, (Kak BEIMYMHA YHEPrHM) BCErja MOJOXKUTEIBLHO ONpPECIICHa;
9TO MPHUBOJUT K BBIBOAY, UYTO IMOCJE MPOXOXKIEHUS TOYKH Oudypkanuu (IpH COEIaHHBIX
MIPEIOJIOKEHNSX ) TIOJHAsI TOTEHIMAIbHASL SHEPTUS TUIACTUHBI SIBISIETCS BBIMYKION (QyHKUIMEH
[IEpEMEIICHUMN.

Ha ocHoBaHuM 3TOro BBIBOJA MOXKHO YTBEP)KJaTh, YTO KMHEMATUYECKUN BapHallMOHHBIN
NPUHIUI TUTACTUH MPH 3aKPUTHUECKUX Aedopmarusax (CM. BbIIE B JAHHOM pasfelie) sBIseTcs
MUHUMAaJIbHBIM ~ BAapUAIlMOHHBIM HOpUHLUIIOM. bonee Toro, pe3ynbTaT (IEpeMeuieHus),

BBITEKAIOIINI U3 TMPUHITUIIA, SAMHCTBEHHEH. B CBsI3M CO CKa3aHHBIM, BTOpas Bapuallvs MOJTHOU
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NOTCHLIUAIBHON JHEPIrUM 110 IEPEMEIIEHUSAM IOJIOKUTEIbHA, W IIOBEIACHHE ILIACTHHBI
YCTOMYMBO TP TOCTATOYHO MaJIbIX (HO HE OECKOHEYHO MaJIbIX) 3aKPUTUUYECKUX NIEPEMELLIEHUSAX.

CBsi3p MEXY Y M HArpy3KOil BbIIIE TOYKH OM(ypKanuu MOXKET ObITh HaijileHa U3 YCIOBHUS
CTallMOHAPHOCTH MOJHOM NOTEHUMANbHOM 3Hepruu. Ha npumepe nmiaacTUHbBI, OMHOOCHO CXAaTOU

cuioi P, Beraucisist mpou3BoAHYHO OT (6.34) 1o v , uMeem
AR~ Pleayw, Vp=0 (6.37)

1€ BEJINYHHa B N KpUTHUYECCKas CUJia CKaTus Pcr HUMCIOT BHUA:

p=2{Gu, +g,v, liC (6.38)
C
2. \? 2 2 2 2
Dy, val +2D1287v;/16 v;zl Dlva?M"'
ox ox~ Oy Ox~ OxOy
Idxdy
T 2 2 2 2 2 2
D@VWJ rap, T2 QMD“[gglj
. X
P - ﬂy Y (6.39)

3necsh ¢, qy - 3TO pacnpeereHue BHEIIHEN Harpy3ku 1 P =1.

Bemonuss & =0, momyyaeM Harpy3Ky NOTepH yCTOWIUBOCTH. 11151 v, HE PaBHOTO HYITIO, UMEEM

Q [AP
== |— 6.40
7= (6.40)

cr

rme AP=P—-P_u Q= %

cr
4

V, naercst popmynoii:

V, = [ dxdy (6.41)
S

AP
W3 mocnegHero COOTHOLIEHUS CIENyeT, 4TO B cilydyae —— <<| npuiokeHHas Harpyska P

cr

ABJISIETCA KBaPaTUYHON (PyHKIIMENH MaKCUMaJIbHOIO poruda w, . .
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6.3. Cmamuyveckull eapuayuoHHbIil npuHyun (meopema o
dono/IHUMe/IbHOlI 3Hep2uu)

PaccMoTpuM BapualMOHHBIM NPUHLHWIL, ONMCBHIBAIOIIMK PABHOBECUE IUIACTUHBI IPU
3aKPUTUYECKUX JIe(hOpMaIIUX Yepe3 CHIIbI H HAMIPSIKCHUS.

IInoTHOCTH HOHOHHHTGHBHOﬁ SHECPruu CJioA 7 U IIJIOTHOCTH HOTCHHHaHBHOfI OHCPIrun

c_ply
Aepopmanyu Ciost 7, yAOBJICTBOPSIOT npeobdpasoBanuio Jlexanapa (B cirydae, eCiv rpaiueHT
nepeMeneHI MOKEeT OBITh BBIpaXKEH Yepe3 NepBhIil TeH30p Hanpspkenuit [nomna):
(P
e oy = ( Ok )"l,k _”ply("i,j) (6.42)
Hcnonwsys (6.1), monydaem:

P _P P P P P
OV = Gxx(u,x—zmim)-# O'W(ujy—zwjyy)-k J'W(u,y+vx—2zw,xy)+ o.w,+o.w,  (643)

CootHorienue (6.42) MOXKeT ObITh EPEMICAHO B BUJIE:

ﬁp[y:E( O'xx(u’x—ZW’H'FEW’xj'FE( O-yy(v,y_ZM),yy_FEW,y +

(6.44)
1
+5 (Paxy Xu’y +v —2zw, + W’XW,y)
Brruuras (6.44) u3 (6.43), monydaeM INIOTHOCTh JOTMOJHUTEIBHON YHEPTUU CIOS:
1 1 1 1
ﬂ-cfply = 5 (Po-xx (u,x - Z‘/V,xx - E W,i} + 5 (Po-yy (V,y - ZW’yy - E Wsz)’j +
(6.45)

L(p P P
+5( o, Xu’y +v, —ZZwM —w,xw,y)+( o, )W’x +( o, )w,y

Wnterpupys (6.45) 10 z M0 TOJIIMHE IUIACTHHBI, IOIYYaeM JONOIHUTENbHYIO SHEPrHI0 77, Ha

CAUHUIY He,[[e(l)OpMI/IpOBaHHOﬁ IIomaiaun CpCI[PIHHOﬁ TITOBCPXHOCTHU:

T, =%Nm(u7x —%wi)Jr%NW(v,y —%wﬂzy)Jr%NW(u,y +v, —w’xw’y)+ Nsz,x +Nyzw’y +

+%Mxx(— W,H)+%Myy(_ W’W)+%MW(—2W,W)

(6.46)
Wuterpupys (6.10), (6.11) o TonmuHe MIaCTUHBI, UMEEM
N N_-N_N
W, =2 2 =y (N) (6.47)
NN, -N,
N.N_.-N_N_
W,y = =7,(Ny) (6.48)

2
N.N,-N?
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Teneps onpeaenuM BEKTOP-CTOIOIIBL:

N=(N..N_ N,V (6.49)

M= M, M, (6.50)

w?
[ToacraBmss (6.47)-(6.50) B (6.46), moayyaeM OKOHYATEIHHOE BBIPAKEHHUE JIS TIJIOTHOCTH
JOTIOTHUTEILHON SHEPTUH Ha eAMHUILY HeJle(hOpMUPOBAHHON CPETUHHON MOBEPXHOCTH:
| R e 1
7IU=EN A N+5M D M+§NXZ;/1(NZ.].)+5NW;/Z(N”) (6.51)

Oynkuuu y,,7, B (6.47), (6.48) — HecoBMECTHBI B Cilyyae MPOU3BOJIBHOIO HANPSHKEHHOTO
coctosiHusl. OHM CTAHOBSITCS COOTBETCTBYIOIIMMH IPOU3BOJHBIMH IMPOTHOOB IJI PEaqbHOTO
HaNPsHKEHHOTO COCTOSTHHUS.

Hus popmupoBaHus (GyHKIHMOHANA AOMNOJHUTENbHOW sHepruum U, mnoxacraBum B (6.3)

cooTHoleHue (6.32), MPOMHTETPUPOBAHHOE MO TOJIIMHE IUIACTUHBI. 3aTeM, HUHTETPUPYS IO

4acTsAM M UCHOJb3ys TeopeMy ['aycca, nomyyaem ¢ynknuonan U B Buze:

U= _J.ﬂ."dr—'_ _‘-[Nxvﬁ+Nyv‘_)+Nxzv_V]jC2 _I[(Nm,x +Nky,y)u + (NW)X +NW’J’)V+
r

2 r
+ (wa +2M +MW,W +NW +Nyzﬁy )w]dF+

Xy ,xy

[V, - N e+ (v, =N, o+ N w= M, JC, + (6.52)

+ [ Ny v+ N = w, G,
G

Hukxe ncnonb3yroTcs reomeTpudeckue Kpaesble ycnosust Ha C,, a UIMEHHO, TO, YTO 3HAYECHUS
nepeMelIeHH - 3a]JaHbl U :

u=u;v=v;w=w,;Mw, =0 (6.53)

Ecnu ypaBHenuss paBHoBecust (6.28), (6.29) u craruuecku KpaeBble ycioBus (6.31)

CIIPABEUTMBEI I BapHalWi HANPsDKEHHOTO COCTOSHHUS, TOT/Ia BapHAIMOHHBIA ()YHKITHOHAI

JONOJIHUTENBbHOM 3Heprun U, , cnenyrommit u3 (6.52), Oyner

U, =-[zdl+ [N i+N,7+N.,%-Mw,lC, (6.54)
r G

Bapuanus 7, Oyner:

or =% v e gy O sy y O gy L O gy
ON oN, " oN, Y oN,_ N, "
(6.55)
or or orn

M _+—M +—M,
oM oM YoM g

pey » Xy




HeoOxonumo nokaszath, 4TO AJi HANpPsDKEHHBIX COCTOSIHUM, YIOBJIETBOPSIOUIMX YCIOBHUSM
craTuueckoro pasHoBecus (6.28), (6.29) m craTMueckuMm KpaeBbIM ycioBusM (6.31),
JNEHUCTBUTENILHOE HANPSDKEHHOE COCTOSIHME COOTBETCTBYET CTAIIMOHAPHON TOUYKe (DYHKIIMOHAJA
oOmelt TONOJHUTEIBHOM dHepruu. PaccmarpuBast (6.52), MOKHO CKa3aTh, YTO MEPEMEIICHUS B
3TOM COOTHOLIEHHMM MOTYT TPAaKTOBATbCS KaK MHOXUTENM JlarpaHka mpu MOUCKE yKa3aHHOU
TOYKHU CTAlMOHApHOCTH (6.54).

Jomnonaum (6.54) uneHamu, COOTBETCTBYIOIIMMH YPAaBHEHUSM PAaBHOBECHS M CTAaTUYECKUM

KPaeBbIM YCIOBUSIM C MHOXUTeNsiMu Jlarpawxka o ,a,,c, . 1locie 3Toro, UCronb3ys Teopemy

Faycca H UHTCTPUPYA 110 HACTAM, ITOJIYyHACM:
éNTA“NJréMTD“ZV[—( v +a, j [ v+, jawyy -

éUc=—I (}/]72+a ta, )éN )&\/ ( a.,oN . + dl —

I
(6.56)
+ 054)@(67\4)0c + aZ’WéMW + az’xyéMxy

- I N, +(a, ~vIN,, + (o ~W)V., (., ~w, Jv, Jic, =0

Eciu MBI paccMOTpUM MHOXHUTCIIN ﬂarpacha KaK HCKOTOPLIC IMECPEMCHICHUSA, TO ITOJYUUM

reoMeTpudecKue kpaesble yciaoBusa Ha C:

a, =u;a,=v;a=w;M/(a)=0nmn«a

(6.57)

=l

zn
Taxke, BHyTpu [ MBI HMMEEM YCIOBHS COBMECTHOCTH JUI 7,7, Kak (yHKIHHA
N.,N,,N, ,N_,N,
N=a.,7=a,, (6.58)
Y COOTHOIICHHS cujia (MOMEHT) — repeMenieHne (KpUBU3Ha):
AN _+A N, +A44N =« +ly2
114Y xx 124Y yy 164" xy xx sy 1

1
AN+ AN, + AN =a,  + 5 Vs (6.59)
A1761Nxx + A;61Nyy + AgGINVV = ax,y +ay,x + 7/12/2

DM +D,M  +D M, =-
DyM, +DM , +DyM, | =
DM _ + D;éMW + Dg;Mxy =—

(6.60)
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—1 —
e A, ,Dl.j1 03HAYaloT AJIEMEHTHI 00paTHBIX MaTpHIl K MatputiaM A4, D. IlpaBas yacth (6.59)

BBITJIIIAT TOA00HO mpaBod wactu (6.2) mna z=0. Bemuuussl o, . o MOT'yT

z,xx 2"z, yy % " z,xy
TPaKTOBAaThCsl KAaK KPHUBH3HBI IIAacTUHBI. MTak, cootHomeHus (6.58)-(6.60) sKBUBaJECHTHBI

YCIIOBUIO COBMECTHOCTH Jtehopmanuii 1yis rmiactulbl o Kapmana:

2
azé'xxo +825}Z}’0 _26280,0 _ aZW _62w 82W (661)
oy’ o’ Ox0y Ox0y o’ oy’
THE €,.0>&,,0>€y0 - KOMIOHEHTBI TeH30pa nedopmannn ['puna npu z=0. B 0benx vactsx (6.61)
MPEJIOoJIaraeTcs, 4ro:
u=a,
v=a, (6.62)
w=a

Takum o00pa3oM, Mbl JOKa3aliM, 4YTO CTAlIOHApPHOE 3HAauyeHue (QyHKLUMOHana oOuien
JIOTIOJIHUTEIIbHOM JHEPrMU COOTBETCTBYET DPEIICHMIO i1 KOMIIO3MLIMOHHOW IIACTUHBI IIpU
3aKpUTHYECKOM Ae(pOpMUPOBAHUH.

B 3akmrouenue 3aMCTUM, 4YTO IINIOTHOCTH I[OHOJIHPITGJIBHOﬁ SHEprum 7, MOXCT OLITH

nepenucana B SIBHOM BUIE KakK GyHKIMSA oT CUJIOBBIX (dakTopoB
NN, N, N_N_.M M, M,:
~ _ - - N N_N _N
SRS VLR 7 L) w7 ML VAT NSV R — e (%)
2 2 2 NN, -N, 2 NN -N. NN, -N?

O‘-IGBI/I)IHO, YTO TPH MNOCICAHHUX YJICHA IMPHU JABYCTOPOHHEM CKATUW B T'JIABHBIX HAIIPABJICHUAX

IIOTOKOB HaprDKeHI/II\/'I Aat0T B CYMMC OTpULATCIIbHYIO BCIIMYHUHY.

6.4. Ycao8us onmumaabHOCMU 0415 YKAAOKU

[Ipu u3noskeHnu B 3TOM MOApa3zaesie Mbl Oyzem onupatbest Ha padoTy Selyugin (2019¢).

OOmast moTteHuuanbHas »Heprus IiactuHbel U (6.20) paccmarpuBaercs Kak mepa e€
HKECTKOCTH. DTa KECTKOCTh U SBISETCS BEIMYMHOM, KOTOpas JA0JDKHA OBITh MAaKCUMH3HPOBAaHA
3a cuér BpIOOpAa HAMIyulled YKIaJKH. YTOJ OpHUEHTAalUH BOJOKOH CIIOEB MOXET IpPU ITOM
MEHSTBCS KaK OT TOYKH K TOYKE (TakWe YKIIQJAKU Ha3bIBAIOTCS B AHIJIOSN3BIYHOW JIMTEpaType
Variable Angle Tow/VAT/Steered Fibre lay-up), Tak u ocTaBaTbcsi MOCTOSIHHBIM JJISI CJIOS IO

BCEU MIacTUHE (B MOCIIETHEM CIy4ae Mbl TOBOPHUM O MPSMOIUHEHHOMN YKIIaKe CIOEB).
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B stom nonpaszzene Mbl pacCMOTPUM CHavalla ciiydyail IepeMEeHHOro (0T TOUYKHU K TOYKE) yria

Opu€HTalMK B CJIO4X IIO IINIACTUHE. Vs OpHUECHTAIINHU CIIOEB 6’]- mpearojgararoTCAa riiakKuMu

byakuusimu ot (x,y), i=1,...,K.

Crnenys oObrunoii Bapuannonnoit mpouenype (I'enbpann u @omun 1961) u npunumas Bo
BHUMaHME KWHEMAaTUYECKWH BapUAIlMOHHBIA TMPHHLWIN, YKa3aHHBIA BBIIIC, IOJy4aeM
HEOOXOJMMBIC YCIIOBHS JIOKAJbHON ONTHUMAJIbHOCTH IIEPBOTO MOPSIKAa B ITOM CiIydae.
Makcumusanust KECTKOCTH KOHCTPYKIIMM O3HadaeT, 4To mepBas Bapuauus U 1o yriam

OpUEHTAILIMH pPaBHA HYIIO:

&] :&]‘ A-non-varied +éZ]

D-non-varied

(u,v,w)—non-varied = O (664)

[TepBbiii uneH B (6.64) paBeH HYJIO BCIEACTBUE YKAa3aHOIO KMHEMATHYECKOI'O BAPUAIL[MOHHOTO
npuHiuna. Bo Bropom wiene, Matpuisl 4, D SBIASIOTCS QYHKIUSMH TOJIBKO YTJIOB OPUEHTAIINA
cy10€B. M3 BTOpOro wieHa Mojidy4aeM COOTHOIIEHHUE JJIS YIJIOB OPUEHTALUH i-TO CJIOSI B TEKYLIEeH

Touke, i=/,...,K:

Y 1—7dA— 1-7dD-
5(] u,v,w)—non-varied dr _80 _80 +_k _k i =0 (665)
e ! ZI 27 46" 2 db,

U, YYUTBIBAsl HE3aBUCHUMOCTb €, BEIMUYMH OAHA OT Apyrod s i=I,...,K, 1 OCHOBHYIO JIEMMY
BapHAIIMOHHOTO HMCYUCIEHHUS, TOTy4yaeM HEOOXOAMMBIE YCIOBUS JIOKAIBHON ONTUMATbHOCTH

MEPBOro nmopdaka ajd MakCuMH3allnunu JKECTKOCTH TJIACTUHBI IIpU 3aKPpUTHICCKUX )le(i)opMaum{x:

1§0Td—A§0+l/€Td—Dl€=o ,i=1,..,.N (6.66)
27 do. " 27 do,

Janee, BeIYMCINM TEpBBIA wieH B (6.66), cooTBeTcTBYIOMUN 2D-nedopmanusM B CpeJUHHOM

IUIOCKOCTU, B OCAX TIIaBHBIX Aedopmauuit &,,&,, rae & =&,. Bropoit unen B (6.66),
COOTBETCTBYIOIINI N3rHOY M KPYUCHHUIO IIACTHHBI, BEIYUCIHM B OCSIX TNIABHBIX KPUBH3H K, K, ,

rae k, = k,. lenas HeoOxoaumble peobpasoBanus (6.66) 1 MOMHS, 4TO aOCOMOTHAS BETUYHHA

akoOuaHa mepexoja OT oced rmaBHbIX 2D-nedopmariuii Kk ocsiM riaBHBIX KpUBU3H paBHa 1.0

(9TOT mepexo ABIAETCS TOBOPOTOM), TTofydaem ans i=1, ..., K:

dAlperstr. dAl;;nstr. leplr.cur. lepzr.cur.
1 do, do, | & de, de, |k
—il&,€ L L +—<(k,k o ' =0 6.67
2 ( 1 2 dAlpzi.sn. dAzpzl.sn. 6‘2 2 ( 1 2 lepzncur. dszzr.cul. k2 ( )

do, do, do, do,

1
rac pI’.StV., pr.cur. O3Ha4Yar0T BCIIMYHUHBI B OCAX TJIABHBIX I[C(I)OpM&L[HI’I B CpG,Z[HHHOﬁ IIJIOCKOCTH
H B OCAX T'JIaBHBIX KPUBU3H IJIACTHHBI.
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Ananu3upys (6.67), paccCMOTpUM CHavasa MepBbId YJICH.

[loacraBnsist B (6.67) coornHomenus (5.44), (5.47), nmomydaem Il KaxKJIOTrO i-ro CIos,
i=1,....K:

&'[-2U, sin2(6, - ) — AU sin4(6, — )|+

1
Sz-za)  (668)
+&2[2U, sin2(8, — ) — 4U, sin4(6, — )|+ 2¢,¢,4U, sin4(0, - )| 2

TI€ ¢ - 9TO YroJl MeXy I7100aJIbHOM OChIO X U OCBIO & .

AHaJIOTMYHO BTOPOU WIEH ISl KaXXJ0T0 Kaxaoro i-ro cios, i=1,...,K:

k?[-2U, sin2(6, ) - 4U, sin4(6, )|+ o

1
_(Zi _Zi—l) (6.69)
+k2[2U, sin2(6, —y) - 4U, sin&(6, —w)]+ 2k k, 4U, sin 4(6, —y) | ©

T - 3TO YroJl MeX/y IJI00aIbHOM OCBIO X U OCBIO K, .

Cymma (6.68) u (6.69), npupaBHEHHas] HYJIO, U €CTh HEOOXOIUMOE YCIIOBUE JIOKAITBHON

OIITUMAJIBHOCTH IICPBOI'0 IIOPAAKA JJIA KaKA0Io CJI04, i=1 geon ,K.

gX[-2U, sin2(0, — ) — 4U, sin 4(6, — p) |+ 1 ( )
—\z,—z,, )+
+£2[2U, sin2(0, — ) — 4U, sin 4(0, — )|+ 2¢,,4U, sin4(0. — p) 2
(6.70)
kl[-2U,sin2(8, —y) —4U, sin4(0, —y) |+ 1 ( 3 3) .
+ —\& TZia)=
+k2[2U, sin2(0, —y) — 4U, sin4(0, — )|+ 2k k,4U, sin4(0, —y) | ©

Kax MBI BUAMM, 3TH YCJIOBHS — CyIIECTBEHHO HelnHEeHbIe. [Ipeobpa3zys (6.70), momyyaem:

gl[-U, —4U, cos2(0, — p)]+ 1
25in2(6, — ) ~(z,—z,, )+
+&2[U, —4U, cos2(0, — p)|+8¢,6,U, cos 2(6, — @) 2
(6.71)
ki[-U, —4U, cos2(0. —y)]+ 1
+25in2(60, —y) “(z2-z,2)=0
+k2[U, —4U, cos 2(6, — )|+ 8k k,U, cos 2(6, — ) | ©
W, OKOHYATENbHO, e Ha —(z, —z, , AU,
, Uy (2 2 >
sin2(0, = ¢) g6 &2 )+ (6, - 2.) cos 20, - 9) |+
3
(6.72)
+s8in2(0, - y/)UJJ (k7 = &2 )+ (k, — k, | cos 2(6, - y/)E(zf +zz,,+2,2)=0
3
U2
Kax MBI BUAMM, 3aBUCHMOCTD OT MaTepHalia BXOAUT Yepe3 mapameTp H . TouHast 3aBUCUMOCTb
3

OT IIOJIOKCHHUA CJIOA IO Z BXOAUT 4YC€PE3 HOCJ'ICI[HI/Iﬁ MHOXXHUTCJIb BTOPOro 4JCHA. CBi3p MCXKOY
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CJIOSIMU OCYULIECTBIIIETCS 4Yepe3 JMHMM TiIaBHBIX 2D-nedopmanuii, ITMHUM TIaBHBIX KPUBHU3H,
3Ha4YeHUs IN1aBHBIX 2D-nedopmanuii v riaBHBIX KpuBH3H. HECKOIBKO HMXKE MBI YKa)KEM CIIOU, B
B KOTOPBIX JOMHHHUPYIOT IIEPBBIM WIX BTOPOU YIEH YCIOBUN ONTUMAIbHOCTH.

AHanu3upys (6.72), MOXKHO CKa3aTh, YTO BHEUIHHE U BHYTPEHHHE CJIOM UTPAIOT Pa3HbIEC POJIU
B 9TUX COOTHOIICHHUAX. B 4acTHOCTH, U3 IIepBOro wieHa B (6.72) ciaenyer, 4To BHYTPEHHUE CIOU
HanOoJiee YyBCTBUTENbHBI K TJIaBHbIM 2D-nedopmanusM M MX TJIAaBHBIM HampaBiIeHUsM. A
BHEIIHHE CIIOM, BCJIGACTBHE BTOPOTO WICHA C MHOKHTENEM z° , HAHOOJIee UyBCTBHTEIBHBI K
[JIaBHBIM KPUBU3HAM IUIACTUHBI U UX HAIMIPABIICHUSM.

Cymmupys (6.71) niis Beex i u yautbiBas (5.34), (5.37), (6.64)-(6.66), monyyaeM cieayromiee

00beTMHEHHOE YCTIOBUE:!

l Allgr.str. 812 4 2pg.str. 822 _ ( A1;76r.str. 4 2p6r.str. )51 6‘2J 4
(6.73)
+ [Dl,;r.cunklz _ D2p6r.cur.k22 . (Dlp6r.cun _ prrer )/"1kz ] ~0

WIH, TIOCJIE WCIIOJIb30BAHUS OIPEICIICHUS] MaTpPUIl KECTKOCTH A U D, COOTHOIIEHHE C SICHBIM
(bU3HYECKUM CMBICIOM
NI (g —&,)+ MU (ky —k,) =0 (6.74)

CootHorienue (6.74) sBaseTcst TMHEHHONW KOMOMHAIIMEH YCIOBUM onTUMaibHOCTH (6.71) mnun
(6.72) u, cnenoBaTeNbHO, SBJISETCS YCIOBUEM ONTHUMAJIbHOCTH, OOBEAMHSAIOUIUM YCIOBUS IS
Kaxgoro cios. [lepBeiii uneH B (6.74), eciu ero pacCMOTPETh OTAEITBHO KaK paBHBIN HYIIIO,
O3HA4aeT, 4Tto TeH3op 2D-nedopmanuil cCOOCEH ¢ TEH30pOM MOTOKOB HANpspKEHUM (Wid, Asis
g #&,, MOTOK CIBUTOBBIX HAaNpsDKEHUN paBeH Hyi0). Bropoit unen B (6.74), eciu ero
paccMOTpeTh OTHIENBHO KaK PaBHBIA HYJIO, 03HAYAET, YTO TEH30p KPUBU3H COOCEH C TEH30POM
MOMeHTOB (wiu, jist k, # k, , KpyTAIIMA MOMEHH B IJIABHBIX OCSX KPHBU3HBI PABEH HYIIIO).

Crnemyer OTMETUTH, YTO STOT Pe3yJbTaT, B CIy4ae OPTOTPOITHOW IUIACTUHBI C TEPEMEHHON
OpHUEHTAaIMe OPTOTPOIMH OT TOUKH K TOUKe, cieayeT u3 (6.74) mpu K=1.

OueBUIHO, UTO B ClIyyae CIOEB C MPSIMOJIMHEHHBIMU BOJIOKHAMH YCIOBHSIMH ONTHMAaIbHOCTH

JUISl OpUeHTanuu cioés oyayr, i=1,...,K:

sin2(6, — @) A:JUZ (812 —822)+ (51 —6‘2)2 cos2(0, — o) |+
[ar 3 ~0 (6.75)
Y asin200 —y) Ag]z (k2 = k2 )+ (k, —k,  cos2(6, —y) %(zf—l—zizl._l +z,%)
3

AHamoroM o0beIUHSIONIETO ycioBus (6.74) Oyaet

-84 -



[ar|nzrr (s - e,y + Mz (k- ky)]=0 (6.76)
T

PaccMoTpuM Taxke MoJydyeHUE YCIOBUM ONTHUMAIbHOCTH YKJIAJKU CIOEB MEPEMEHHOTO I10
IUTACTHHE YIJIa OPUEHTAI[MN Ha OCHOBE MIPUHIIUIIA JOTIOJIHUTEIBHON SHEPTUU.

OyukuuoHan (6.64) oOmieil MOMOJHUTETBPHON SHEPrUM  KOMIIO3UTHOM IJIACTHUHBI IOCIE
neGopMaMu  MOXXKHO TaKXKe paccMaTpuBaTh Kak Mepy MO/IATJAMBOCTH  IJIACTHUHBI.
Chopmynupyem Clenyronlyo ONTUMHU3ALMOHHYIO 3a7ady: BbIOpaTh YIiibl OPHUEHTALIUU CIIOEB
CUMMETPUYHON YKIIAJKU JUI1 MUHUMHU3ALUY TOJIATIIMBOCTH ITUIACTHUHBI.

[110THOCTD [OMOJHUTENBHOM 3HEpPrUM ompenenserca BblpakeHueM (6.73). Mmes B Buapy
M3BECTHOE PaBEHCTBO JU(PPEpeHIINPOBAHUS OOPAMEHHON KBAAPATHOW CUMMETPUIHONW MaTPHIIBI
(ckaxxeM, G) kak ¢pynkuu aprymenta g (Kopu u Kopn, 2003):

d _ G aG

=G
dg dg

Gfl

IMPpOBOANM H606XOI[I/IMBIG Hp606pa3OBaHI/I${ (aHaJ'IOl"I/I‘lHO noagxony, HpI/IMeHéHHOMy B JaHHOM
mnmoapasaciic BBII_He) AJI1 BBIITOJIHCHUA COOTBCTCTBYIOIIUX BapI/IaI_II/Iﬁ CuJjI, MOMCHTOB U YIJIOB
OopucHTalInn cioés. Ilocne 3TOro MeI nojiyda€M TaKHE KCE YCJIIOBUA OIITHMAJILHOCTH YIJIOB
Oopu€HTaOluu CJIO€B, KaK M B JaHHOM pas3acji€ BbIIIC Ha OCHOBC pPAaCCMOTPCHHUA 3aJadn

MaKCHUMH3AIUM KECTKOCTH INIACTUHEI.

6.5. [lapamempusl 1AMUHUPOBAHUS 0151 ONMUMAIbHOU YK/AA0KU

DTOT ToApa3ieNl HCIONb3yeT pe3ynabTaThl paboTsl (Selyugin 2019b). Dopmynsr st
napaMeTpoB JiaMuHUpoBaHus (5.16) ykazaHbl B npensiayiieil rinase. [IpuBeném ux 3nech emeé

pa3 it HarIaAHOCTHU:

W cos 26

w, _gh/z cos 40 B

W, | hs|sin20

w, sin 46
W, cos 20
Wy | 24"¢ | cos4d
W/, n d “sin20 [~
W, sin40

B nmanHom mojpasniene BBeeM CIaeAyIoIIHe MPOMEXyTOYHbIC BEIIMUNHBI:
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_ U, (k) (6.77)

1
s, :E(lﬂ _k2)2
V= (zl3 —zf_l),i =1,...,n

[Tepenumem ycnoBust ontumanbHocTH (6.61) B BUOE, i=1,...,.K:

U
sin2(6. — )| —=
(6, co)LU

3

(312 - 822 )+ (51 —& )2 cos 2(6, — (P)}(Zi —Ziy )+
(6.78)

+sin2(9l.—l//)[:]U2 (k2 =k )+ (k, -k, ) cos 2(6, - V/)} (2 -z,%)=0

3
[TpeoOpasys (6.78) Mo M3BECTHBIM TPUTOHOMETPHUECKUM (POpPMyNIaM U CYMMHPYS yCIOBHS
ONITUMAIBHOCTH I i=1,...,K, odydaeM cienyromiee JMHEHHOe COOTHOIICHHE ISl TapaMeTPOB

JIJAMUHHUPOBAHUS B OIITUMYMCE 110 yI'JIaM YKIIaJAKU:

a, (%K)cos(2(p); sin(26,) - ¢, (%K)sin(Z(/)); cos(20,) +a, (%K)COS(4(0); sin(40,) -

—az(}/ )sm(4(o);cos(46? )+ =3, cos 21// IZ[:; sm 249 —%ﬂl sin(21,//)§:(7i cos(29i ))+

i=1

K K
+— ﬂ2 cos 41,// Z -sin 49 ——,Bz sin 41// Z ¥, €OS 449 =0
i=1 i=1

(6.79)

OTO COOTHONICHHE SIBISETCS (PAKTUUECKH CKAJIIPHBIM IPOU3BEACHHEM BeKTOp-cTosbna W,

COCTAaBJICHHOI'O U3 BOCbMH ITapaMETPOB JINMUHUPOBAHUS U BCKTOp—CTOJ'I6I_[a
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(% )a] cos(2¢)
(1 o, sin(29)
(%iaz cos(4p)
(14 ) sincap)
%(}%)3 B COS(2l//) (6.80)
- % (}/2)S B Sin@'/’)
23] pucostaw)
- %(]%)5 B, Sin(4‘//)

Paccmatpusast (6.79), MOKHO cKa3aTh, 4YTO MapaMeTpbl IAMUHUPOBAHUS (TI0CIE ONTUMHU3ALUU

QU
Il

TOJBKO 10 HHM) JAlOT HEKOTOPYIO MPENBAPUTEIbHYI0 WH(GOPMAIMIO OTHOCHUTEIHFHO BCEU
Hawtydmed ykmaaku. Ilocime 3Toro Hy)KHa ONTHMHU3AIMS YIJIOB OPHEHTALUH CIOEB. BemmuuHbl
rinaBHbIX 2D-pedopmanuii U rIaBHBIX KPHBH3H, TaKKe KaK W MOBEACHHE JMHUHN TIaBHBIX 2D-
negopMannii M TIABHBIX KPUBU3H WIPAIOT BAXKHYIO POJb B TOCIEAYIONMIEH ONTUMHU3AIUH.
['uneprockocts (6.79) nansg mapaMeTrpoB JaMUHUPOBAaHUS MOXET OBbITh IOJE€3HA s
HAyYaJbHOTO 11ara B ONTUMU3ALUH YTJIIOB OPUEHTAIIUH CIOEB.

Bekrop-cronbern (6.80) 3aBUCHT TONBKO OT HIECTH BEIWYUH &,&,,@.k,,k,,y. C npyroi

CTOPOHBI, BEKTOP-CTOJIOCI] ITapaMeTPOB JIAMUHUPOBAHUS W e yaétoM (6.79) 3aBUCUT OT ceMU
[IapaMeTpoOB, HO UMEET BOCEMb KOMIIOHEHT. JTO 03HAYAET, YTO TOJIbKO CEMb KOMIIOHEHT BEKTOP-
CTOJNIOIIa MapaMeTpoB JIAMUHUPOBAHUS B CIy4yae MOTOYEYHBIX Bapualllil YIJIOB OpPUEHTALUU
CIOEB, SBIAIOTCA JIMHEWHO HE3aBUCUMBIMM JUIsl caMOM KECTKOW (C  TOYKM 3peHHs
3aKpUTHUYECKOTO Je(OPMUPOBAHUS) YKIIAAKH CIOEB.

C apyroii CTOpOHBI, CEMb JINHEHHO-HE3aBUCUMBIX 1apaMeTPOB JAMUHUPOBAHUS SBIIIOTCS

HEJMHENHBIMU (QYHKIUSIMU LIECTH APAMETPOB &, &,, @,k , Kk, .

6.6. Oco6ble (opmomponHbie) pewleHUs yc/108Ulli oOnMuUMa/asHOCMU

O6cyanm ocoOble pelieHHs MOJyYeHHBIX BbIIIE YCIOBUN (6.72) ONTUMANBbHOCTH YIJIOB
OpPHUEHTAIUH B CIIOSX YKJIAJKH MPH 3aKpuTHIecKoM aedopmupoBanun (Selyugin 2021b).
CoortHomenust (6.72) cnpaBeauBbl, B YAaCTHOCTH, Korja o0a CHHyca PaBHBI HYJIO. OTO

03HAYaeT, uTo
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@ =y WM (p=l//+% u 6, =¢ wm 6, =y (11s mo60ro i) (6.81)

SIBJISIFOTCSL pemeHussMH (6.72). OTH penieHus: COOTBETCTBYIOT JIOKAIBHO OPTOTPOITHOM YKJIaJKe
cinoéB. JleiicTBUTENBHO, KOT/Ia cooTHOIIeHHe (6.81) crpaBemiinBo, TO TJIaBHBIC HaIlpaBICHUS
nedopMaluii B CpeIMHHON TIOCKOCTH ¥ TJIABHBIC HAMPABJICHUS KPUBU3H KacalOTCS JIPYT APyTa.

O1H OpPTOIrOHAJIbHBIC HAITPABJICHUA U ABJIAIOTCS HAIIPABJICHUAMU JIOKaJIbHOM OpPTOTPOIINH.

6.7. [Ipumepul

6.7.1. [IpeaBapuTe/IbHBIE 3aMeYaHUA

Huwxe ™Mbl ucnonpzyem MeToJ KoHeuHbIX aneMeHToB (MKD) ¢ wuzomapamerpuyeckumu
IPSIMOYTOJIBHBIMU YETBHIPEXY3JI0BBIMU 3JIEMEHTAMHU JJIs aHAIW3a U IMOTEpU YCTOWUMBOCTH, U
3aKpUTHUYECKOI'0 TMOBEACHUs MIAcTUH. [IpoGiiemMa yCTOHYMBOCTH pELIAeTCs Ha OCHOBE METOAA
Jlannoma. YucneHHble IIArW IOMCKAa HEJIMHEHHOrO pelleHHs BbIIe Harpy3Kd MOTepU
YCTOMYMBOCTU COCTOAT UX IIOCTEIIEHHOTO YBEJIMYEHUS HArpy3KH, UTEpaluil ¢ TeCTaMHU Ha
CXOJUMOCTb JUIsl OLIEHKH HPHUEMJIEMOCTH OMIMOOK OLEHKHM PaBHOBECHS, U COOTBETCTBYIOIIUX
Nepecy€ToB MaTpULbl KECTKOCTU. VITepallMOHHBIM TIPOLECC OCHOBBIBACTCS Ha KBa3HU-
HeroToHOBCKOM MeTone M JIMHEHHOM mnoucke. [lepecuér maTpuibl KECTKOCTU MPOU3BOIUTCS
BpeMsl OT BpPEMEHU JUIsl YIy4YILIEHUS YUCIEHHON 3()()EKTUBHOCTHU, 3TOT NEPECYET MOKET OBITH
npomnyieH (Wi OTJIOXKEeH) M0 YyKa3aHuio pacu€ruuka. [IpeacraBieHHblE pe3yJabTaThl
conepxarcs B (Selyugin 2019f).

PaccmaTpuBaercs npsAMOyrojipHas KOMIIO3UTHAs IUIACTHUHA, TOKa3aHHas Ha Puc. 6.1. Tam xe
MOKa3aHO HampaBiieHUue moJjoxuTenbHoro casura. bykBamu C u E o0o3HaueHbl HIKHUE
yriaoBble Toukd. Hadano koopAMHAT cucTeMbl KOOPAMHAT X-y pacnojoxeHo B Touke C. Bo Bcex
YHUCJIEHHBIX NIPUMEpPaxX TOW [ J1aBbl HUKE MCIIONB3YIOTCA KPaeBble YCIOBHSI IIPOCTOrO ONMMPAHUS
(oHM sABISIIOTCS HanOoJiee KOHCEPBATUBHBIMU). DTH YCIIOBHS 03HAYAIOT OTCYTCTBHE MpPOruda u3

MIIOCKOCTH XY Ha KOHTYpE.
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917

Puc. 6.1. [IpsmoyronbHas miacTuHa.

Puc. 6.2. mnmoctpupyeT 0COOEHHOCTH KpaeBbIX YCIOBHM, ucnonb3dyemMbix B MKD ananuze. B
XO0Jle TMOCIEAYIOIIEro aHaiu3za Oyaer noiaydeHo, uto peakuuu omop C u E sBmsrores

IPEHEOPEKUMO MAJIBIMU.

Puc. 6.2. Kpaesie ycnoBus B Toukax C u E.

HavansHoe Bo3MyIlleHUE AJI aHaIM3a 3aKPUTHUYECKOTO MOBEIEHUS TUIACTUHBI BBIOMpAETCs
paBubiM 1.E-05, yMHOXeHHOMY Ha TmMOINEpeYHbIe TMEepeMenIeHUsT TepBoi (HOPMBI TOTEpU
ycroitunBoctu. [logo0HbIN MoaXx0/ yenemHo npuMensiics B padore (Groh and Weaver 2015). B
pabore (Raju and Wu 2015) »stor w™MHOXHTens Obu1 1%. 3mech MBI BBIOJHUM
HETMOCPEICTBEHHYIO MPOBEPKY MO BIUSHUIO MAKCUMaJIbHOM BEIWMYMHBI HAYaJIbHOIO
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HECOBEpPIIIEHCTBA HA pe3yNbTaThl pacu€ToB. [Ipu pacyere 3aKkpUTHUECKOTO MOBEACHUS MJIACTHHbI
TaKo€ BJIMSIHUE OTCYTCTBYET B citydae 3ameHbl 1.E-05 na 1.E-03. Tem He meHee, Be3/ie HUXKE MBI
Oynem ucnonb3oBath 1.E-05.

[Tpu 3akpuTHUecKOM 1ehOpMHUPOBAHUH MPEANIONATraeTCsl, YTO MEPEKIIOUEHNE C OJHON (HOPMBI
MOTEPU YCTOMUMBOCTH HA JIPYTYI0 OTCYTCTBYeT. Takke Mpelroiaraercs, YTo 3aKpUTUYECKUE
negopManuu pa3BUBAIOTCS B Mpelesiax yYMEPEHHbIX BenuduH. [locieaHee mpenarnooxeHue
HE00XO0IUMO TSI PaBUIIBHOCTH MCIIONB30BaHus moaxoaa ¢on Kapmana.

B koHIle gaHHOTO mMojpaszzena, Mbl PACCMOTPUM BO3MOXHOCTh HCIOJIB30BaHUS IMOAX0JA C
KPaeBbIMU YCIOBUSIMU «IIPSAMOM JMHHUM». DTH YCIOBUS MOJEIHPYIOTCS C MOMOUIBI0 OaloK,
paIoJIOKEHHBIX MO KOHTYPY IUIACTUHBI TOJIMMHON 2 MM. OKa3ajaoch, YTO TaKO€ YCHJICHHE
MOBBIIIAET YPOBEHb HATPY3KHU MOTEPH YCTOMYMBOCTU. UTO KacaeTcsi 3aKpUTHUECKOTO TTOBEIACHUS
IUTACTHHBI, TO BIMSHUE BHYTPEHHUX (OIMKHUX K CPETUHHOM MIIOCKOCTH) CIOEB COXPAHSIETCS.

[Tocne HECKOIBKUX MPOOHBIX IMOMBITOK, ObUT BBIOPAaH ypPOBEHb HArpy30K 3a MpeaenamMu
MOTEPU yYCTOMYMBOCTH TAKOW, YTO MaKCHUMallbHas JedopMarivs CxaTwsl He TpeBbImana 5 %o
(mpommine), momoOoHO (Groh and Weaver 2015). Takoil KpuTepuili sBISETCS YacTo
UCIIOJIB3YEMBIM B a9POKOCMUYECKUX MPUIOKEHHUsIX. OYeBUAHO, YTO 3TOT KPUTEPHUH SIBISETCS
JUIIb MPUOTMKEHUEM K YCIOBHIM peaibHoro paspyiieHus. [loqo0HbIe yCIOBUS TakKe TOMKHBI
BKJIIOYATh PACCMOTPEHUE COCAMHEHUN MEXKy IJIACTMHOW M KPaeBbIM 3JIEMEHTOM. Huke Mbl
MOKa)KEM YMEHBIIIEHNE MAaKCUMAJIBHOTO 3aKPUTUYECKOTO MPOruda 1mo CpaBHEHUIO C TUIACTUHOU
yKJIaaKu +/-45° 1 paBHOycTOHUMBBIMU pemeHus MU (Selyugin 2013).

[IpssMOoli TOMCK HawsIydllled YKIAIKA OCYIIECTBISUICS C IIaroM 1° ams KaXkaoro cios ¢
AQHAJIM30M MOBE/ICHUS KOHCTPYKIIUHU B KaXI0M Y3JIE.

['oBopss 0 mpumepax, MPEACTaBICHHBIX HIKE, HYKHO OTMETHUTb, YTO MAaKCHUMaJbHbIE

nedopMaIuu CKaTus He MpeBbImani 5 %o.

6.7.2. Ynuc/IeHHbIY NOAXO0 K aHA/IM3Y NOTEPU YCTOMYMBOCTH U
3aKpUTHYECKOro nNoBeeHus

Jlns Bepudukanuy HaIIero Moaxo/1a CHavasa MmpecTaBuM HEKOTOPhIe JTaHHBIC TI0 CPAaBHEHHIO
HalllnuX pE3YIbTAaTOB C YK€ U3BCCTHBIMU.

Pab6ora (Zhang and Matthews, 1984) mocesmena aHaiu3y 3aKpUTHUYECKOTO TOBEICHHS
KOMITO3UTHBIX TUTacTH mpu ciasure. OnWH M3 MPUMEPOB, PacCCMOTPEHHBIN B 3TOil padore,

Kacaetcsi O0pO3MOKCUIHON TuIacTHHBI pasmepoM 0.25%0.25 M ¢ cummerpuyHON ykiankoit [45°,
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135°]s. TommuHa miacTUHBI 2.5 MM, OHAa HarpyeHa IMOJOXXKUTEIbHBIM CIBUTOM H HMEET

IpOCTOE ONHMpaHWE IO KOHTYpy. Xapakrepuctuku cnos: FE,;=206.9 GPa, E,,=20.7 GPa,

kodpduient Ilyaccona v,,=0.3, moayms caura G,,=5.2 GPa. IlpunoxeHHas cIaBHTroBas
Harpyska pasHa 40000 H/m. B aToit paboTe pe3ynbTaThl MpeacTaBieHbl B 0e3pa3sMepHoi Gopme,

) N b .
MCIIONb3Ysl Oe3pasMepHblii KOO(Q(UUMCHT HArpy3KH ¢ =—— U Oe3pasMepHblil mporud B

22
JIOJISIX TOJIIUHBI TUTACTUHBI /1.

Hamu 6b110 mpoBeeHo MCCleOBaHUE CXOIUMOCTU MPHU pacyeTe MOTEePH YCTOMUMBOCTHISA
sToi TutactuHbl. [lomyuenHoe cobcTBeHHOE YHCiO paBHsIIOCH 2.553 nipu cetke 40x40 u 2.549
npu cerke 80x80. CrnemoBarenbHo, cetka 40x40 m0CTaTOYHO XOpolna s ONpeaeieHUs
COOCTBEHHOW BETMYMHBI CO 3HaYeHHEM 2.55.

CpaBHeHuEe C pe3ylnbTaTaMd YKa3aHHOW BbIIIE pPa0OThl MO 3aKPUTUYECKOMY aHAIHU3y
MIOKAa3bIBAET BBICOKOE KaueCTBO I10/1X0/1a, IpUMEHsieMoro Hamu, cM. Puc. 6.3. Ha atom Pucynke
CABUTOBOM MOTOK HampspkeHUH oTHecéH K 2.55%40000 H/m. Ilorepss yCTOWYMBOCTH, COTIIACHO
9TOl pabote, mnpomcxomwia mpu 2.65%40000 H/m. Ham MKD mnoagxom npuBOAMT K
CcOOCTBEHHOMY 3HAa4YEHHIO, KOTopoe Huke Ha 4%. CpaBHEHUE Pe3yabTaTOB, MMOJYYEHHBIX HaMU
npu 1ByX BapuaHTtax cetok (40*40 and 80*80), 1aét TOT ke ypoBE€Hb MaKCUMAJIBHOI'O ITPOruda B

LEeHTpe I1acTuHbl 8.3 MM npu Harpyske 1.75%2.55%40000 H/m = 178500 H/m.
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Puc. 6.3. MakcumanibHbIi IPOrud B EHTPE MIIACTUHBI.

Puc. 6.3 moxaspiBaeT, uTO MpPOTrHO B ILIEHTPE MO HAIIUM pacy€TaM HECKOJIbKO BBIIIE, B
cpaBHeHMH c pe3ynbTaramu (Zhang and Matthews, 1984). Ilo Hamemy MHEHMIO, 3TOT (hakT
SBJISIETCS CJIEJICTBUEM Oosiee HM3KOM TOYHOCTH Yy 3THUX KOJIJIET, KOTOpPbIE HCIOJNb30BaIH 25
YICHOB HEKOTOPOTO Pa3IokeHHs. BenencTBre 3Toro, UX rracTuHa ObLIa «oKECTYE», 4eM y Hac.

[lpuBeneHHOE paccMOTpeHHE, IO HalleMy MHEHHWIO, BepU(UIMpPYET MPHUMEHSEMBIH HaMu
HOAXO/,.

Jlanee MbI pacCMOTPHUM MPSIMOYTOJIbHBIE KOMIO3UTHBIE TUIACTHHBI C yJUIMHEHHEeM a/b=2., 3., 1

5. Ilupuna mmactur b Be3ne Obia 0.2 M (200 mwm). [ImacTHHBI M3rOTOBIICHBI W3 MaTepHala
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T300/5208 ¢ tommuuoi cmos 0.125 mm. [lociae HEOOXOMUMHUTO aHAIM3a CXOAMMOCTH pa3Mep

MKD siyeiiku 611 BEIOpaH 5 MM* 5 MM.

6.7.3. JJIMHHaA JIAaCTHUHA, HarpyxeHHad CABUI'OM B OJHOM HaIllpaBJ/JICHUHU

PaccmarpuBaetcs auHHAS MPSAMOYTOJIbHAS TUIACTHHA C YIUIMHEHUEM a/b=5 W TOJIUHOU 5
MM.

Ucnonp3yercs cuMMmeTpuyHas ykiajaka u3 16 npsMoanHeiHbiX cio€B. [Inactuna HarpyxeHa
casuroM 50000 H/M (Ha3pIBaeMbIM HIDKE YPOBHEM MACHITA0OMPOBAHUS HATPY3KH), YMHOKEHHBIM
Ha HEKOTOPBII KOA(PPHUIHEHT.

B cootBerctBumM ¢ pabortoit (Selyugin 2013), maumyumneil opueHTanueil Ui MOBBIMICHUS
YPOBHSI Harpy3Ku MOTEPH YCTOWYMBOCTU IMPH MOJIOKUTEIHLHOM cABUTe siBisieTcs: 120° ams Bcex
CI0€B (ITOT pe3ysibTar, OE3yCIIOBHO, HOCUT akaJeMuueckuii xapakrep). COOCTBEHHOE 3HAUCHUE
MOTEPU YCTOMUYUBOCTH TPHU ITOM paBHO 2.83 (a/b=5). Hmwke B 3TOM mojapaseiie Mbl POBEIAEM
CpPaBHEHHME HECKOJBbKHX BO3MOKHBIX VYKJIAIOK, paccMaTpuBas HAarpy>K€HUE BBIIIE YPOBHS
HArpy3Kd TMOTEpU YCTOMYUBOCTH 10 1.2 (B aHMIOSA3BIYHON JHUTEpaType 3TOT Kod(hdUIUEHT
Ha3biBaloT Post-Buckling Ratio nunu PBR). Me1 Oynem HasbiBath 3T0T KOo3dduument K3H kak
abopesuarypy Kosddunuenra 3akputuueckoir Harpysku. K3H=1.2 o3nauaer, uro oOmui
caBuroBoit morok = 1.2*2.83*50000 H/m. Bwibop 1.2 kak Benuumabsl K3H crnenyer wu3
HEOOXOJUMOCTH OCTaBaThCid B OOJIACTH yMEPEHHBIX MPOTUOOB (3Ta YMEPEHHOCTh BXOIUT B
npubmkenue pon Kapmana).

PaccmotpuM crenyromuii mpuMep sl TWIACTHHBI ¢ ykiaakou [[120°]s]s. JBa Ommxaimmx K
CPEIUHHOM TUIOCKOCTH CJOSl COBMECTHO MEHSIOT yroll OpHeHTaluu ((PaKkTHUYEeCKH, 3TO YeThIpe
CIOSl BCIIEJICTBUE CHMMETPUM YKIaJKku). B wuTore mosBisSeTcs IUIACTUHA C  YKJIATKON
[[120°]6,[0]:]s, Tme yrom O momxkeH OBITH ONpeAenéH MyTEM YUCICHHOM MuUHMMH3aiuu 2D
nedopmaruu CKaTusl W, €CIM BO3MOXKHO, MaKCUMaJIbHOTO Tporuba. KommduecTBo BHYTpEHHHX
CIOEB YeThipe ObUIO BHIOpAHO MPOM3BOJBHO, B HAEKAE CIAOBIX M3MEHEHUI HArpy3Ku MOTEpU
YCTOMUYMBOCTHU MPHU ITOM.

Puc. 6.4. wmmoctpupyer dopmy moBepxXxHOCTH IwiacTUHbBI [[120°]s]s mpu 3aKkpuUTHYECKOM
nehopMupoOBaHUHU. bBbUTM TIONMYYEeHBI CIAEAYIOMME BEIWYMHBL: 12.2 MM KaKk MaKCHUMAaJIbHBIN

nporu6 u 7.0E-03 xax makcumanbHas 2D gedopmarus cxaTus.
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Puc. 6.4. a/b=5, lay-up [[120°]s]s, popma moBepxnoctu npu K3H=1.2.

[Inactuna ¢ ykmagkou [[120°]6,[-4°]:]s  ABWiIach pe3ynabTaTOM YHUCIEHHOTO IIOMCKa
HaWIydllleld YKJIaAKd. OTOT pe3yJabTaT COOTBETCTBYET YKJIAJAKE C MHUHUMAJIbHBIM YPOBHEM
MakcumanbHOM 2D nedopmarusa cxatus. [locneansss ruracThHa WMeEET MaKCHUMallbHYyRO 2D
nedopmaruio cxarus 4.9E-03 (70% mo cpaBuenuto ¢ mnactuHoi [[120°]s]s), MakcMManbHBIHA
nporud 6.9 mm (57% 1o cpaBHeHuto ¢ muactTuHou [[120°]s]s) U coOCTBEHHOE 3HaUEHUE MOTEPU
ycroitunBoctu 2.80. Kak 1 0kumanocs, 3To cooCcTBeHHOE 3HaueHue cierka (~1%) ymeHsiaercs.
Takxke HWHTEpPEeCHO, 4YTO Yrojl MEXIy OcCbl0 X U HallpaBJI€HHEM TIJIaBHOW JedopManuu
(pacTspKeHHE) B CPEMHHOM TUIOCKOCTH HAaXOIUTCS B y3KOM JAMana3oHe Mexay 60° u 52°,
KOHIIEHTPUPYSACH Omke K 52°.

Vxmanka mmactuasl [[120°],[4°]:]s Obuta moslydeHa myTeM YHCJICHHOTO MOMCKa MUHUMYyMa
MaKCUMaJIBbHOTO Mporubda. DJTa IUIacTUHA MMEET MaKCUMalbHBIH mporud 6.6 mm (54% ot
nporuba ans miacTHHbI ¢ ykiuaakod [[120°]s]s), MakcuMalbHYI0 CKUMAIOIIYIO JepOopMalunio
5.2E-03 (74% ot TakoBo# /i TIacTUHBI ¢ ykiIaakou [[120°]s]s) u HaumeHbIee cOOCTBEHHOE
3Ha4YEHHE NoTepH ycrounBocTH 2.80.

OueBUIHO, YTO pa3HMIIA B MIPUBEJEHHBIX BHINIEC Pe3yibTaTaxX JUisl JBYX YKJIAJOK JOBOJIBHO
Mana. [lonmydeHHsle pe3ynbTaThl 03HAYAIOT, YTO MPHU MPAKTUYECKOM MPOECKTUPOBAHUH MOKHO
ucnonszoBath pemierne [[120°]6,[0°]:]s, maromee modyTH HAUMEHBIIMA TPOrud 6.7 MM U

MakcuMabHYI0 aedopmanuro cxarus 5.0E-03.
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Puc. 6.5 nmoka3siBaeT nedopmMupoBaHHYIO MOBEPXHOCTH TuIacTHHBI [[120°]s,[-4°]:]s. Ananu3
pe3ysbTaTOB pacuéToB MPHUBOAMT K BHIBOAY, 4TO €€ AeopMUpOBaHHAs MOBEPXHOCTH OJM3Ka K

TaKoBOM 115 yKimaaku [[120°]s]s.
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Puc. 6.5. a/b=5, lay-up [[120°]s,[-4°]:]s. HedopmupoBaHHasi TOBEPXHOCTb.

B Tabn. 6.1 npuBenens! pe3yabTaTsl A rmiaactud [[120°]s]s and [[120°]s,[0°]2]s. B aToit Tabmn.
MPUBE/ICHBI JaHHbBIE 110 PACIOJIOKEHUIO TOYEK MaKCUMAaJIbHOTO MPOruda, pacroaoKEHUI0 TOYEK
MaKCHMaJbHOU AeQopMaliy CKaTHsl, HallpaBJICHUsAM TJaBHbIX Aedopmanuii. Kak Mbl BUaNM,
W3MEHEHUSI B MECTOIOJOKEHUSIX HEBEJIWKH, HO TMPUBEICHHBIC BEIWYUHBI H3MEHSIOTCS
CyILIECTBEHHO. Takke BUJHO, YTO TOUYKHU PACIIOJIOKEHUSI HMEIOT HEKOTOPYIO CUMMETPHIO.

AHanu3upys pe3ynbTarhl, IpuBeneHHble B Tabu. 6.1, BUAHO, YTO BEIMUYMHBI MAKCUMAJIBHOTO
nporuda U MakCUMalbHOM nedopmanuu ckaTHs yMEHbIIAIOTCs cymecTBeHHO (55% u 71% ot
COOTBETCTBYIOIIUX 3HadeHW s yknaaku [[120°]s]s), mpuuém 3HaUYeHHe yria OpHUEHTAlUU
BbIme, yem Uit [[120°]s]s. PacmonoxeHue ke MUKOBBIX 3HaueHUil B 3Tod Talbi. m3MeHsercs
HE3HAYUTENbHO. YTOJI OpHEHTalMHU s ciydas MaKCUMalbHOM JedopManuu  CxKaTHs

HU3MEHACTCA 10 HGKOTOpOﬁ CTCIICHH.
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VYknanka Makcumanbibl | Makcumanbehas | Koopaunarel | Haumenwsmas | Huknasst (L)
nmporud, MM nedopmarus (x, v), MM rJIaBHas WU BEPXHSIS
coKaTus nedopmarnus, U)
YroJI C OCbIO | IOBEPXHOCTh
X,° IUIACTUHBI
[[120°]s]s 12.2 (625., 100.)
[[120°]s]s -12.2 (375.,100.)
[[120°]s]s 7.0E-03 (487.5, 32.5) -47.7 U
[[120°]s]s 7.0E-03 (512.5, -47.7 L
167.5)
[[120°]6,[0°]2]s 6,7 (630., 100.)
[[120°]6,[0°]2]s -6,7 (370., 100.)
[[120°]6,[0°]2]s 5.0E-03 (517.5, -40.4 U
172.5)
[[120°]6,[0°]2]s 5.0E-03 (482.5, 27.5) -40.4 L

Tabn. 6.1. Pe3ynbrarsl pacuéToB, MOJIOKUTENBbHOE HarpyXeHue, a/b =5, h =2 mm

Puc. 6.6 u 6.7 moka3pIBatOT MOJOXKEHHE TOUEK MakuMyMa u3 Tabm. 6.1.

0.7

Puc. 6.6. [Tonoxenne Touek Makcumyma mporu6os (Bepx [[120°]s]s, Hu3 [[120°]s,[0°]2]s).
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NJ.0E-03 (upper
Y surface)

NT0E-03 ( lower
X surface)

N3.0E-03 (UPPer
surface)

N\35.0E-03 (lower
S surface)

Puc. 6.7. [lonoxxenue Touek MakcuMyma ehopmanuu cxatus u ee opueHranus (Bepx [[120°]s]s,

am3 [[120°]6,[0°]:]5).

O0600111ast TPUBEACHHBIE BBIIIE PE3yIbTaThl, MOXKHO CKa3aTh, YTO OPUEHTALMS CIOEB BOIHU3U
CPEIMHHON MOBEPXHOCTH IUIACTUHBI CYIIECTBEHHO BIIMAET HA €€ 3aKPUTHUYECKOE IOBENIEHUE, a
cOoOCTBEHHOE 3HaUEHUE MOTEPHU YCTONUMBOCTHU IIPU ITOM MEHSETCS] HE3HAUUTEIBHO.

O6cyanm Takxke BO3MOXKHOCTh MCIIOJIB30BAHUS TaK HA3bIBAEMBIX KPAEBbIX YCIOBUN «IPSAMOM
auHUM». Paccmotpum miiactuny ¢ yknaakou [[120°]6,[0°]z]s, 10 KOHTypy KOTOPOU MPUKPETIIEHBI
IIOMUHUEBBIE OAJKHU C KBaJIpaTHBIM ceueHreM 5 MM * 5 MM. CIBUroBoe COOCTBEHHOE 3HaUECHUE
macTuHel Oyner paBHo 3.03, a coOcTBeHHas (popma MOTEepU YCTOMYMBOCTH OyneT moaoOHa
dbopme 6e3 0aok Ha KOHTYpe, MoKa3zaHHOU Ha Puc. 6.4. banku umMeroT HeHyeBbIe MPOAOTBHYIO
U u3ruOHyo (B mIocKocTH XY) >k€cTkocTh. VIS TIIACTUHBI TMO-TIPEKHEMY HCIOJIB3YIOTCS
ycIoBuUsl mpocToro onupanus. Jns mmactunbl ¢ ykmankod [[120°]s]s ¢ Temu ke Oankamu Ha
KOHTYpe M KpaeBbIMU YCJOBHUSMHU COOCTBEHHOE 3HaueHue Oyner paBHO 3.06 (8% pasHHIBI C
UCXOMHbIM 3HadeHueM 2.83 s mimactuHbl [[120°]s]s 6e3 Oamox Ha koHTYype). Ucmomb3ys
CIBUTOBYIO HArPy3Ky BBIIIE€ HATPY3KH MOTEPH YCTOMUMBOCTH, 710 ypoBHs 1.2*3.06*50000 H/m =
183600 H/mM, MBI mONTy4aeM CIlEIyIOIUE XapaKTePUCTHKH 3aKPUTHUYECKOTO ITOBEACHUS
MTACTHHBI:

- st ykaaakud  [[120°]6,[0°]2]s:  makcumanwsHas npedopmanus cxatus  S5.4E-03 wu
MaKCHUMaJbHBIA POruod 7.4 Mm;
- mns ykuangku [[120°]s]s: makcumanbHas nedopmanus cxatus 7.7E-03 n MakcuManbHBIN

nporu6 13.6 mm.
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OTtMeTuM, 4TO ¢ pocToM ceueHus 6amok 10 10 mm* 10 MM coOCTBEHHBIE 3HAUYCHUS (JIJ151 TTACTHH
¢ ykiagkou [[120°]s]s u [[120°]6,[0°]:]s) Bo3pacTatoT 3HaUUTENbHO U cTaHOBsATCA 4.15 u 4.11,
COOTBETCTBEHHO. KpOMKHM KOHTypa MpU 3aKpUTHYECKOM AePOPMUPOBAHUU O] HATPY3KOU
1.1*%4.11*50000 H/m Bcé eme He SBISIIOTCA NPSIMOJMHEHMHBIMUA (3Ta BEIWYMHA HArpy3Ku
BbIOpaHa JUIsl TOTo, YTOOBl MakcuasibHas nedopMalus cxartus He ObUla CIMIIKOM OOJbIIe, YeM
5.E-03). Jlns turactunbl ¢ ykimankoid [[120°]s]s MakcUMalbHBIM MPOrud M MaKcUMalbHas
nedopmarust cxarust 6bun 8.7 MM u 6.3E-03, cooTBercTBeHHO. IS TIIACTHHBI C YKIaJKOU
[[120°]6,[0°]:]s MakcuMalIbHBIA MPOTHO M MakCcUMabHas nedopmarus cxatus Obutd 5.0 MM H
5.4E-03, coorBeTcTBEHHO. BBIBOABI, craeayromue U3 3TOr0 aHaliu3a IJIACTUH, YCWICHHBIX IO
KOHTYpY (VIS MOJIEIMPOBAHUS YCIIOBUM «IIPSAMOM JMHHUMY»), TaKOBBI: 1) MOCIEIHHE YCIOBHS
BEJYT K 3HAUUTEIBHO 00Jie€ BBICOKOMY COOCTBEHHOMY 3HAUEHUIO OTEPU YCTOMUMBOCTH, 2) IPU
3aKpPUTUYECKOM HArpy>KEHUU OPHEHTAaIUs CIIOEB BOIU3U CPEIMHHON MIIOCKOCTH, TEM HE MEHEE,
BIIUSIET HA MTOBEICHUE TIACTUHBI.

[lo wamemy MHEHHWIO, YCJIOBHUSI MPOCTOrO OINHUPAHUSA, HMCIOJIb3yeMble HAMH, MO3BOJISIIOT
UCCIIeIOBATh PabOTy TOJBKO TUTACTUHBI U UACHTU(DUIIMPOBATH OCOOCHHOCTH €€ MOBEACHUS PH
3aKpUTUYECKOM J1e(OPMUPOBAHUU.

Vhpyrue orpaHu4eHusl Ha BpallleHHEe KPOMOK M UX BIIMSHHE HA 3aKPUTUYECKOE MOBEICHUE

KOHCTPYKIIMU TAKXKC TOJIKHBI OBITH HUCCICI0BAaHbl aHAJIOT'MYHbIM 06pa30M.

6.7.4. [l1acTUHBI IPU Harpy>kKeHUHU CABUTOM B JIBYX NPOTHUBOIOJJI0XKHBIX
HanpasBJIeHUAX

B oatom monpasgene Mbl OpoBeAEM UHCICHHBIE HCCIENOBAHMS IUIACTUH Pa3IMYHBIX
YIUIMHEHUH M TONIMH (KaKk M paHee, C TOYHOCThIO MpsMOM ontumuzauuu 1°). Ilmactusl
Harpy>KeHbl CIBUTOBBIM Harpy>X€HHEM B JIBYX IIPOTHUBOIIOJIOKHBIX HanpaBieHusAX. [l pemennit
«PaBHOTO YPOBHSI MOTEPU YCTOMYMBOCTH» MBI HcCIONb3yeM pe3yabTarsl (Selyugin 2013). B
aHaJIM3€ 3TOrO IMOojpa3fielia YPOBEHb MOTEPU YCTOWYMBOCTHU TAK)KE YUMTHIBAETCS. A MMEHHO,
IOUCK HAMJYYIIUX YIJIOB OpHUEHTAllMU CJO€B, OMDKaIMX K CpPeAWHHOW IUIOCKOCTH,
OCYIIECTBIIIETCS HAuyMHAasg C PELIEHWH, TMOJY4YEHHbIX [UIsI «PAaBHOIO YpPOBHSA IOTEPHU
YCTOMUMBOCTW». B panbpHEdeM ONHCAHMM MbI TOBOPUM O pEIIEHUAX C BBICOKUM
COTPOTUBIIEHUEM K MTOTEPE YCTOMUMBOCTH U 3aKPUTUUYECKOMY J€(POPMUPOBAHHIO. ITO O3HAYAET,
4TO B XOJIE MOMCKAa MaKCHUMAJIbHOE 3HAYCHHE 3aKPUTUYECKUX JedopMalmid C)KaaTHs TOCTUTACT

HanMEHBIIIETO 3HaueHUs. BennunHa MakCHMaJIbHOTO HpOI‘I/IGa TAKIKC KOHTPOJIMPYCTCA.
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IInacTuna a/b=5, ToammHa 2 MM

PaccmaTpuBaloTcsi Tpu BapuaHTa IUIACTUHBI C 3aKpUTHYECKUM JedopmupoBaHuem: 1)
wiactuHa [[45°,135°]4]s (coOcTBeHHBIE 3HAYEHHS MOTepu ycrouuBocTH 1.29 m -1.66), 2)
wiactuHa [[74°,134°)4]s ¢ npuMepHO OAMHAKOBBIM YPOBHEM IIOTEPU YCTOMYMBOCTHU JUIsI 00OMX
HarnpaBieHuit (1.69 u -1.70), 3) BapuaHT ¢ OpUEHTALMAMH CJIOEB OT BTOPOTO BapwaHTa, MpHU
9TOM OPHEHTAlMU ABYX ONMXKAMIINX K CPEIUHHON IJIOCKOCTU CIOEB BBHIOMPAIOTCS U3 YCIOBUUN
MaKCHMU3AIMA COMPOTUBJICHUS 3akputudeckum aedopmarusam. Ilpennmonaraercs, 49To B
TPEThEM CiIydae COOCTBEHHbIE 3HAUECHUS TOTEPU YCTOWYUBOCTH MEHSIOTCS HE3HAYUTEIBHO.

Harpyxenue Bemonnsercs ¢ K3H (koaddunuentom 3akputuyeckoit Harpy3ku)=1.5 mo
OTHOIICHUIO K YPOBHIO MOTepU ycToiumBocTd 1.29; 3TO oO3HAYaeT, YTO MAaKCHMAaJbHBIH
cABUTOBOH MOTOK paBeH 1.5%1.29*50000 H/m = 1.935*50000 H/m =96750 H/m.

Tperuit BapuanT npuBoaUT K pemenuro [[74°,134°]5,[9°]:]s, ¢ cOOCTBEHHBIMU 3HAUYCHUSIMU
notrepu ycroitunBoctd 1.69 u -1.69. B Tabn. 6.2 mpencraBieHbl pe3yabTaThl pacuéToB. Mol
BUJIUM, UYTO HIDKHSISL CTpOoKa 3Toi Tabi. COAep>KUT HAWIydlIne pe3ylbTaThl, U C TOYKU 3PEHUs

norepu YCTOI\/'I‘II/IBOCTI/I, M C TOUKHU 3PCHUSA 3aKPUTUYCCKOI'O MOBCACHUS IIJIACTHUHBI.

«[TonoxurensHOe» Harpyx)eHue | «OTpUIaTeTbHOE» HarpyKeHHe
1.935=1.5*%1.29 1.935
max min max min

max negopma- | coOCTB. | max negopma- | coOCTB.
Bapuanr pacuéra | nmporu0, | nms 3HaYe- | Mporud, | 1us 3Haye-

MM CKATHS HUE MM CKATHSA HHE
[[45°,135°]4]s 14.8 9.2E-03 1.29 8.4 4.5E-03 -1.66
[[74°,134°]4]s,
“paBHOYCTONYH- 53 3.8E-03 1.69 4.0 4.2E-03 -1.70
BOCTH
[[74°,134°]5,[9°]:]s 3.2 2.4E-03 1.69 2.6 2.4E-03 -1.69

Ta6m. 6.2. Pe3ynbTaThl JUIsl IUIACTUHBI C TOJIIIMHON 2 MM U a/b=5.
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CootBercTBytoniye GopMbl 3aKpUTHUECKH Ae()OPMHUPOBAHHBIX IUIACTUH MPH MOJOKUTEIHHOM

HaIpaBJIEHUU CIIBUTOBOTO Harpy>keHus nokasanel Ha Puc. 6.8-6.10.
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Puc. 6.8. 3akputnyecku nedopmMupoBaHHas TiacTuHa, ykiaaaka [[45°,135°4]s, a/b=5,

KIIOJIOKHUTECIIBHOC» CABUT'OBOC HAT'PYKCHUC.
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Puc. 6.9. 3akputndecku nehopMupoOBaHHAs TUIACTUHA, YKIaaAKa [[74°,134°4]s, a/b=5,

«IMOJIOXKUTEIBHOE» CABUTI'OBOC HAI'PYKCHUC.

- 100 -



o
e
o
\\\\\‘K}.‘\:“?\:‘;’“
SR,
R
e
a
e

3
S

SRS S

AR

IS \\\\\\\\\\\\\\\\“\g\\\\\\s\\;‘\
T e
et

b

-
o
e
Tl
o
SRR
o WEw,
e

S T

SN R
i MR
LR oAy SRGE
AR, Sy
A e, s
ey
SR
s

)
&
Lot

Puc. 6.10. 3akputndecku neopmMupoBaHHas IIIACTHHA, YKIaaka [[74°,134°]3,[9°]:]s, a/b=5,

(IIOJIOKHUTECIIBHOC» CABUT'OBOC HAI'PYIKCHUC.

bonee moapoOHast mHboOpManus O pe3ynbraTax pacy€ToB Uil OMHCAHHBIX BBINIEC TUIACTUH
nmana B Ta0m. 6.3.

W3 Tpé€Xx TmpUBEACHHBIX BBIIIE PUCYHKOB CIEAyeT, 4ro ¢opMa 3aKpUTHYECKU
neOpMUPOBAHHON MIIACTUHBI AJIs BCEX TPEX BAPHAHTOB OTIMYAETCS OJIHA OT JPYTOM.

Anamu3 Tabn. 6.2, 6.3 u Puc. 6.8-6.10 mpuBoauT K BBIBOAY, YTO JMJIsi BapHaHTa
[[74°,134°]5,[9°]:]s MakcuManbHBIA NpPOrud (HE3aBUCHUMO OT HAIlpaBJIEHUS Harpy)KeHUs) paBeH
okono 22% OT MakcuMalbHOro Tmporuda st Bapuanta [[45°,135°)4]s. MakcumanbHas
nedopMmarust cxatust ans Bapuanta [[74°,134°]5,[9°]:]s paBHa okoio 26% OT TakoBOM AJis
BapuanTta [[45°,135°]4]s. CnemoBarenbHO, BapuaHT [[74°,134°]3,[9°]:]s mpoOsBISIET CYyIIECTBEHHO
Jy4lllhe CBOMCTBA MPH 3aKPUTUUYECKUX JeopMalusix MpH MPUMEPHO TOM K€ YPOBHE Harpy3ok

IIOTEPU YCTOMUMBOCTH, IIO CPAaBHEHUIO C «PABHOYCTOMYMBBIMY BapuaHTOM [[74°,134°u]s.
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Bapuant ananusa Max Max Koopnunatel | Hampasnenune | Hwuxwnsst (L)
nporu6, | apedopmanus (x, ), MM HAMMEHBIIETO | WM BEPXHSISA
MM CKaATHUS TJIAaBHOTO (U)
3HAYEHUS MOBEPXHOCTh
nedopMauu TJTACTUHBI
CXKaTusl, yroii ¢
oceio X, °
[[45°,135°]4]s 14.8 (500., 100.)
[[45°,135°]4]s 9.2E-03 (627.5,142.4) -75.5 L
[[74°,134°]4]s 53 (500., 100.)
[[74°,134°]4]s 4.2E-03 (402.5, 172.5) 37.6 U
«OTPHUIATEITHHOEY
HarpyxeHue
[[74°,134°]5,[9°]2]s 3.2 (600., 100.)
[[74°,134°]5,[9°]2]s 2.4E-03 (4925, 42.5) -55.5 L

Tab6mn. 6.3. Pe3ynbpTarsl pacu€ToB AJs MJIACTUH TOIIIUHON 2 MM U a/b=5.

Hns Bapuanta [[74°, 134°]s, [9°]:]s mpoBeneH aHanW3 BIMSHUS HAYadbHON BO3MYIIEHHOMN

dbopMbI Ha 3akpuTHUecKoe mnosenaeHue. Mcnonap3oBanuch mo Tpu coOCTBEHHbIE (OPMBI OTEPU

YCTOﬁqHBOCTH JJIA o0omx HaHpaBJ’ICHI/II\/'I HarpyKeHus. bonee TOro, nepBasgd W BTOpas

coOcTBeHHbIe (QOpMbI (A7 000MX HaNpaBICHUH Harpy>KeHHs) COOTBETCTBYIOT KpaTHBIM

coOcTBEHHBIM 3HaueHHsM (00e - +1.69 u -1.69). Tperbu coOCTBeHHBIE (DOPMBI SBISIOTCS

HU30JIMPpOBAHHBIMU OT HepBOﬁ u BTOpOI\/'I. Ananuz 3aKpUTHYCCKOTO IMOBCACHUA HNPUBOAUT K

HECKOJIbKO MEHbLINM (B mpezaenax 5%) 3HadeHHsIM MaKCUMaJIbHOTO Mporuda U MakCUMallbHON

I[e(bOpMaL[I/II/I CiXKaTusd, 110 CPABHCHHUIO CO CJIY4acM HCIIOJIb30BaHUA nepB0171 COOCTBEHHOM (I)OpMBI.

Tem He MeHee, Gopmbl 1eHOPMUPOBAHHON MOBEPXHOCTH OTIMYAIOTCS OJHA OT APYro. ITOT

UHTEpPECHBIM 3¢ (eKT creayer BIOCIEACTBUU IPOAHAIN3UPOBATh Ooyiee MOAPOOHO U

MNPpEaAIOXKUTh COOTBETCTBYIOIICC 00BsACHEHME.

IInacruna a/b=3, ToammuHa 2 Mm
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B »TOoM moxpaznene paccMaTpuBalOTCS TPU BapUaHTa 3aKPUTHUECKU AePOPMUPYEMBIX
IacTUH. DJTO cienyrommue BapuanThl: 1) [[45°,135°]4]s (coOCTBEHHBIC 3HAYCHHS AJIs MMOTEPU
ycroituuBoctd 1.39 u -1.79), 2) [[74°,136°]4]s ¢ mpuMepHO OJAMHAKOBHIM COMPOTHUBIICHUEM
MOoTepe YCTOMYMBOCTU B OOOMX HANpaBICHUSIX HArpy>KEHUs CIBUTOM (COOCTBEHHbBIE 3HAUCHUS
1.75 u -1.74), 3) opueHTanus BceX CIOEB KaK BO BTOPOM BapHaHTE, 32 HCKIIFOYCHHUEM JIBYX CIIOEB
BOJIM3U CPEIMHHOW MOBEPXHOCTH TUTACTUHBL. OpUEHTAIMH 3TUX JBYX CIOEB BBIOMPAIOTCS TaK,
9TOOBl YIYYIIUTh XapPAaKTEPUCTHKH 3aKPUTHUYECKOTO Je(POpMHUpPOBAHUS - MUHHUMHU3HUPOBATH
nedopManuu cxatusk ¥ MaKCHMHU3HPOBaTh, MO BO3MOXHOCTH, MPOrud (mpeamonarasi, 4To
COOCTBEHHBIE 3HAYEHUS TIOTEPH YCTOMYUBOCTU OYAYT MEHITHCSI HECYIIECTBEHHO).

Harpyxenue Bbemmonusercs ¢ K3H=1.5, npumMeHEHHOro K ypOBHIO MOTEPU YCTONUMBOCTHU
1.39; 310 3HAYUT, 4TO CABHroBas Harpy3ka pasHa 1.5%1.39*50000 H/m = 2.085*50000 H/m =
104250 H/wm.

Tperuit BapuaHT NMPUBOAUT K pemeHuto [[74°, 136°]3,[9°]:]s ¢ cOOCTBEHHBIMU 3HAYCHHUSIMHU
notepu ycrounoctu 1.74 u -1.73. Tabi. 6.4 oNUCHIBAET COOTBETCTBYIOIINE PE3YIIbTATHI.

W3 stoit Tabmuis! criemayeT, yTo TeHAeHIus n3MeHennii B Tabmn. 6.2 u B Tabmn. 6.4 oquHakoBa.
A HMMEHHO, MakcUMallbHas JehopMalius CKaTHs U MaKCUMaJlIbHBIA MPOTrHO YMEHBIIAIOTCS MpU
IBWKEHUH 1O OJTuM Tabmumam cBepxy BHH3. (ClenoBaTenbHO, 10 CpPaBHEHUIO C
«paBHOYCTOMUYMBBIM» BapuantoM [[74°,136°]4]s, Bapumant [[74°,136°]5,[9°]:]s 3HauuTENHHO
Jy4Iie ¢ TOYKHU 3PEHHS] CONMPOTUBJICHUS 3aKPUTHUYECKOMY AeOPMHPOBAHUIO M TIPUTOM HMEET
MPUMEPHO TOT K€ YpPOBEHb HArpy3Ku MOTEpU YCTOMYMBOCTH. OTMETHM, 4YTO NOJyYECHHbIE
3HaueHUsT B caMoOil HIbKHEH cTpoke Tabm. 6.4 HemMHOro OOIbIIe, YeM COOTBETCTBYIOIIWE

3HayeHud B Taoi. 6.2.
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«[TonmoxxutenpHOE» HATpYyKEHHE «OTpunaTenbHOE» HATPYKEHHE
2.085 (=1.5*1.39) 2.085
max max

max nedopma- | min max nedopma- | min
Bapuant nporu6d, | uus coOCTB. nporu6 | uus coOCTB.

MM CHKATHS 3HaYCHUE | MM COKaTus 3HauEHUe
[[45°,135%T]s 9.9 7.8e-03 1.39 6.6 3.4E-03 -1.79
[[74°,136%]4]s,
“paBHOYCTONYM-
BOCTbH” 6.2 4.5E-03 1.75 5.0 5.2E-03 -1.74
[[74°,136°]5,[9°]]s 3.6 2.8E-03 1.74 3.1 2.8E-03 -1.73

Tabn. 6.4. Pe3ynbTatrsl 1y1sl IIACTHHBI TOJIIUHON 2 MM u a/b=3.

N300paxkenust popMbl 3aKpUTHIECKU A€(POPMUPOBAHHON TUIACTHHBI U PACIIONOKEHHS TOUEK
MaKCHUMaJbHBIX TpOTHOa M JaedopMaluu CXKaThus TOAOOHBI M300paKEHUSIM W pe3yabTaTam
npenpIayero noapaszaeina. 11o aToi npuunHe, 3T JaHHBIE HE TTIOKA3aHbI 31€Ch.

Ananmu3 Tabn. 6.4 mpUBOAMT K CIEAYIOIIMM BbIBOJaM: 1) MakcuMmasibHas naedopmanus
ckarug Uit BapuaHTta [[74°,136°]5,[9°]:]s (He3aBUCHMMO OT HampaBi€HHUs] HArpyKEHHUs)
COCTAaBJISIET OKOJIO 36% OT TaKoM ke BeTWYUHBI A1 BapuaHTa [[45°,135°]4]s , 2) MakCcUMaIbHBIHA
nporu® nans BapuanTa [[74°,136°]3,[9°]:]s coctaBmsier okono 36% OT Takoro mporuba Ais
BapuaHTta [[45°,135°]4]s. CnenoBaTenbHO, IO CPaBHEHHMIO C «PAaBHOYCTOMYMBBIMY» BapHAHTOM
[[74°,136°]4]s BapuanT [[74°,136°]5,[9°]:]s 3HAUUTETHHO JTyUIlI€ COMPOTUBISAETCS 3aKPUTUUECKUM

nedopMaiusM Ipy MPUMEPHO TOM K€ YPOBHE HAarpy3KH MOTEPU YCTOMUMBOCTH.

IInacruna a/b=3, Toamuua 3 mm

PaccmaTtpuBaroTcsi Tpu BapuaHTa IUTACTHUH, UMEIONIMX 3aKpUTHYECKHEe HedopMaiuu. ITU
BapHaHTHl TakoBbl: 1) TuractuHa ¢ ykimaakod [[45°,135°)¢]s (coOcTBeHHBIE 3HAuUEHUS
MIPOTHUBOIIOJIOKHO HAIIPABJICHHBIX CABUIOBBIX HATPY30K MOTEPU YCTOMYUBOCTH paBHbI 4.92 H -
5.84), 2) nnactuHa ¢ yknaakou [[70°,130°]s]s ¢ mOYTH OTMHAKOBBIMHU 3HAYCHHUSIMU COOCTBEHHBIX
YHCeN MOTePH YCTOWYMBOCTH JUIsl 0OOMX HAIPABICHUN CIBUTOBOT'O HATPYXEHUS, 2 UMEHHO 6.08

u -6.06), 3) macTMHa c YKJIAAKON BapuaHTa 2 C OTJIMYMEM B BO3MOYKHOCTH BapbUpPOBaHUS
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OpHUEHTAIMK TPEX CIOEB, OMMKAUIINX K CPEAUHHOM MTocKOoCcTH. [lociaeaane opreHTaIuu CIo¢B
BBIOMPAIOTCS U3 YCIOBUN MaKCHMH3AIMH COMPOTUBIICHUS 3aKPUTHIECKOMY J1e(hOpPMHUPOBAHHUIO,
TO €CTh YMEHBIIEHUS YPOBHS MakKCHMalbHOU aedopmanmu cxatus. COOCTBEHHBIC 3HAUCHUS
Harpy3Ky MOT€pH YCTOMYMBOCTH MPH 3TOM MOJAraloTCs U3MEHSIOINUMUCS Cl1a0o0.

OTMeTuM, 4TO IS TUIACTHH CYIIeCTBEHHOM TommuHbl BennunHa K3H (npeBsiienne ypoBHS
HArpy30K MOTEPU YCTOHYHMBOCTH) JOJDKHA OBITH MEHBINE YeM 1.5, isi yMEHBIICHUS YPOBHS
MaKCUMaIbHOU JAeOopMaIiy CIKATHUS 10 PUEMIIEMOTO YPOBHSL.

B Tabn. 6.5 mpuBeneHbl pe3ynbTaThl TAKUX PACUETOB JUIsI pacCMaTPUBAEMOM IUTACTHHBI C

K3H=1.3 u Harpy3kamu, paBasiMu 1.3*4.92*50000 H/m = 6.396*50000 H/m = 319800 H/m.

«IOJIOKUTEILHOS)» HATPYKCHHE «OTpULIATETEHOS» HATPYIKCHHE
6.396 (=1.3*4.92) 6.396
Bapuanr max max max max min
TUTACTUHBI nporud, | medopma- min cobcr | mporud, | medopma- | coOCT
MM U CKATHUs | 3HAYCHHE | MM YIS CKATHS | 3HAYCHUE

[[45°,135°]¢]s 10.9 1.2E-02 4.9 6.1 6.2E-03 -5.8
[[70°,130]s]s,
“paBHOYCTONYM-
BOCTB” 4.6 5.1e-03 6.1 4.2 8.1E-03 -6.1
[[70°,130°]4,70°,
[9°]:]s 3.0 4.1E-03 6.0 2.5 3.8E-03 -6.1

Tabn. 6.5. Pe3ynbrarsl pacuéToB /s TNIACTUHBI TOJMIMHON 3 MM U a/b=3.

Ora Tabnuma mokasbBaeT, 4YTO pe3yiabTaTbl MEpBOM U BTOPOW CTPOK SBISIOTCA
HENpUEeMJIEMBbIMU BCIIEACTBHE OosblIuX JaedopManuil cxaTHsl, HO Pe3yiabTaTbl I HUXKHEH
CTPOKU BBITTISAAAT mnpuemieMbiMu. CpaBHHBas HIKHIOO CTPOKY C MEpPBOM CTPOKOW st
MIOJIO)KUTEIBHOTO HAarpy>KeHHWs, BHJIUM, YTO B HIKHEH CTPOKE YpPOBEHb MAaKCHUMAaJbHOMU
negopmanuu cxatusi cocraBiseT 34% OT ypOBHS MEPBOM CTPOKH, @ YPOBEHb MaKCUMAalbHOTO
nporuda — okoso 28%. Ilpu oTpuLaTeIbHOM Harpy:K€HUHU, COOTBETCTBYIOIINE BEJIUYUHBI Oy1yT

61% wu 41%, COOTBETCTBEHHO.
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Pucynku 3akpuTHuecku 1e(OPMUPOBAHHBIX IUIACTUH, PACTIONIOKEHHS TOUYCK MaKCUMAJIbHOTO
nporuba W TOYEK MaKCHUMAIbHOH nedopMmanuu cKaTus MOJO0OHBI MPHUBEICHHBIM paHee s
iacTuHbl a/b=5. [1o3TOMY 3TH 1aHHBIE M HE TIPUBOJISATCS 3/1€Ch.

PaccmarpuBast pe3ynbTaThl TPEX MOCIEIHHUX IMOPA3esIOB, MOKHO CKa3aTh, YTO IJIACTHHBI C
a/b 6onpe MO0 paBHBIM 3 MOTYT PaccMaTpUBAThCs KakK JIMHHBIC IIACTHHBL. OYeBHIHO, YTO

9TOT BBIBO/J CIIPABCAJIMB B IPCACIaxX NPUHATBIX HAMU HpGI[HOJIO)KGHHFI.

ILnacTuna a/b=2, ToamuHa 2 mm

PaccMoTpuM Tenepbs Tpu BapHaHTa KOPOTKOW IUIACTHHBI, UCIBITHIBAIOLIEH 3aKpUTHYECKUE
nedopManuu. OTU BapuaHThl TakoBbI: 1) mimactuHa ¢ yknaakoit [[45°,135°]¢]s (coOcTBeHHBIE
3HAYEHUS MTPOTUBOMOJIOKHO HAMPABIECHHBIX CABUTOBBIX HArPY30K MOTEPU YCTOMYUBOCTH PABHBI
1.56 u -2.00), 2) nnactuHa ¢ ykiaagkou [[74°,140°]«]s ¢ MOYTHM OJMHAKOBHIMU 3HAYCHUSIMU
COOCTBEHHBIX YHCEN MOTEPU YCTOMUMBOCTH JIs1 000MX HAIPABJIEHUHM CIBUTOBOTO HAarpy»KEHUS, a
umeHHo 1.84 u -1.82), 3) mimacTuHa ¢ yKJIaaKOW BapuaHTa 2 ¢ OTIMYMEM B BO3MOXXHOCTH
BapbUPOBAHUSI OpPUEHTAIMM JBYX CIOEB, OMMXKAMIIMX K cpeauHHOW IiockocTu. [locnennue
OpHUEHTAINK CIIOEB BBIOMPAIOTCS U3 YCIOBUNH MaKCHUMM3AIMHU CONPOTUBIICHUS 3aKpPUTUYECKOMY
ne(OpMUPOBAHHUIO, TO €CTh YMEHBIIECHHUS YPOBHS MaKCUMAaJIbHOM JeopMaliuy CoKaTusl.

Harpyxenue Beimonnserca ¢ K3H=1.5, npuMeHEHHOTO K YpPOBHIO NOTEPU YCTOMUMBOCTH
1.56; 310 3Ha4yMT, YTO CIBUTOBas Harpys3ka paBHa 1.5*%1.56*50000 H/m = 2.34*50000 H/m =
117000 H/m.

Tperuit BapuanT npuBoAuT K perieruto [[74°, 140°]s,[18°]:]s ¢ coOOCTBEeHHBIMU 3HAUYCHUSIMHU
Harpy3Ku OT€pH YCTOMYMBOCTH, paBHbIMHU 1.83 1 -1.82.

[Tony4yenHble pe3ynbTaThl IpecTaBieHsl B Tadm. 6.6.
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«IlonoxurenpHOE» HArpyKeHUE «OTpHLaTeNpHOE)» HArpyKEHUE

2.34 (=1.5*%1.56) 2.34

max max
max nedopma- max nedopma-

Bapuant poruo, | nus min coOct | mporu6, | mus min cooct
MM COKaTUs 3HaYCHUE | MM COKaTHS 3HAYCHHE

[[45°,135°]4]s 9.6 6.2E-03 1.56 5.6 3.0E-03 -2.00
[[74°,140°]4]s,

“paBHOYCTONYM-
BOCTb” 5.6 5.4E-03 1.84 5.0 6.5E-03 -1.82
[[74°,140°]5,[18°]2]s 34 3.4E-03 1.83 33 3.2E-03 -1.82

Tabn. 6.6. Pe3ynbratrs! 1uisl ITTACTHHBI TOJIIIUHON 2 MM 1 a/b=2.

COOTBCTCTBYIOH_II/IG (1)0pr1 3aKPUTHYCCKH ,Z[eCI)OpMI/IpOBaHHBIX IJIACTUH IIPH IMOJIOKUTCIIBHOM

Harpy>keHuu nokasansl Ha Puc. 6.11-6.13.
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Puc. 6.11. IInactuna c yknaakoit [[45°,135°]4]s, monmoxkuTenbHOE HarpyxeHue, a/b=2.

- 107 -



T
N
A
A
Y
W
U
y
000
i
)

e e
S s S
T I A e e I s e
S L L o e e S e s
S e e R N NS S St
R R A A R R
R 7 e R SRS
SRR o SRR
N s oo S S NN NS
N e S N
R R S e o A T T T P o e s s
SR T B S RS>
R N SR T A T T o T o R S s
R O N G T £ A g W g N AN
O R e 07 st s N\
R R R S R L D A o e o
e N R S L L I T T 17 77 7o o>
R e R RS L 2 L A T I T T 27 TR
e ‘\\\\\\“sw"lll’;lfjl’l”,t’%%’
S RO L e
0’~#¢@‘-§§§§§§%‘%‘%%% e
= o
S

LHJ/Y

i —

AT A i e s
""’”l""
A

e

S
S
s
P

NN
SN
: s

L

Puc 6.13. [1nactuna ¢ yknaakoii [[74°,140°]s,[18°]:]s, momoxkuTenbHOE Harpyxenue, a/b=2.

U3 Puc. 6.11 — 6.13 cnenyer, uto ¢popma 3akpuTHUECKH 1eOPMUPOBAHHON MOBEPXHOCTH IS
TpEX paccMaTpUBaeMbIX BApUAHTOB CYIIECTBEHHO Pa3In4aeTCs.

Tabn. 6.7 mokasbIBaeT pacroyioKEHHE TOYEK MaKCHUMaJbHOro Mporuda M MaKCUMallbHOU
negopManuu  CKaTHsL JUIS  pacCMaTpUBAaEMbIX BapHaHTOB (MpH 0OOMX HalpaBJIEHUSIX

HarpyxeHus). B TaGnume cnenuasbHO TOMEYEHBI CTPOKH, COOTBETCTBYIOIINE OTPHUIATSIIBHOMY

Harpy>kKeHHUIO.

- 108 -



Bapuanr yknagku Max Max Koopaunatel | Hanpasnenue | Hioknsis (L)
nporud, | gedopmarnms (x, ¥), Mm HaUMEHbBIIEH | WJIM BEPXHSA
MM CKaTHS TJIaBHOM (U)
nedopManuu | MOBEPXHOCTD
CXKaTHsl, yroJl | TUIACTHHBI
coceio X, °
[[45°,135°]4]s 9.6 (200., 100.)
[[45°,135°]4]s 6.2E-03 (67.5,37.5) -65.7 L
[[74°,140°]4]s 5.6 (285.,105.)
-5.6 (115.,95.)
[[74°,140°]4]s 6.5E-03 (222.5,22.5) 36.1 L
«OTpHuLaTeNbHOE
HarpyxXeHue
[[74°,140°]4]s 6.5E-03 (177.5, 177.5) 36.1 U
«OTpHuLaTeNBEHOEY
HarpyxeHue
[[74°,140°]5,[18°]2]s 3.4 (115.,105.)
[[74°,140°]5,[18°]2]s -3.4 (285.,95.)
[[74°,140°]5,[ 18°]2]s 3.4E-03 (212.5,162.5) -56.1 L
[[74°,140°]5,[18°]2]s 3.4E-03 (187.5, 37.5) -56.1

Tabmn. 6.7. Pe3ynbTaThl pacu€ToB, a/b=2, TONIIMHA IUIACTUHBI 2 mm

Anamuz Tabn. 6.6, 6.7 u Puc. 6.11 — 6.13 npuBogUT K BBIBOLY, YTO BapUaHT
[[74°,140°]5,[18°]:]s uMeeT MakCUMaIbHYIO BEIHMYHUHY AePopMaiiu CXaTtus (B HE3aBUCUMOCTH
OT HampaBJeHUs HArpy>KeHus) Aaxke OoJplle, YeM 5Ta BEJIMYMHA JJIsI OTPULATEIHHOTO
HarpyxeHus u ykinaaku [[45°,135°]4]s, HO, TeM He MeHee, MeHbIIIe, YeM MPEACIIbHO JoImycKaemast

5.E-03. Mml coKaTus

Takke BUIUM, 4YTO pacmpeaeneHue aedopmanmii BapHaHTa
[[74°,140°]5,[18°]2]s cymecTBeHHO oTiaM4aercs oT BapuaHta [[45°,135°]4]s (3TO MOKa3BIBAIOT
CYIIIECTBEHHO Pa3JIMYHbIE yIJIbl OPUEHTAIIMN HAMPaBIECHUH MHUHHUMAIBHOTO TJIABHOTO 3HAYCHUS
nedopmartuii).

MakcumanbHblid nporu® nans Bapuanta [[74°,140°]5,[18°]:]s coctaBmser okono 61% ot

MaKCHMaIbHOTO mporuda s Bapuanta [[45°,135°])4]s.
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Pe3tomupysi, MOXHO cKa3aTb, 4TO BapuaHT [[74°,140°]s,[18°]:]s meMoHcTpupyeT Jyuniee
COIIPOTHUBIIEHUE 3aKPUTUYECKOMY Ie(OPMHUPOBAHUIO MPH MPUMEPHO TOM K€ YPOBHE HArpy30K
[IOTEPU YCTOMUMBOCTH, [I0 CPAaBHEHUIO C «PABHOYCTOMYMBBIMY BapuaHTOM [[74°,140°]4]s.

B cpaBHenun ¢ 6a3oBoit ykmaakout [[45°,135°]4]s, pe3yabrarel Tabi. 6.8 AEeMOHCTPUPYIOT
BO3MOXKHOCTHM SKOHOMHH Beca, cleAylomue Hu3 0oiee CHWIBHOTO  CONPOTHUBIICHUS
3aKpUTHYECKOMY Je(OPMHPOBAHUIO MOJYYCHHBIX BapUAHTOB YKJIAAKU NpU a/b=2 W TONIIUHE
IUTACTHHBI 2 MM. YPOBEHb Harpyxenuus paseH 1.4*1.56*50000 H/m = 2.184*50000 H/m (310
HUKE, YEeM YpPOBEHb, HCIOJIb30BAHHBIM BBINIE JUIsI TOrO, YTOOBI ClelaThb BapHaHT YKJIAJAKU
[[45°,135°]4]s mpuemnembim). Oqun cioii 18° ynanén u3 nmeHTpa ykinaaku. B pesynsrare 3Toro,

MBI oJyuusiu 6.25% sxoHomuu Beca (o01iee Yrciio CJIOEB MPU ATOM U3MEHUIIOCh ¢ 16 110 15).

«[lonoxutensHOE» HArpyKEHHUE «OTpHIaTeNBEHOEY HArpy>KEHUE
2.184 (=1.4*1.56) 2.184
min min
max max cobct max max co0cT
VKiaaka miacTHEl | Iporud, | nedopma- 3Haye- nporu6, | nepopma- 3HaYe-
MM U CKATUS | HHC MM WS CKATHS | HUE
[[45°,135%]]s,
h=2 MM 83 5.1E-03 1.56 3.9 2.1E-03 -2.00
[[74°,140°]5,[18°]s,
[140°,74°]:],
h=1.875 mm 4.5 4.2E-03 1.50 4.2 4.6E-03 -1.51

Tab6:a. 6.8. Bo3M0XHOCTH SKOHOMHH Beca, a/b=2.

6.7.5. 06¢cyxaeHHe pe3y/ibTaTOB /JIA IIJIACTUH C NPSIMOJIMHENHBIMHA
BOJIOKHAMH

Kputepuii BbIOOpa yKJIaJKH, HCIOJB30BAHHBIN BbIIIE, 3TO MHHMMM3AIMS MaKCHUMajIbHOU
negopManuu  CKaTUs. OTOT KPUTEPUH BaXKeH JUISI HAXOXJIEHUS TNOTCHIMAIbHBIX MECT
paspyuenus. Kpurepuii MUHUMU3aIIUM MAaKCUMAJILHOTO MPOrubda (MCHOIb30BAHHBIA B HAyYHOU
JUTEpaType TMOCIEAHUE HEKOJIbKO JECATUIETUH) TakkKe MOXKET MCIOIb30BaThcs MpU

3aKpUTHYECKUX JedopMalusix IJs TOro, YTOObl MOHSTh, HAYAJIOCh pa3pylleHUe WX HET. DTOT
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KpUTEpUN TOJ€3€H U JUIsl YMEHbIIEHUS KOHTYPHBIX CHJI KPEIUJICHHs TUIACTUHBI K OCTaJIbHOMN
KOHCTPYKIMU (Hampumep, JJisi CHUKEHUS YCWIMM CMATHUS WX NPOAEPTUBaHUS Ha 3aKIENKax,
Korja 3TH 3()(HEKThI ABISIOTCS CYIIECTBEHHBIMH).

[lepexmtouenue Mexay dbopMaMu MOTEPU YCTOMUMBOCTH MOXKET CYIIECTBEHHO BJIMATH Ha
3akpuTH4ecKoe aedopmupoBanue. C Apyroil CTOPOHBI, W3 MPAKTUKH W3BecTHO, uro K3H He
JOJDKeH OBITh CHHMIIKOM OonbiuM. Hampumep, i aBHAIMOHHBIX KOHCTPYKIIUH ATOT
Kod(pUIMEHT HE JIOJDKEH mIpeBblmarth 1.5. bonee Toro, M3 MpakTUKK HKCIEPHUMEHTATBHBIX
MCCJICIOBAaHUM KOHCTPYKIIMI U3BECTHO, UTO TaKHE MEPEKIOYCHHS MEXKIY (HhOpMaMU MPOUCXOIAT
OUEHb PEIKO M HUX Y4€T He CIMIIKOM BaxkeH. [loaTomy, Haml MOAXOHA «IIEpPEeKIIOYCHUS
OTCYTCTBYIOT» MPEACTABIIACTCS IPUEMIIEMBIM.

N3 TeopeTndeckoro aHanusa ObUIO MOJYYEHO, YTO MPU MPOCKTUPOBAHUH IO KECTKOCTH MPHU
3aKpUTHYECKUX JedopMalusix HEOOXOAUMO MPOBECTH pa30MeHHe CI0EB YKIAAKH HA JIBE TPYIIIIbI
— BHENIIHHWE CIIOM U BHYTpeHHHUE ciou. [Ipu sToM opueHTanus BHYTPEHHUX CIOEB MJIACTUHBI
OTpeIeTIeTCsl BEIMYMHAMU U JIMHUSAMH THaBHbIX 2D-nedopmanuii. OpueHTanus k€ BHEIIHUX
CJI0€B IIACTHUHBI ONPEEISAETCS BETUYMHAMY U JIMHUSIMU TJIABHBIX KPUBU3H.

B Teopernueckom aHanuze Takxke ObLIO YKa3aHO Ha CYHIECTBOBAHHME OCOOBIX (OPTOTPOITHBIX)
pelIeHui YCIOBUN ONTUMAIBHOCTH, MPH KOTOPBIX JTUHUM TNaBHBIX 2D-nedopManuii U THHUA
TJIABHBIX KPUBHU3H COBMAAIOT, TPUBOS K JIOKAIHHOM OPTOTPOIHH YKIIAIKH.

PesynbTarhl paznena, MOCBALMIEHHOTO MPOEKTUPOBAHUIO YKJIAAKU IMPH OJHOM CABUTOBOM
Harpy>KeHUH, MPHUBOJAT K BaXXHOMY 00pa3y IUIACTUHBI C BHICOKUM COMPOTHUBIIEHHEM K TMOTEpe
YCTOHYMBOCTHU U K BBICOKOHM KECTKOCTU MIPU 3aKPUTUUYECKOM JlehopMUpoBaHuH. Takas miacTuHa
COJIEPXKUT HECKOJIbKO (0° BHYTPEHHUX CJOEB, a OCTaBIIMEcs OoJjiee BHEIIHUE CIIOM HMEIOT
opueHranuio 120°.

W3 4ucleHHOro aHanm3a 3aKpUTHYECKH Ae(OpPMHUPYEMbIX IUIACTHH, HATPYKEHHBIX IBYMS
MPOTUBOIIOJIOKHBIMU CABUTOBBIMU HArpyXEHUSMH, CIEAYIOT HEKOTOpbIE PEKOMEHIaluu. A
MMEHHO: TMPHUCYTCTBUE HECKOJbKUX BHYTPEHHHUX CIIOEB C yMepeHHbIMH (10 ~20°) yrimamu
OpUEHTAINK yJIy4llaeT HECYIIYI0 CIOCOOHOCTh IJIACTUHBI MPH 3aKPUTHUYECKHUX JAedopmanusx,
M0 CpPaBHEHHIO C IUJIACTUHOM, CIPOEKTUPOBAHHOM COMPOTUBISATHCS TOJBKO TMOTEpeE
YCTOMUMBOCTU. DTO O3HAYAET, YTO €CTh TPU BAXKHBIX HaIpaBieHUs opueHTauuu cio€s. Ilo
HalIeMy MHEHHUIO, 3TOT Pe3yJIbTaT MOXKET 0aTh MPEICTaBICH CYNEepHO3UIIUEil TBYX CIEIYIOMNX
YKJIaI0K.

[lepBasi COOTBETCTBYET MOJIOKUTEIBHOMY CIIBUT'Y, UMEET HECKOJIbKO 0° BHYTPEHHHX CIIOEB U
ocrapmuecss cimou ¢ opueHranuedr 120°. Bropoe pemieHue ectb 3epKanbHOE OTOOpakeHue

MEPBOTO peIIeHUsT OTHOCUTENbHO JIMHUK 90°. CKOMOMHUPOBAHHOE TaKUM OOpa3oM pelieHue
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MMOBOPAYMBAETCSI HA HEKOTOPBIN yroj 10 ~20° MpOTHB YaCOBOM CTPENKHU (KakK OBLIO MOJYYCHO B
YHUCJICHHBIX MPHMEpax), BCIEACTBUE CBA3M M3THO-Kpy4YeHUE U CIBUT-pacTshkeHue. Puc. 6.14

CXEMATUYCCKH OIMMCBIBACT 3TOT IIOAXO/] (BHyTpeHHI/Ie CJIOU MMOKa3aHbl MYHKTHPHBIMHA J'II/IHI/DIMI/I)Z

Positive loading Negative loading Anisotropy

Puc. 6.14. Cxemarusanust NOCTPOSHUS HAUTYUIIEH YKJIaJIKU [IPH IBYX IIPOTHUBOIIOJIOKHBIX

CABUT'OBBIX HAI'PYKCHUAX.

Hcxonst U3 MOJNYyYEHHBIX YHUCICHHBIX PE3yJIbTAaTOB, MOKHO CUHMTATh IUIACTUHY JJIMHHOW OT
a/b=3.

Jns Gonee KOPOTKHMX IUIACTHH YroJI OPUEHTAIMM BHYTPEHHUX CIOEB B MPEHATIOKEHHOM
noaxojie OyeT HECKOJIBKO OOJIbIIe 10 BEeIUYUHE (IO CPAaBHEHUIO C ITMHHON TIACTUHOMN).

OnucaHHoe CXEeMaTHYHOE peIlIeHUE IMOATBEPKACHO eBpomeiickum mareHToM Selyugin and

Balzer (2019).

6.7.6. KBajgpaTHas IJIaCTUHA, HArPyKeHHas C)KaTUEM UJIM CABUI'OM

[IpuBenéM paBa mnpuMepa C TOYHBIMM PEUICHUSMHU YCJIOBHM OTUMAbHOCTH TIpH
3aKPUTUYECKOM J1e(DOPMHUPOBAHUM TUIACTUH C KPUBOJWHEHHBIMU BOJOKHaMHU clI0€B. B obOomx
npuMepax HUCIOJIb3YeTCsl KBAApaTHAsI KOMIIO3UIIMOHHASA MPOCTO ONepTas IlacTHHA C JJIMHOM U
LNIMPUHOW, PaBHOM a.

B mepBoM ciydae sTa macTuHa ckarta (C MOCTOSTHHBIM TTOTOKOM YCHIIMI) € IBYX CTOPOH, CM.
Puc. 6.15. Tlpeanonaraercs, 4To 3aKpuUTHYECKOe AepopMHUpOBaHUE TIACTHHBI PAa3BHBAECTCS OT

nepBoil (CUMMeTpUYHOM) (POPMBI TOTEPH YCTOMUUBOCTH.
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Puc. 6.15. Cxaras mimactuHa.

Bo BTOpOM cilydae miacTuHa Harpy»KeHa CIIBUTOM (TakXe ¢ MOCTOSHHBIM ITOTOKOM YCHIIM),
cM. Puc 6.16. Ilpeanonaraercs, 4To 3aKpuUTHYecKoe NeQOPMHUPOBAHUE IIACTUHBI Pa3BUBAETCS
OT MepBoi (CUMMETPUYHON OTHOCHUTENBHO JMArOHANIN, ONMCHIBAEMOM ypaBHEHHEM X=)) (hOPMBI
MIOTEPHU YCTOMYHUBOCTH.

BceneactBue cuMMETpuM NEpBOrO IMpUMEpPA, MPU CUMMETPUYHOM (OTHOCHTEIBHO Ocei
koopauHaT X, Y) OpHEHTalMu CIOEB YKIAAKU IMyHKTHPHBIE JUHUM, COCTUHSIOMINX CEpEeIUHBI
IPOTHBOMNOJIOXKHBIX CTOPOH, OyIyT JIMHUSAMH TJaBHONW KpPUBU3HBI M TJIABHOW JedopMaluu.

[ToaToMy ycrmoBust onTuManbHOCTH (6.71) BemonHeHs! A1 ykaaaku 0°/90° Ha 9TUX JTUHHSX.
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Puc. 6.16. Ilnactuna, Harpy>KeHHasi CABUTOM.

Bo BTOpOM IpuMmepe, pacCMOTPUM IITPUXITYHKTUPHBIC JIMHUH, IIPOXOAAIIME 110 IUAarOHAIIAM
kBagpata. IlycTs 3Tu IuHHM OyIyT JTUHUSMH CHMMETPUU OPUEHTALMH CIOEB yKiaaku. Torma
9TH JUHUU OYAYyT JIMHUSMH TJIaBHOM KPHUBHM3HBI M TJIaBHOHM nedopmammu. [losTomy ycmoBus

ONTUMaNbHOCTH (6.71) BBIMONHEHBI 1715 YKIAAKHU +/-45° Ha 3 TUX JIUHUSAX.
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I'1aBa 7. bosiblIMe 3aKpUTH4YeCKHe MPOru6bl ¥ BbIGOP HAUJIy4YLIen
YKJIAAKUA

7.1. Kunemamuka degpopmupoeaHus

Kak yxe ykaspiBajioch B NpeAblAylIMX pasnaenax, GoH KapmaHoBckoe mpuOamkeHue s
TOHKUX IJJACTHMH ONMCBIBAET TOJBKO yMEPEHHbIE NPOTrHObI, KOTOpPbIE MPEBBIMIAIOT TOJIIHHY
IUTAaCTHHBI, CKaXKeM, B HECKOJIBKO pa3, HO He OoJee.

Bonpoc o Hecymiei crmocoOHOCTH MIACTHH MpU OONBIINX Mporudax (3Ha4yuTeNnbHO OONBIINX,
4yeM TOJIIIMHA IUIACTUHBI, HO CYIIECTBEHHO MEHBIINX, 4eM e€ JHHEWHbIe pa3mepsl) TpeOyeT
NpUBJICYEHMS ammapaTta U uaed HenuHeHoM Teopum ynpyroctu (Hosoxxumos 1948, 1951).
JanpHeilee u3okeHue 0 KUHEMaTUKe J1eQpopMUpPOBaHUs TUIACTUH cienyeT padote (Selyugin
2021a). Cnenyromuii 3a ’TUM MOApa3ien Takke 6asupyeTcs Ha ocleaHel padoTe.

PaccmarpuBaroTcss Kak MeTaJUIMYecKHe, TaK M KOMITO3UTHbBIE IUacTHHBL. [Ipennomaraercs,
YTO YAJWHEHUS W CABUTH TPEHEOPEKMMO Mallbl IO CpaBHEHHIO C eauHunen. Cremnys
(HoBoxkunos 1948, 1951), nepemenienus u, v, w BHYTpH IIJIACTUHBI (COOTBETCTBEHHO BJOJIb X,

Y, Z) onuceiBatoTcs (hopMyIamMHu:
u(x,y) =u(x,y)+z-5(x,y)
v(x, y) =V(x,y)+z-£(x, ) (7.1)
w(x, y) = w(x, y) + 2 7(x, )

IJIe BEPXHAS «KPBIIIKA» O3HA4YaeT BEIMYMHY B CpeIuHHOM IutockocTH. Mcmonwsys (7.1) u

oTpeieNieHne KOMIOHEHT TeH30pa aedopmanuii I'prura, HOBOXMIIOBEIM IOKA3aHO, YTO
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E=-W, (1+V, )+ ¥, W,
& ==, (1+i,,) +1,, W, (7.2)
X =, AV, i, V, i,V
e, =& +zk, +z'7,
£, = éW +zK, + zznw (7.3)
£, =&, +zKk, + zznxy

Jedopmaruu cpeauHHON OBepXHOCTH B (7.3) matoresa Gpopmynamu

A 1 [A 2 A2 A2
& —”’x+é U, +V, W,

A _ =2 1 [A 2 A2 A2
£, = V,y+é U, +v,,+w, (7.4)
28)0, =U,, +V, U, U, +V, V, W, W,

U Ipyrue BeauduHsl B (7.3):
K = Goy il &5, 4V, O W 1,
Ky =6+, & +V, &, W, 7, (7.5)
2k, =&, ¢, i, &, Hi, &, AV, O, Y, O, AW,y AW, Y
ne=Yleiecep]
n, = Wlervienl (7.6)

277xy = é:’x §’y+§9x é/’y+st Z’y
B paborax (HoBoxumnoB 1948, 1951) ykazano, 4To mpH MaiblX YIJUHEHHUSIX W CIBUTAX
nocneanue uineHsl B (7.3) (KBagpaTWyHbIe MO z) BeChbMa Mallbl, TI0 CPABHEHHUIO C TMEPBBIMHU.
[TpeneOperast STUMHU WiIEHaMH, KBaApaTUYHBIMU IO z, TTostydaeM u3 (7.3):
g . =& +zIK_,
£, =&, +2K, (7.7)
£, =&, +2K,,
[Toncrasmss (7.2) B (7.5), mocie rpoMO3KUX, HO MPOCTHIX MPE0Opa30BaHUM, TIOTyYaeM:
K = =500 Vi, =€ 06 )V, =L+ 22, )i
K, =—&(x, y)i,, —¢ (x, )9, —(1+ x(x, »)W, (7.8)
ny = _§(x7 y)ﬁmy _é/(xa y){/axy _(l + /},/(x’ y))ﬁ’,xy
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Hanee mpenmonaraeM TOBOPOTH B IIOCKOCTH XY wmanbiMu. Mmeem (HoBoxummoB 1948,

1951):

ezz = w’zz ~ ¢)22 ~ a)zz (79)
rJ€ TOBOPOT B IJIOCKOCTH XY
.= Y3 (@, ~%,) (7.10)

n e__ - 3TO zz KOMIIOHCHTA OECKOHEYHO Majoi I[e(bopMaHI/II/I. CJ'ICI[OB&TCJ'IBHO

X~ (7.11)

¥ TIPH IPEHEOPEKUMO MaJIBIX TOBOPOTAX
7| <<1 (7.12)
OT10 03HayaeT, yTo (7.8) MOKET ObITh 3aIIMCAHO B BUJE:
Koo = =806 V), =G (6, )V, — W,
K, ==&(x, V), ,—C (X, VIV, ,, W, ,, (7.13)

ny = _§(X’ y)u,\’xy _é,(x’ y){/U(y_w’xy

7.2. Bb1800 ypasHeHUll pagHOB8eCcUs U3 NPUHYUNA 8UPMYA/IbHbIX
nepemeujeHuli

[epeiiném K BEIBOAY ypaBHEHUH paBHOBECHS MJIACTUHBI HA OCHOBE MPUHIUIA BUPTYaTbHBIX
nepeMeNIeHnil, HHOTJJa Ha3bIBAEMOT0 TAKXKE MPHUHITUIIOM BUPTyaJIbHBIX padoT (Bacumzy 1987).

B paccmarprBaemMoM citydae 3TOT IPUHIMI 3alIACHIBACTCS B BUE:

[arlo ., +o,c, +20,& |- [a@.y)owdr - [[f.00+ f,00+ fowlis =0 (7.14)

Sl
rne q,f..f..f.,0,// COOTBETCTBEHHO IONEPEUHOE BHEIIHEE JAaBJICHUE Ha IMOBEPXHOCTH [’
wiacTuHbl, X-Y-Z cuibl Ha €QUHUIYYy IUIOLIAAM, HPUIOKEHHble Ha vacTH S, OOKOBOM

MMOBCPXHOCTHU S IJ1aCTUHBI, CHUMBOJI BapHualnuu, 00bEM IJIaCTUHEL.

Beenewm crnenyromnue 0003HaUYCHHUS :
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v oy
zo dz, F. = Ifxdz, M, = szxdz
iy T

=
Il
NN
Q
g
&
<
Il
t—.&

" - -
" " " o n
N, = [o,d, M, = [z0,d, Fo= [fdz, M, = [zd (7.15)
A A 2 2
" " " o h
N, = [o,dz, M= [z0,d:  F.=[fd  F.={zd
_% _% ’% -

[Moncrasnsas (7.2), (7.4), (7.5), (7.7), (7.13), (7.15) B (7.14) u mpousBoIs HEOOXOIUMBIC

peoOpa3oBaHus, IOTyYaeM:

Idl{apx +%+Ku&?+Kvé‘ﬁ+KW5w}—J.q(x,y)5wdF—I[ﬂ5u+fy5\/+ﬁéiv]d5=0 (7.16)

Ox 5,
rae

u

K,==N. =N, ~WNa, +Ni, ) N, +N i, ), -(M &), M), -

—oM &)+, W, -, i,

K,=-N, N, ~(N3,+N_5 ) ~N 5 +N 5, ), ~(M.&),~M,¢), -

—2M &), +R,, Wy R, W,

K,=—M, . -M, -2M_  —(N# +N W, ) ~(N b, +N b, ) +R,, (1+,,)-

—R, %, +Q, (1+4,,)-Q, 14,

P =[N (1+a, )+ N a,+(M &), +(M &), -0, i +

+ [ny (1 +9,, )+ Nxﬁ,x+(Mx§),x+(Mxy§ly+Rv?z,y]5\3 +

+|N W, +N W, +M  + M — R(l +v,, )+ Qu, , ]5\% ~

= (M, )i, ~(M £)o0,,~M 5%, —M 653, —M G5, ~M, i,
P, = [ny (1+a,,)+ Nyﬁ,y+(Mxy§),x+(My§)y + Qi +

+ [Ny (1 +,, )+ nyﬁ,x+(Mxy§lx+(My§)y—Rw,x ]5\7 +
[Ny AN M+ M+ R, ~QL+u, i - o
- M Ei, —M (S0, —M W, —M &5, —M (50, —M 6,

Q= —Mxﬁ,m—Myﬁ,W—ZMxy\;,xy
R= _Mxﬁaxx_Myﬁ:W_zMxyﬁuy

YpaBHeHUs] paBHOBECHS 110 X, ), Z COOTBETCTBEHHO 3aIUIIYTCS:
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K,=0
K,=0 (7.18)
K,-q=0

KpaeBsie ycnoBus ciieyroT u3 TeopemMsl ['aycca:

[(B = I[U:) }dC (7.19)

[TpupaBHMBas K HYIII0O MHOXKUTEJIW MIPU BapHALIUAX HE3aBUCUMBIX TIEPEMEHHBIX, MBI U TIOIy4aeM
HY’KHBIE HaM YCJIOBHS CTAllMOHAPHOCTH BUPTYaJIbHON pabOTHI.

VKakeM HEeKOTOpbIE COOTHOLICHUS, MCIIONb3yeMble Jajiee sl KOHTYPHBIX WIeHOB (a, b, d —
HEKOTOpbIE ()YHKIIUH OT X,)):

0 0 0

R
ox On Os
2:m£+1g (7.20)
oy on Os

ad, +bd,y = (al + bm)d,n +(— am + bl)d,s
[Mponomxkas (7.19), umeem:

[(.,+p, Hr =[P, +mP,}C = [dCigl(1+a, \N 1+ N m)+ i, (N 1+ N,m)+
C C

:
+ Q= b, emib, )+ 1(M,£), +(,6), )+ (0, 2),+(0, ), )+ i, (v, +m, )+

(149, IN, +mN, )+ R, —mi, )+ 1((M,0), +(01 &), )+ ml(ar 0 )+ 01,8 ), )]+

+ SN W +N oy +M + M =R+, )+ Qi, )+ m(N W, +N o, +M +M, +
+ RO, Q1+, )| (M &+ 20mM &+ m*M £, ~(- (M, =M )+ (= m? M €, -
(M ¢ 2mM & m?M 0, (M M - )

~ (0 4 2+ Yo, (- (0, =0 )+ (- ot |

7.21)

[Tocnenuuii uaterpai B (7.16) MoxkeT OBITH MPe0OPA30BaH CICTYIOITUM 00pa30M:
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[[f.dc+ f,00+ f.owlis = [asif.o(—z&)+ £,600 - 28)+ f.8(0—zz )| =

= [dC{F.&i + F,00 + F.6b+ 6 [ (L+9,, ), —b,, 9., +5,, 6, +b,, &, [+

Cl
M- (4, )0, 0, G, +i,, SRy, W, Gy, |+ F O, + 9, +,, 5P, +9,, G, —

—di,, 59,0, O, | = [dC{F 0 + F,60-+ F.oiv+oi,, [ 0 i, +F (14, )]+
G

v o, [V o, —Fio, |+ 0., (8 b, ~Foi,, |+ 0., [ 07 b, +F (10, )]+
b 6, [ 01 (149, )+ M i, [+ 5, [V 9, ~7 (144, )] =

= J.dC{Fx&ﬁ + Fy5\3 + F.ow+ [(— ]\va,yﬂi (1 + ﬁ,y ))l + (ﬂyw,x—ﬁzﬁ,x )m]ézi,n +
G

|- (5, 4B (19, D+ (070, — o, o, +

02 5, ~Fot, e 2 o 1, +

S AT T AR A (R o)
el o, )+ 07,0, Y+ (7,5, ~07 (1 + i, o, +

+ :—(—]\71x(1+13,y)+ A?yﬁ,y)m + (Mxﬁ,x—ﬂy(l +ﬁ,x))l]&2w,s}

Komb6unupys (7.16) - (7.22), nonyuaem:
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[(p.,+p, Jr- j[f§u+f5v+f§w]ds_
IdC&u[lJru NI+N m)+u (N I+ N m)+Q( w, +mw )+

(v, )+, ), )+ (o, e), +m, ), )]+

+ [0, (v, +mN )+ (145, IN, +mN, )+ R, —mi, )+ 1(M &), +M ), )+
+ml(v,0),+ ), )+

+ SN Wy N o, M+ M =R+ 5, )+ Qa,, )+ m(N W, N, M M
+ R, —Q(1+4, ))]-

(M &+ 2mM & M N, (- im(M = M)+ (07— i, -

(M ¢ 20mM ¢ M0, (M = M) (1

— (1M, 4 20mM +m*M o, (= (M~ M)+ (w1 o, -

- j dC{F. i+ F,50+ F.60+ (- 7, o, +F. (19, )1 + (¥, — F 5, I o, +

1

[0, 4 F (4, D (07, o, Vi, +
|7 o, —Foit,, Y+ (= B, A F (141, o o, +
[ (57 o, —Fii, o+ (= 8 o, +F (14, ) oo, +
el (40 ) 0, )+ (Mv W (144, )b, +
- a (0, )+ 07, Y+ (7,5, ~07 (1 + 4, ) o, )

=0

(7.23)

Cnenyss OOBIYHOW TmpoOIeNype, MbI JOJKHBI HCKIIOUWTh BapHUallid TaHTeHIIMATBHBIX
HPOU3BOJHBIX Oil,, ,0V, ,0W, u3 (7.23). CooTBercTBylomuil moaxoxn onucad B (Bacumszy 1987,
Reddy 2004). Ecnu KOHTYpHBIM HHTETpall, HANMCAHHBIN HIDKE, TPOUHTETPUPOBATH 0 YACTSM,

TO MOJIy4yaeM
l H aa H@6)| - j (§6—ds (7.24)

rae H, of — HexoTtopble (GyHKIUU Ha KOHType G W NEpBBIA 4ieH B IPaBOM YacTH O3HAYaeT
pa3HuUIly IPOU3BEACHUS B CKOOKaX Ha KOHIIaX KOHTYpa.
Beeném o6o3naueHus:
_ 2 2 A - A A -~ A
A, = (=2 Y= =2 &)+ = 5, +F (149, = (07,0, —F, )] (7.25)
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A, = (M, — M ) = =2 W, )+ (W o, ~ Bty (= Mo +F (14, )| (7.26)

= (tmlp, — )~ =2 1, )+ |- 37, (1 + ,y)+ Myﬁ,y)m (87 5, -1, (1+2,,)}] (7.27)
Torma Bce wunensl B (7.23), coaepkamue Bapualuy TaHM€HUUAIBHBIX IPOU3BOJHBIX,
3aIlMCBIBAIOTCS B BUJIE:
A o, +A 0, +A, W, (7.28)
Crnenyer OTMETHUTD, UTO WIEHBI B KBaJAPATHBIX CKOOKAX HE paBHbI HYJIIO TOJbKO Ha Harpy>KEHHOU
gacti C, koHTypa C ILIaCTUHBL.

[IpeoOpasyst kouTypHBIH HUHTerpan ot (7.23) ¢ yuérom (7.24) u ynanss 4ieHbl Ha KOHIAX
KOHTYypa (Bapualuy rnepeMenieHnii Ha KoHuax onéproi yactu C, koHTypa C paBHBI HYIIIO), Mbl
MOJIy4aeM MOJUHTETPATbHBIA WIEH, COOTBETCTBYIONIMH TAHTEHIMAJIHHBIM IPOU3BOJHBIM
HepeMeIICHHH 1, V, W, B BUJIC:

04 04 04

Lo+ —L O+ —ow (7.29)
Os Os Os

Tenepp sicHo, uto (7.29) nmact HEKOTOpBIE AOMOJHUTEIbHBIC YJICHBI JJII KPAeBBIX YCIOBUHU.

[TonyueHHbIE COOTHOMICHHS BEAYT K KPacBbIM YCIOBHSIM. A HMEHHO, Ha C, MHOXHTEIU Y
BEITMYHH Oil, OV, oW, i,, ,OV,, ,OW,, TOJDKHBI OBITH PaBHBI HYIIO. JTO JaeT IEeCTh COOTHONICHUH
Ha C,:

l(l +u,, )(le + nym)+ u,, (nyl + Nym)+Q(— lw,y+mw,x)+

(M), +M,,8), )+ ml(a,,8), +(m,),) @4 (7.30)

.. N, +mN, )+{1+9,, NN, +mN, )+ R(lv?/,y—mfv,x)+

0,100, om0, ) oot ) e 2 =0 o
[N o, AN, M+ M~ R, )+ Qi )

+m(N o, +N W, +M, + M, +RP, ~Q(1+4, )]+ agiw ~F.=0 (732)

(M &+ 20mM &+ M E)= (= 5T o, +F (149, )+ (07,0, ~Fob, Jm|=0 (7.33)

—(PM ¢+ 2imM &+ mPM ) [( Fai,, Y+ (= M o +F (140, )n|=0  (7.34)

N
(M, 20mM M) 57 (149, ) M i, Y+ (8 5, ~ (1+ a2, )hm] =0 (7.35)



Ha C, MbI nomyyaeM ycaoBHs 3alIeMIICHUS

i = & = Sv =0, =, =, =0 (7.36)

‘n
Jlpyrue Tumbl KpaeBbIX YCJIOBUH MOTYT OBITH MOJyY€HBI MOAOOHBIM 00pa3oM MyTEM aHalM3a
BApUALIMOHHOIO UHTErpaJa.

YpaBuenust paBHoBecHs (7.18) 10MKHBI OBITH JOMOJIHEHBI COOTHOIICHUSIMU, OTIHCHIBAIOIIUMU

CHJIbI 1 MOMCHTBI B CpCI[HHHOfI IMJIOCKOCTH 4YCPE3 NECPCMCUICHUA U UX ITPOU3BOJHBIC.

7.3. Kunemamuy4eckuil apuayuoHHbIU npuHyun

7.3.1. 06001 éHHbIE COOTHOLIEHUS HanpshKeHue-Aedpopmanusa

VYpaBuenust paBHoBecusi (7.18), BbIIMCaHHBIE B MpEAbIAYLIEM Mojpaszfene, TpeOyroT
MPUCOCANHEHUS K HUM OOOOMIEHHBIX COOTHOIICHUN HampspkeHue-aeopmainus, a UMEHHO,
COOTHOIIICHUH, CBS3BIBAIONIUX CHJIBI U MOMEHTHI B CPEIMHHOMN IIOCKOCTH ¢ JIedopManusMi B

3TOU MIIOCKOCTH ¥ 000OIIEHHBIMU KPUBU3HAMU K, K, , K, -

Jns MeTtamMdecKux IUIaCTUH, MOAYMHSIOIMXCS 3aKOHY 1'yka, matpuisl xéctkocth 4 u D

(aHANOTM TAKOBBIX MATpHIl Ui TEOPUHM KOMIIO3UTHBIX IUTacTHH, cM. Gibson 1994) narorcs

bopmymnamu:
2 ILIZ 0 2 IL[Z O
- 1-u - 1-u
3
a=n B¢ E_ o |, p=tjEL E (7.37)

- 1-u 12{1-p 1-u

0 kB 0 B
i 2(1+ ) i 2(1+ )

rne  E,u - momynp FOHra m xo3ddurnment IlyaccoHa, COOTBETCTBEHHO. DTH MAaTPHIIBI
WCIIOJTB3YIOTCSI B COOTHOIIEHUSX, CBS3BIBAIOIINX MOTOKH HANPSHKEHUH B CPEUHHOMN TUIOCKOCTH
N, M3THOAMOMMIA/KPYTSAMIAiT MOMEHTBI HA CIWHHIY [UIMHBI M U BEKTOpa-CTOIOUBI &,K,
cozepxampe aedopMali  CPEAMHHOM IUIOCKOCTH &, W OOOOWIEHHBIE KPUBH3HBI K,
COOTBETCTBEHHO.

BYIlCM HCIIOJIB30BaTh 0003HAYCHUS
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F.= [ fd, M, = (zf.dz
o —%
g'cx K’CX % %
E=|e, | « B=| K, | 1 F=|[fdz ; M, = [ (7.38)
2e,, 2K - A
" "
F.= | fdz F.= [#f.d
NX Mx
N=|N, | ; M=|M, (7.39)
N, M,
N=A4A ; M=Dk (7.40)

ManI/IIII)I xéctkocth A n D JJIA KOMIIO3UTHBIX IINIACTHH OIIMCaHbl B MHOI'OYMCIJICHHBIX

yueOHuKax, Harpumep, (Gibson 1994).

7.3.2. [loTeHIMa/IbHAs 3HEPrHs AePOPMaALUM U €€ BapHalUs

[MorennuansHas sHeprus aepopmarmu 11 1aéres cnemyromei GopMyIIoi:.
= _l%qjgijdV == J‘{ ( ) (M K)}dl“ J{ ( TA§)+%(ETDIZ)}dF (7.41)

IJie, KaK W paHee, o, - BTOpoii Ten3op Hanpsbkenui [Tnona-Kupxrodda, a 1a Bexrop-crosodua
B KPYTJIBIX CKOOKaX depe3 3armsITyi0 03HAYAI0T CKASIPHOE TIPOU3BEICHUE ITHX BEKTOPOB.
Ternepr BBIMOIHUM BapbHpoBaHKe [/ TIO TEPEMEIICHUSIM B CPEAMHHON IJIOCKOCTH i, V, W

ort = [|(N,08 )+ (7. 5 Jir = [[N, G, + NG, +2N, G, +M Sk, + M, S, +2M 5c, HT
r r

(7.42)
re 34ech M Jajgee CHJIbl M MOMEHTHl jatorcs (opmynamu (7.15) u mpu  BbIBOAE
KMHEMAaTUYeCKOr0 BapUalMOHHOTO MPHUHIUMNA CYUTAIOTCS (QYHKIUAMU OT KHHEMAaTHYECKHX
BEJIMYMH (TIepeMEeIleHUI [IEHTPAIILHOTO CJI0Sl U BEJIMYUH K, COJIeprKalIiX COOTBETCTBYIOIINE
MIPOM3BOJHBIE ATHX MepemeleHuii). B mpaBoil vactu (7.42) moj MHTErpajoM CTOSIT IIECTh
WwieHoB. byneM BbUMCIATH HX OAUH 32 JApyrdM. ONycTUM HEKOTOpble T'POMO3JKHE

npeoOpa3oBaHusl.
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NG - Nﬁ[ﬁ,ﬁl(ﬁ,iﬂ?,ﬁw,i)} _ O [N S+ N i, o+ NP, 0+ N, o]
2 Ox (7.43)

- Nx,x&/? - (Nxﬁ’x )’x 5MA - (Nx"}’x )’x & - (wa’x )’x 51;‘\}

PO 0 n en R N en
Nydew = 5{v,y+5(u,i+v,i+w,i)} = 5[Ny§3+Nyu,y o+ NV, 6‘9+Nyw,y 5w]—

(7.44)
- Ny,y&; - (Nyﬁ’y )’y Ol — (Ny{}’y ly o — (Nyw’y ly oW
IN, &, = 2ny5B (ﬁ,y+ﬁ,x)+%(ﬁ,y i, 4, P, +i,, w)} _
= aﬁ [N &+ N i, &t + N5, &+ N, o]+
X
+ % [V 6+ N i, 61+ N5, 60+ N, 6] (7.45)

-N, .-V, ), - (N5, ), = (N, ) -

-N,, -V, ), s (N5, ), - (v, ), o

Mx5Km = Mx [_ égéﬁ’m_ﬁ’xr % - 45‘;9)@7( _‘,}’xx X - éﬁ}’xx ] =

ox
- (ng)’xx 612 _qu’\wcx (Sé: - (Mxé/)’xx 5"} - Mx‘;’xx 54/ - (Mx )’xx 5‘;{}

M &k, =M |- &, ~i,, & &0, v, & -, |=

a [_ Mxé:é‘ﬁ’x _(_ ng)’x &2 - Mxé/é“;’x_(_ Mxé/)’x 5‘; - Mxé‘;‘\}’x _(_ Mx )’x 5‘2}] - (746)

:%[_My§5ﬁ,y—(—My§)>y512—My§5\3,y—(—Myg"),yé‘\?—MyéW,y—(—My),y 512;]_ (7.47)
_(Myé)’W&?_Mﬁ’ x_(Myglyy&}_Myﬁ’yyéZ_(My yyéw

Yol

2M Sk, = 2M |- &, i, O — (9, ., & — S, |=

- % [_ Mxyé:é‘ﬁ’y_(_ Mxyg)’y il _Mxyé/é‘{}’y_(_ Mxyé/)w ov _Mxyé“;{}’y_(_ Mxy )’y é“”{/’]+
(7.48)

+ % [_ Mwééﬁ’x_(_ Mxyé)’x i — Mxyé/é“;’x_(_ Mxyé’)’x - Mxyéw’x_(_ Mxy )’x 5‘2}]

—eMm &), si-2M i, & -2M &), S—-2M 5, & -(2M ), b
B (7.48) mpunsTO BO BHUMaHMe, YTO Uil JIBYX (yHKUuit a u b oT (X, y) CHpaBeIUBO

CJICAYIOMCC COOTHOMICHHUC!
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ab, , = ; aax(ab,y a., b)+%§(ab a, b)+a,,b
Beens nBe ¢pyHKIUY OT (X, V)
Q=-MJ5, M, 2M 7,
R=-M i, —M i, -2M i,
Imojiydya€m paB€HCTBO
SE|-M i, M i, -2M i, |+ S |- M9, M D, -2M 9, |=

—ﬁu[ A ]+5v[R w, —R,. W,y]+

W
caifr, (149 > Ry6, (1,)-0, 0, ]+

[ B, Joh+ R, % — Qi ot + Qi 5w+

+§[— R, 50+ R, Sv— Q1+ 4, )5+ Qi ]
Y

(7.49)

(7.50)

(7.51)

OxkonuarenbHo, cobupas Bce wieHbl B (7.43)-(7.48) u yuutebiBas (7.51), moiydaem BapHaiuio

o01el MOTEHIMAIBLHOW SHEPTUH IeGopMaliiy B BUJIC

:Idr(ai+ai+Ku5ﬁ+KvéTz+KW5ﬁzj

ox Oy

K,=-N,_ -N_, -(Na, +N i, ), ~(Na, +N, i, ), ~(M &), M &), -

K,=-N, -N_ . -(N3, +N b, ) ~N D +N 0, ) -(M. &), (M, ¢), -

K,=-M . -M, -2M__~(NWw, +N_W, } ~N W, +N W, ) +R, (1+d,, )-
P =|N (1+4,, )+ N, +(Mx§),x+(MW§),y—QvAv,yJ&2+
+[ny(l+v )+Nv +M £) ,x+(Mxy§ly+Rw,y]5§+

+[N W, +Nw, +M_  +M —R(1+\3,y)+Qd,y]§W—

_(M ;)&Q’X_(Mx;)ga,x-Mxm,x—Mxy@ﬁ,y—Mxygaﬁ,y—Mxyé‘w,y
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(7.53)

(7.54)

(7.55)

(7.56)



P =[N (i, )+ Ny, +{(M, E) +M )+ Qi i+

+ [Ny (1 +7,, )+ ny\?,x+(Mxyg“lx+(My§),y—Rw,x ]5& +
+ [Nyw,y+nyw,x+My’y +M,, +RD, —Ol+u,, )]5\&— 727
-M &, —M oV, —M 6w, —M Eou, ,—M oV, —M 6w, ,
Teneps cpaBHuM cootHoueHus (7.53)-(7.57) ¢ pe3yibraramu BTOPOrO MOApa3zesia JTaHHON
['maBer m paboter (Selyugin 2021a). Kak MBI BUAMM, MONXYYCHHBIE CEHYacC COOTHOIICHUS

HACHTUYHLI C YKa3aHHBIMU PE3YyJIbTaATaAMMU.

CJIG,HYIOIHI/II;'I IIar HaIlIero aHajiu3a NOCBSIIEH IMOTCHI Ay BHCIIHUX CHUII.

7.3.3. [loTeH a1 BHEIHHUX CUJI

HOTGHHI/IaJI BHEIIHUX CHJ JaETCs BBIPAKCHUCM!

W= J-q(x,y)v?/dl“ + ”fxu + fyv+fzw]dS (7.58)

Kak mokazano B pabote (Selyugin 2021b) u Bo BTOpoM mojpasene AJaHHOW TJIaBbl, BapHALUs

nocyenHero uaTerpaia B (7.58) Moxker OBITH MpeoOpa3oBaHa K BUITY:

[[f.cu+ f,60+ f.owlas =
5
= IdC{F&u+F§v+F§w+ ( ,y+f;(1+9,y))z+(Mvw,x—iﬁ,x)m]&,;,n+
G
+-—(—]\7[yfv,y+ﬁz(l+ﬁ,y) +(jw,x-ﬁzo,x)z 1, +
|07 i, i, Y (07 4 (146, o, + (7.59)
+ |-\ W, ~F i, +(—A7wa,x+ﬁ(1+ﬁ,x) D, +

+:(—A7[x1+\3,y)+]\71y12,y)l (Mv —M l—i—u,x )m]&w +

+:—(—A7x(1+\3,y)+j\7[yu )m (Mv y(l+ﬁ,x))l]5w,s}

B ciygae cripaBeAsiuBOro NpUHIIKIIA BUPTYAJIbHBIX PaboT (CM. YKa3aHHbIE CCBLIKH)

[avlo e, +o,8, +20,8 |- [ax.n)owdr - [[f.60+ f,60+ f.owliS =0 (7.60)

CootHomienue (7.59) Ben€T K CIeIyIOIIUM KPAaeBbIM YCIOBUSIM:

- Ha narpyxenHnoii yactu C; rpaHU4HOTO KOHTYpa:!
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[(1+ﬁ,x)(le+nym)+ﬁ, (N [+N m)+Q(—M, +mw,x)+

(7.61)
w020, 41,6}, Ve ml(or, ), 01,2, 1+ L~ F =0
[ﬁ,x (le +mN,, )+(1 +v,, Xley +mN )+ R(lw, ,—mw,x)+

(7.62)
+il(m ), M 0), )+ m(M 8 ) M2 ), ) + —S ~F, =0
[Z(wa,x+nyvAv,y+Mx’x +M,,, —R(1+v, )+Qu, )—
+m(nyvAv,x+Nyw,y+M +M, + RV, —O(1+4,, ))] (7.63)

—(PM g+ 2imM &+ mP M E)- |- B, +F (145, ) + (M W —F5, Jn|=0  (7.64)
—(PM ¢+ 20mM & M )= |V W, —Fot,, )+ (- 6 o, +F (142, )Jm] =0 (7.65)
—(M, +2mmM M )| 37 (49, )+ 6, Y+ (M5, —3, (14, )hm ] =0 (7.66)

1 Ha 4aCTHU C2 - K YCJIOBHAM 3allICMIJICHUAS:
8 = & = G = i, = &, = o, = 0 (7.67)

rIe

A, = o, =0 )= = W ) [ 0 o+ B 5, o= (7,0, - v )] (7.69)
A, =(tm(M, — M)~ =m® WM &)+ (3 b, ~Fodiy, I — (- 5, +F (144, )] (7.69)
A, =M, —m)) = = m* )+ | 57,0 +o,y)+ M i, n— (8 5, ~3,(1+4,, )] (7.70)

VYcnoBus (7.67) SBASIOTCS TaK Ha3bIBAEMBIMH CYIIECTBEHHBIMH YCIOBUSIMHU. Y CIIOBHUS K€
(7.61)-(7.66) — Tak Ha3pIBa€MbI€ €CTECTBEHHBIE KPAEBBIE YCIOBUSI.
A Temepb MBI MPOJAEMOHCTPUPYEM, 4TO cooTHomieHus (7.52)-(7.70) aBusitoTcs cleacTBUEM

KHHEMATUYCCKOI'0 BapruallMOHHOT'O ITPUHIIUIIA, YKa3aHHOTI'O HHUXKC.

7.3.4. KuHeMaTH4YeCKNi BapUaLlMOHHbIA NPUHLMIT

OTOT NpUHIMI (HOPMYITUPYETCS TaK:

I =W ——5—> stationarity  npu ycrosuu (7.67) (7.71)

JeiictBurensHo, n3 (7.71) Mbl oJlydaeM ypaBHEHUsI paBHOBECHS

- 128 -



K, =0
K, =0 (7.72)
K,—q=0

1 COOTBETCTBYHOIIHE KpaeBbie ycioBus (7.61)-(7.66), (7.68)-(7.70).

7.4. Ycnoeust coemecmHocmu degpopmayuil

[Tomy4ynm ycoBHsS COBMECTHOCTH JedopManuii B cpenuHHON miockocTH (Selyugin 2022a).

Ucnonezyss (7.4), BBIYUCIUM CIEAYIOIIME BEIMYUHBI IS CPEIUHHOM IJIOCKOCTH

A A A

8xx,yy ? gyy,xx > gxy,xy '

A oA A2 A A ) A A A2 A A
Exrgy Uy U FUU +V FV Y W W W, (7.73)
A A AD AA A2 A A A2 A A
Eppe =V Tl HU U HV FV VAW AW W (7.74)
A oA A 2 A A A A A A )
Eoy T Uy + Vo + u.u ., + U,y + Uy U + U Uy + VoayVy + YV TV, TV Vo T
(7.75)
~ A A A ) A A
W W, W W W W W
3arem, ucnonb3yst (7.74)-(7.75) n BeraucHss BoIpaXeHue £, +&, . —2& ., IPUXOAUM K
CJIEAYIOIIEMY COOTHOLIEHHUIO:
A A A A2 A A A A A2 A ~
Eary TEyu —25xy,xy =uU, U U,V VY AW =W W (7.76)

CootHomenue (7.76) u sBIseTCAs YCIOBUEM COBMECTHOCTH JedopMaluil B CpeIUHHOMN

ITIJIOCKOCTH.

7.5. 0 803Mo031cHOCMU aHaau3a npowéaKkueaHus

Ilony4yeHHBbI€ BhILIE B JaHHOH [J1aBe COOTHOLIEHUS MTO3BOJISAIOT, B IPUHLUIIE, AHAJIU3UPOBATH
MOBE/IEHNE IUIACTUHBI MpU OONBIINX 3aKPUTHYECKUX Nporudax, BKIOYas W TOYKY Hadasa
MPOLIEIKUBAHUS.

W3BecTHO, 4TO HEMMHEHHBINH aHamu3 KOHCTpyKuui mo MKD nanéxHOo paboTaeT B Hauaie
HenuHeHoro nedopmupoBanus. [lpu GonbmMX 3aKpUTHYECKHX Hporumdax HanaéxHocts MKDO
aHaJIN3a, KaK U3BECTHO, CHIKaeTcs. [IpennaraeMbliii HaMu oAX0 4 AAET €€ OJHO CPEACTBO JUIs

TaKOTO aHaIn3a, B gorojHeHne kK MKD.
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7.6. Ycao8us1 onmumaabHOCMU y2/108 opueHmayuu 1068 yKaaoku

7.6.1. [IpeaBapuTe/ibHbIE 3aMeYaHUA

[Tpu BBIOOpPE ONTHUMAIBHOM OPHUEHTALMH CIOEB MPUMEM MKECTKOCTH IUIACTHUHBI 3a LIEJIEBYIO
(GYHKLUIO, KOTOPYIO HaJ0 MaKCUMHU3UpOBaTb. B kadecTBe Mepbl JKECTKOCTH Oynem
paccMaTpuBaTh OOLIYIO MOTEHIMAIBHYIO SHEPTUI0 KOHCTpYKLIuU U.

VKa3zaHHas DJHeprus 3aluChIBacTCs B BHJE, CM. I[OApas3lel O KHHEMaTHYECKOM

BapHaMOHHOM NpuHIwNIe nanHou [nmaser u (Selyugin, 2021b):

-]

r

lap 2 17
(— "Ag +— Tchjdl“—W (7.77)
2 2
IrJie HHTErpa — 3To o0Ias NoTeHIMaIbHas dHeprus aedopmaruu I7:
n-| B (E748)+ (/ZTDE)}IF (7.78)
r

W — 310 moTeHuuan BHEMHUX «MEPTBBIX» cuil. Ha koHnType C, 3a1aHbl yCIOBUS 3alllEMIICHUS
TUIs (12,\3, 12/)

Kunemarnyeckuii BapuallMOHHBIH MPUHLIUN (CTALlMOHAPHOCTh OOIIEH MOTEHUIUATIbHON
SHEPruM IJIACTUHBI), IPUBEACHHBIN B Hauaje JaHHOU [ aBbl U BeIBeleHHBIN B padbote (Selyugin,
2021b), omuchIBaeT Kak MPOCTO T€OMETPUUECKH HETWHEWHOE IOBEIEHHE TUIACTUHBI, TaK W
3aKPUTUYECKOE NTOBEJCHHE IIJIACTUHBI.

BapuallOHHBIM NPUHLMII U1 KOMIIO3UTHBIX IUIACTUH B IPUHATHIX BBIIIE JOMYIIEHUAX
bopmynupyercs cienyromuM obpa3zom. [lmacTHa B COCTOSHUM DPABHOBECHUS YIIOBJIETBOPSIET
COOTHOILIEHUIO

oU =d1-6W =0 (7.79)
JUIS BCEX KHHEMATHUYECKH JIOTYCTUMBIX MEPEMEIIECHHU (ﬁ, v, V’{/)

[Mpunmun (7.79) Ben€r K ypaBHEHUSM paBHOBECHs Ul IEpPEeMEIleHUN B CpeIuHHOU
mockocru (@, 9, W).

[Tpeanonaraercs, 4T0 yribl OPUEHTALUU CIOEB 0, ABISAIOTCS TIaJKUMU (DYHKIUSMH TOYEK B

CPEIMHHOM TIOCKOCTH (X, V), i=1,...,K.

7.6.2. YC/I0BUA OONTUMAJIbBHOCTHU
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Kax 6wu10 mokaszano B (5.37) u B pabote (Selyugin, 2019¢), mpousBoansie marpuir 4, D 1o

yrjlaM opueHTaluu cioés 6, narorcs popmynamu, ij=11, 12, 22; k=1,....K:

dAij d(Q)k
=Gz ) —
a6, a6,
B (7.80)
lej 1 3 3 d(Ql)k
— =@ ) ——
T a6,

rae O, B CKOOKax ¢ MHACKOM k — 3TO MaTpHLbl KECTKOCTH k-ro cnost (Gibson 1994), z, - ato

BEPXHSS KOOPAUHATA k-T'O CITOSL.

Crnenys oObIYHON BapWAIlMOHHOW MPOILEAYpe M MCHOJb3Ys BapHalMOHHBIA npuHUUN (7.79),
HOJy4aeM  HEOOXOMUMBIC  YCIOBHS  JIOKAJbHOW  ONTHUMAIBHOCTH  [EPBOrO  MOPSIKA.
Maxkcumuzanusa KECTKOCTH KOHCTPYKLIMHM O3HadaeT, 4To ImepBas Bapuauus U no yriam
OpHEHTAIINH CIIOEB paBHA HYJIIO.

BapI/IaI_II/ISI 061_1_[6171 MOTECHIMAILHON SHEPIUU KOHCTPYKIIUU JTaéTCs COOTHOIIICHUEM:

5(] :5U| A-non—varied +5U

D-non-varied

(@,v,W)—non-varied = O (78 1)

[Tepssiit unen B (7.81) paBen Hymto Beienctaue (7.79). Bo Bropom unene, matpuiibl 4, D — 3T0
GYHKIIMM OT YTJIOB OpHEHTanuu ciosi. [ljis »Toro uieHa, mojydaeM COOTHOIIEHWE JAJSl YITIOB

OPUEHTAIINH i-TO CJIOS B TeKylel Touke, i=1,...,K:

oU

LS la;,dAd » 1
o N ar| Lar A e D e se — o 7.82
(&1,9,W)—non-varied ;I 7 dHl 7 d@l i ( )

U, YYUTBIBasl HE3aBHCUMOCTb ¢, KOMIIOHEHT ApPYr OT apyra, i=/,...,K, U OCHOBHYIO JIEMMY
BapHallMOHHOTO MCYUCIEHUS, MOJy4yaeM HEOOXOJUMbIE YCIOBHS JIOKaIbHOW ONTUMAJIbHOCTU

NEPBOIO MOPSAJIKA U1 MAKCUMU3AINH KECTKOCTU 3aKPUTUUYECKH 1e(POPMHUPYEMOH TIaCTUHBI:

Lardd o 1rdDi o =1k (7.83)
27 do" 2 de,

Hanee, BpuuciuM nepBblii wieH B (7.83) (3TOoT wieH cooTBeTcTByeT 2D-nedopmanusam
CPEIMHHOH MJIOCKOCTH) B OcsiX IMaBHbIX 2D-nedopmanuii &,,¢&,, rae & = &,. Bropoii wien B
(7.83) (9TOT uUyIEH COOTBETCTBYET M3THOy M KPYUYEHHIO IJIACTUHBI) BBIYUCIUM B OCSX TJIaBHBIX
0000mEHHBIX KpUBU3H k,k, cpemuHHOW muiockocTu, rae k; = k,. IlpoBoas HeoOXOAMUMBIC

peoOpa3oBaHus M MOMHS, 94TO a0COJIOTHAS BEIMYMHA SKOOMaHa IMepexoja OT OCEH TIJIaBHBIX
nedopmaruii K 0CsSM TJIaBHBIX 00OOMIEHHBIX KPUBU3H PABEH €IUHHMIIEC (ITOT MEPEXOJ SBISETCS

IIPOCTO ITOBOPOTOM), IosTydaeM i i=1,...,K:
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pr.str. pr.str. pr.cur. pr.cur.
dA/ dA/; dD)/; dD/)

k
l (81 2 82 dgristr deistr gl + l (kl ’ k2 dajicur dgricur 1 = 0 (784)
2 dAn”"  dAT |\ e, 2 dDy " dDyy "\ k,
46, do, do, do,

T/€ pr.Str., pr.cur. COOTBETCTBYIOT INIaBHBIM OCAM JeopManuii 1 0000IIEHHBIX KPUBU3H.
Ananmuzupys (7.84), paccMOTpUM CHavasa MepBblid WIEH 3TO COOTHOIIICHHS.

[Toacrasiss B (7.84) coorHomenus (7.80), momydaem ajis Kaxaoro i-ro cios, i=1,...,K:

e[~ 2U, sin 2(6, — ) — 4U, sin 4(6, — p) |+ ! : )
—\Z,—Z, (785)
1 £2[2U, sin2(6, — p) - 4U, sin 4(8, — p)]+ 26,6,4U, sin 4(6, — ) | 2

IJIe @ - YroJl MeXAY I00anbHON 0ChIo X U 0Cblo &5 U,,U; - HEKOTOpble KOHCTAHTBI MaTepuaa
ciost (cm. Gibson, 1994).
AHaNOru4HO, BTOPOH WieH Aa€T IJid KaXxa0ro i-ro ciod, i=1,...,.K:
k?[-2U, sin 2(0, —y) - 4U, sin 4(6, - )] + 1
3 3

—(z-z3)  (186)
+12[2U, sin 2(6, —y) — AU, sin 4(6, — )]+ 2k k,4U, sin 40, —y) | ©

rJe ¥ — YTOJI MEX/IY I1I00aIbHON OCBIO X U OCBIO K, .

Cymma (7.85) u (7.86), mpupaBHEeHHasi HYJIO, OyJAeT HEOOXOAWMBIM YCIOBHEM JIOKAJIbHOMN

ONTUMAJIBHOCTH IIEPBOTO MOPAAKA AJIA KAKAOTO CJIO, izl,...,K.'

e[~ 2U, sin 2(6, — p) — 4U, sin 46, — p)| + | : )
—\z,—z )+
+&2[2U, sin2(0, — ) — 4U, sin 4(0, — p) |+ 2¢,¢,4U, sin 4(6, — 9)) 2
(7.87)
k[~ 2U, sin 2(6, —y) — 4U, sin 46, — )]+ ) (e )0
+ —\& —Zia)=
+12[2U, sin 2(6, — ) — 4U, sin 4(6, — y)|+ 2k k,4U, sin 4(6, — )| ©

Kak Mbl BUAMM, 5TH YCIOBUS — CYIIECTBEHHO HennHelHbI. [Ipeobpasys (7.87), momydaem:

& [-U, —4U; cos2(6, - )]+ |
25in 2(0, - ) ~(z,—z,,)+
+&2[U, —4U, cos 2(0, — )]+ 8&,6,U, cos 2(6, — )| 2
2 (7.88)
‘ k[~ U, —4U, cos 2(6, — )]+ T
+25in 2(0, - y) “(z2-z.2)=0

+13[U, —4U, c0s 26, )+ 8k k,U; cos 2(6, —y) | ©

U, makoHemn, nenst HA — (zi -z, )4U 5
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sin2(6, — @) % (512 - 522 )+ (51 -, )2 cos2(0, — ) |+
3

(7.89)

+5in2(6, - y) Z}z (k> =k2)+ (k, — &, ) cos 26, ) %(zf tz,z,,+2,2)=0
3

2
Kak mbl BUIMM, 3aBUCUMOCTh OT MaTepuaia OCYyIIeCTBIsIeTCsa yepe3 napamerp —— . TouHas
3

3aBHCUMOCTH OT TOJIOKEHHUS CJI0s 10 z 00yCIOBJICHA MOCIETHIM MHOXKHUTEJIEM BTOPOTO YJICHA.
CBsi3b MEXAY CIOSMH IPOUCXOAUT BCIEACTBHUE JMHUN TiaBHBIX 2D-nedopmanuii, JUHUMA
[JIAaBHBIX OOOOLIEHHBIX KPUBU3H, 3HA4CHUH MIaBHBIX 2D-nedopmanuii ¥ 3HaueHUH IJaBHBIX
00001IEHHBIX KpUBU3H. Jlanee oOcyiuM pacroyioskeHHe CIIOEB ¢ BO3MOKHBIM JOMUHUPOBAaHUEM
OJIHOTO 4JIeHA (CIaraeMoro) ycjaoBUil ONTUMAIBHOCTH.

Anamuzupys (7.89), MOKHO Takke CKa3aTb, YTO BHYTPEHHUE U BHEUIHHE CJIOM HUIPAIOT
pasIMYHYI0 POJIb B 3TUX YCIOBHMsX. B wactHocTH, u3 nepBoro uwieHa B (7.89) ciemyer, yuto
BHYTPEHHUE  CJIOM  Haumboiee  YyBCTBUTEIbHbl K IIaBHbIM  2D-nedopmanusm u
COOTBETCTBYIOILIMM MM TJIaBHbIM HampaBieHUsM. UTO KacaeTcs >XK€ BHELIHUX CIIOEB, OHHU
HAaubONee UYBCTBUTEIBHBI (BCICACTBHE MHOXKHTENS C z° y BTOPOrO WIEHA) K TJIABHBIM
3HaueHUSIM 000OLIEHHBIX KPUBHU3H U COOTBETCTBYIOIIMM MM IJIaBHBIX HAIIPABIICHUSIM.

Ecnu mbl mpocymmupyem (7.88) miist Bcex i U Bocmosib3yeMcsi cooTHoteHussMu (7.80) mmst

Matpull A u D uepe3 Q; (cm. Taxke Gibson, 1994), To monyuum, ananoruyso (Selyugin, 2019e),

crenyroniee 00beTMHSIONIEe YCIOBHUE:

pr.str. 2 pr.str. 2 pr.str. pr.str.

[Am & - A26 &~ (AIG - A26 )“7182J+

7.90
Dpr.cur‘kZ Dpr.cur.k2 (Dpr.cur‘ Dpr.cur.)k k ]_ O ( )

+[Pis 1~ 26 2~ \Hie 26 21—

WIH, TIOCJIE€ MCTIOJIb30BaHMs onpeaenaeHuit Matpun 4 U D, COOTHOLIEHHE C SICHBIM (PU3UYECKUM
CMBICIIOM
pr.str. pr.cur. _
NI (e —&)+ M (k—k,)=0 (7.91)
CootHomenue (7.91) — sTo nuHeiHas KOMOMHaUUA yciaoBHM onTtumanbHOcTH (7.88) miam

(7.89), wm, cnemoBaTtenbHO, cooTHomieHue (7.91) sABIseTCs YCIOBHEM ONTUMATbHOCTH,

00BEIMHSAIOMIMM TaKoBble JUIsl Kaxkaoro cnos. Ilepseiit unen B (7.91), ecnu ero oTnenbHO
paccMOTPETh PaBHBIM HYNIO, O3HA4YaeT, 4ro (Ipu &, # &,) TeH30p Aedopmanuil B CpeAMHHON

IMJIOCKOCTH COOCCH C TCH30pPOM CUJI, U IIOTOK HaprDKCHI/II\/'I CABUT'A B OCAX TI'JIaBHBIX )Ie(bOpMaI_II/Iﬁ

CPEIMHHOM TIJIOCKOCTH paBeH HYJt0. Bropoii wien B (7.91), ecnmu ero oTAEIbHO pacCMOTPETh
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paBHBIM HyIIO, O3HadaeT, 4ro (npu k, #k,) TeH30p OOOOLIEHHBIX KPHBU3H CPEIAUHHOI

IUIOCKOCTH ¥ TEH30P MOMEHTOB — COOCHBI, U KPYTAIIUN MOMEHT B OCSIX TJIaBHBIX KPUBU3H paBeH
HYJIIO.

OtMerum, uto pe3ynbTaT (7.91) crpaBeuB U AJis JIOKAJIBHO-OPTOTPOIHOM IUIACTUHBI MIPU
K=1.

O6o06menue (7.89) Ha cimydail COEB C MPSAMOJMHEHHBIMH BOJIOKHAMH 3alMCBIBACTCS Tak,

i=1,...K:

sin 2(6, — (p){ 4% (512 -& )+ (6, —¢,) cos2(6, - (0)} +
[ar ’ ~0 (7.92)
C | tsin2(6, - w){fUz (k2 = k2)+ (k, — &, cos 2(6, - y/)} % (2422, +2.2)
- 3 -

O606mmenue (7.91) nns atoro ciyyas Oyaet

Xy

[ar{vrer e —e,) + Mz —ky)]=0 (7.93)
r
7.6.3. HekoTopble 0cOGbIe pelleH s YCA0BHiA ONTUMA/ILHOCTH

Ananu3 ycnoBuil onTUManbHOCTH (7.89) MO3BONSET YCTAHOBUTH HEKOTOPBIE MX PEIICHUS

(Selyugin 2021c). A umenHo: Kora

0.=(p mm y),i=1,..K (7.94)
u
p=y (7.95)
WITH
o=y +n/2 (7.96)

torna ycious (7.89) ynoBnerBopeHsl. B 3TOM ciydae cMHYCHI Tiepe1 KBaapaTHBIMU CKOOKaMH B
(7.89) paBHBI HYTIO.

Ontumanbhbie opueHtanuu (7.94)-(7.96) saBnsrocss IOKanbHO OPTOTPONMHBIMU. OcH
OPTOTPOINUU JJIsi ATUX PEUICHUN CONMPHUKACAIOTCS C HaJararollUMHUCS JAPYT Ha JIpyra OCsMU

riaBHbIX 2D-nedopmanuii U rmaBHEIX 000OMIEHHBIX KPUBH3H.
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I'1aBa 8. 3ak/ilouyeHue U BbIBO/IbI

Pestomupyem mnpuBeneHHbIE B O3TOM KHHUTe pe3yiabTaThl B LEJIOM U chopmynupyem
HEOOXOIUMBIC 3aKIIFOUCHUE W BHIBOJIBI.
B kauecTBe 3aKIIOYCHHSI MOKHO CKa3aTh, YTO HAMH TOJyYEHBI U MPEACTABICHBI PE3yIbTAaThI
BbIOOpa YKJIAOK CJIOEB KOMIIO3ULIMOHHBIX IJIACTHH, MaKCHMHU3HUPYIOIIME Harpy3Ky MOTepU
YCTOMYMBOCTH U TMOBBILIAIONINE HECYIIYIO CIIOCOOHOCTh M MPOYHOCTH IJIACTUH U MaHeJel Kak
IIPH YMEPEHHBIX, TAK U MPHU OOJIBIINX 3aKPUTHYECKUX MPOTHUOAX.
OcCHOBHBIE BBIBOIBI M3 POBEJCHHOTO aHAIIN3a — CIIETYIOIIHE:
® BAXKHYIO pOJIb TPH BBHIOOPE ONTHUMAIBHOM YKJIQJKH TUIACTUHBI WTPAIOT BEIMYUHBI U
HarpaBjeHus: TJaBHBIX 2D-nedopmarnuii u (0000MIEHHBIX) KPUBU3H JehOPMHPOBAHHON
MOBEPXHOCTH;

® [IpU MPOECKTUPOBAHUU JUIsI OAHOTO CiIydas HArpy>K€HUsi BO3MOXKHBIM PEILICHHEM SIBIISETCS
HAIpaBJIEHUE APMHPYIOIIMX BOJOKOH CJOEB BIOJIb OJHOTO W3 YKAa3aHHBIX TJIABHBIX
HallpaBJICHUMN.

YkaxeM Takxke, 4TO TeOpeTHuuecKue pe3yiabTaTel [1aB 5, 6 U 7 no aHanu3y yCTOMYMBOCTH U
YMEPEHHBIX WJIM CHIBHBIX 3aKPUTUYECKUX MPOTUOOB U BHIOOPY HAMIMYUIINX YKJIAIOK I TaKHX
YCIIOBUH OUYEBUIHBIM 00pa30M HEMOCPEACTBEHHO OOOOIIAIOTCS W SBISIOTCS CIPaBeIIMBBIMU

JUTSL CITydasi TTaHeJIeW U IJTACTHUH C COTOBBIM CJI0€M BHYTPH (Kak yKa3zaHo B pazfene 2.2).

-135-



CnMCOK yinTepaTypsl

Andyros H.A., 3unoBbeB I1.A., [TorioB b. I'. Pacuer MHOTOCITOMHBIX TIJIACTHH M 000JIOYEK U3

KOMITO3UIIMOHHBIX MaTepuanoB. MockBa, MammHoctpoenue, 1984.

Annpees A. H., Hemuposckuii }0. B. MHorocnoliHble aHU30TPOITHBIE 000JI0YKU U TIJIACTHHBI.

N3rub, ycroitunBocTs, koebanus. HoBocubupck, Hayka, 2001.

bannuyk H. B., Kob6enes B. B., Pukapnc P. b. Ontumusaius 31eMeHTOB KOHCTPYKIUN U3

KOMIIO3UIIMOHHBIX MaTepuanioB. MockBa, Mamunoctpoenue, 1988.

bexnemumes /[.B. Kypc ananuruueckoit reomeTpuu 1 IMHEHHOH anreOpsl. MockBa, U31-BO

Jlanb. 2015

benozepos JI. I'., Kupees B. A. Komno3uTHbie 000JI0UKH MPH CUIIOBBIX U TEILIOBBIX

Bo3zaelcTBuAX. MockBa, ®usmariaut, 2003

bonorun B.B., HoBnukos FO.H. Mexannka MHOTOCIIOMHBIX KOHCTPYKIMNA. MOCKBa,

Mammnoctpoenue, 1980.

Bacunzy K. 1987. BapuannoHHble METObI B TEOPUH YIPYTOCTH U IIacTUUHOCTU. M., Mup.

BacuiibeB B. B. Mexanuka KOHCTpYKIUN U3 KOMIIO3ULIMOHHBIX MaTepraioB. MocCkBa,

MammunaocTtpoenue, 1988.

Bunsaeman B. O., Cokonkud 1O. B., Tamkunos ®@. . Mexanuka Heynpyroro neGopMupoBaHus

Y pa3pyllieHuss KOMIO3UIIMOHHBIX MaTepuanos. Mocksa, Hayka, 1997.

I'enppang .M., ®omun C.B. Bapuaunonnoe ucuncinenue. M.: @usmatiurt, 1961.

['pumun B. U., [13106a A. C., dynapskos 0. U. [Ipo4HOCTb U yCTOWYMBOCTH 371€MEHTOB U

COEIMHEHUI aBUAlIMOHHBIX KOHCTPYKIMM U3 KOMIIO3UTOB. MockBa, @uszmatiut, 2013.

- 136 -



Hynuenko A. A. IIpoyHOCTh W TPOEKTUPOBAHUE DJIEMEHTOB aBUAIMOHHBIX KOHCTPYKIUM W3

KoMIIo3uTHOTo Matepuana. Mocksa, MAU, 2014, ISBN 9785703518809, 200 c.

EnnatwseBckuit A. H., BacuibeB B.B. [IpouHocTh nHIMHAPHYECKUX 000JI0UEK U3 apMUPOBAHHBIX

MarepuasioB. MockBa, Mamunoctpoenue, 1972.

3unoBbeB [1LA., CmepaoB A.A. OnTUMalIbHOE IPOEKTUPOBAHUE KOMIIO3UTHBIX MaTEpUAOB,

Mocksa, MI'TVY, 2006.

Kanroposuu JI.B., KpsuioB B.M. Ilpubnmxénnbie meroasl Bbicuiero aaHanusza. dusmarrus,

1962.

Jlexunukuii C. I'. Teopus ynpyroctu anuszorponsoro tena. Mocksa, Hayxka, 1977.

Jlexaunknii C. I'. Anuzorponssie miactuHkd. Mocksa, Jlenunrpan, OI'13, 1947.

Manwmeticrep A. K., Tamyx B. I1., Terepc I'. A. ConpoTuBneHue NOJIMMEPHBIX U KOMIIO3UTHBIX

MartepuanoB. Pura, 3unatne, 1980.

Makcumenko B.H., Onerun WN.I1., ITyctoBoit H.B. Meroas! pacuera Ha IPOYHOCTh U KECTKOCTb

AJIEMEHTOB KOHCTpYKIMH 13 kommnosutos. HI'TY, 2015.

Martgees K. A., [Tycrosoii H. B. BapnannoHnsasie METOJIbI UCCIEOBAHUS YCTOMYMBOCTH

AHU30TPONHBIX IJIACTHH IIPU TEMIIEPaTypHO-CHIIOBOM Harpyxenuu. Hosocubupck, HI'Y, 2005.
Mutpodanos O.B. IIpoekTupoBanue HECYIIMX MaHeNeld aBUAlMOHHBIX TOHKOCTEHHBIX
KOHCTPYKIUH I10 3aKPUTUYECKOMY COCTOSIHUIO C Y4ETOM OIPaHUYEHHUH 110 pecypcy. MockBa,

CnytHuk, 2012.

Mutpodanos O.B. IIpoekTrpoBanue HeCylMX NaHee aBUallMOHHBIX

KOHCTPYKILUH 10 3aKpPUTUYECKOMY COCTOsIHUIO. MockBa, n3n-so MAM, 2020.

- 137 -



MuTtpodanor O.B., Kaiikos K.B. [Ipuknagnbie 3aqaun mpoeKTUPOBAHUS KOMITO3UTHBIX
MOJIKPETUJICHHBIX MaHeIeH MPH OrPaHUYCHUSX 110 YCTOMYMBOCTH M HECYIEH CTOCOOHOCTH.
Mocksa, CnytHuk, 2017.

Muxnua C.I'. BapuanmonHbsie METO/IbI B MaTeMaTHdeckol ¢pusuke. Mocksa, Hayka, 1970.

Hapycoepr B. JI., Terepc I'. A. YcTOHYHBOCTh U ONITUMU3AIINS 000JI0YEK M3 KOMIIO3UTOB. Pura,

3unarne, 1988.

Hogoxwunos B.B. 1948. OcHoBbl HenuHeHHOM Teopun ynpyroctu. OI'13.

Hosoxwunos B.B. 1958. Teopus ynpyroctu. Cyamnpomrus.

O6pasuoB 1. @., Bacunmees B. B., bynakoB B. A.OnrtumanbHoe apMupOBaHUE

000J104€K BpalIeHHs U3 KOMIIO3UIIMOHHBIX MatepuasioB. M., «MammHoctpoenue», 1977, 144 c.

[ToGenps b. E. Mexanuka KoMIIO3UIIMOHHBIX MaTepraioB. MI'Y, 1984.

[Tonmunos A.H. 2016. DxcnepumenTanbHast MexaHuka komno3utos. MI'TY um. baymana.

Ashton J. E., Whitney J. M. Theory of laminated plates. Technomic Publication, 1970

Christensen PW, Klarbring A. 2009. An Introduction to Structural Optimization. Springer, 2009.

Falzon BG, Aliabadi MH Buckling and postbuckling structures: experimental, analytical and

numerical studies, Imperial College Press, 2008.

Gibson RF 1994. Principles of composite material mechanics. McGraw-Hill, Inc., 425 pp.

Grenestedt JL, 1991. Layup optimization against buckling of shear panels. Structural
Optimization, 3, 115-120.

Groh, R. , & Weaver, P. M. (2015). Mass Optimisation of Variable Angle Tow, Variable

Thickness Panels with Static Failure and Buckling Constraints. In 56th AIAA/ASCE/AHS/ASC
- 138 -



Structures, Structural Dynamics, and Materials Conference American Institute of Aeronautics

and Astronautics Inc. (AIAA). https://doi.org/10.2514/6.2015-0452

Jones RM. 2018. Mechanics of composite materials. Taylor & Francis.

Kollar L. P., Spinger G. S. Mechanics of composite structures. New York,Cambridge,
Cambridge University Press, 2003.

Kassapoglou C 2010. Design and Analysis of Composite Structures: With Applications to

Aerospace Structures. Wiley.

Libove C. (1983). Buckle pattern of biaxially compressed simply supported orthotropic
rectangular plates. Journal of Composite Materials 1983 /01 Vol. 17; Iss. 1. DOI:
10.1177/002199838301700104

Nemeth MP. (1995). Buckling Behavior of Long Anisotropic Plates Subjected to Combined
Loads. NASA TP 3568

Narita Y, Leissa AW, 1990. Buckling studies for simply supported symmetrically laminated
rectangular plates. Engng & Applied Sciences, (32)11, 909-924, 1990.

Reddy JN 2004. Mechanics of laminated composite plates and shells. Theory and analysis. ond
edition. CRC Press, 831 pp.

Selyugin S. (2013). On Choice of Optimal Anisotropy of Composite Plates against Buckling,
with Special Attention to Bending-twisting Coupling. Struct Multidisc Optim 48: 279-294

Selyugin S. (2016) Some approaches to buckling analysis of flexurally anisotropic composite
plates, subjected to combined in-plane loading. Thin-Walled Structures, 98: 375-383.

Selyugin S., Balzer J-R. (2017a) European Patent EP2910365B1. Composite structural element

and torsion box.

- 139 -


https://doi.org/10.2514/6.2015-0452
https://ur.booksc.me/journal/12853
https://ur.booksc.me/journal/12853/17/1

Selyugin S., Balzer J-R. (2017b) USA Patent US9,827,737B2. Composite structural element and

torsion box.

Selyugin S., Balzer J-R. (2019) European Patent EP3530452B1. Composite structural element.

Selyugin, S. (2019a). A reciprocity theorem for buckling states of vat (steered fiber) composite
plates. https://doi.org/10.31224/0sf.io/2ewqn

Selyugin, S. (2019b). A relation between lamination parameters of stiffest post-buckled
composite plate. https://doi.org/10.31224/osf.io/ctzue

Selyugin, S. (2019c). A complementary energy theorem for composite plates in postbuckling.
https://doi.org/10.31224/osf.i0/5Smtq6

Selyugin, S. (2019d). Composite plates in postbuckling: dual extremal variational principles,
energy features, stability, lay-up optimality conditions via complementary energy approach.

https://doi.org/10.31224/0sf.i0/3vbj6

Selyugin, S. (2019e). Lay-up optimality conditions for stiffness maximization of anisotropic

composite plates in postbuckling. https://doi.org/10.31224/0sf.io/k2rwp

Selyugin, S. (2019f). Composite plates and their lay-up solutions leading to high buckling and
post-buckling resistance. https://doi.org/10.31224/0sf.i0/6q4z]

Selyugin, S. (2019g). Lay-up optimality conditions for buckling level maximization of VAT
(steered fiber) composite plates. https://doi.org/10.31224/0sf.i0/g7v2a

Selyugin, S. (2020). Analysis of lay-up optimality conditions for buckling optimization of VAT
(steered fiber) composite plates. https://doi.org/10.31224/0sf.10/9n58h

Selyugin, S. (2021a). Thin metallic and composite plates experiencing large deflections above

the von Karman limits. DOI: https://doi.org/10.31224/0sf.i0/hr79j

- 140 -


https://doi.org/10.31224/osf.io/2ewqn
https://doi.org/10.31224/osf.io/ctzue
https://doi.org/10.31224/osf.io/5mtq6
https://doi.org/10.31224/osf.io/3vbj6
https://doi.org/10.31224/osf.io/k2rwp
https://doi.org/10.31224/osf.io/6q4zj
https://doi.org/10.31224/osf.io/g7v2a
https://doi.org/10.31224/osf.io/9n58h
https://doi.org/10.31224/osf.io/hr79j

Selyugin, S. (2021b). A kinematic variational principle for thin metallic and composite plates

experiencing large deflections above the von Karman limits.

DOI: https://doi.org/10.31224/0sf.i0/e2vg]

Selyugin, S. (2021c). Locally orthotropic lay-up as an optimal solution for vat post-buckled

composite plates experiencing large deflections above von Karman limits. DOI:

https://doi.org/10.31224/0sf.i0/4abhz

Selyugin, S. (2021d). Some featured optimal lay-up solutions for composite vat plates under
buckling, postbuckling and large-deflection postbuckling conditions. DOI:
https://doi.org/10.31224/osf.10/v6djp

Selyugin S. (2022a). On strain compatibility conditions for metallic or composite plates

experiencing large deflections. DOI: 10.13140/RG.2.2.20941.31204

Selyugin (2022b) On optimal lay-up solutions for VAT (steered fibre) composite plates,
withstanding buckling under two alternative loadings. DOI: 10/13140/RG.2.2.35765/96483/1

Tenenbaum J, Deutsch A, Eisenberger M. Analytical buckling loads for corner supported
rectangular orthotropic and symmetrically laminated plates ZAMM, 2019, 99,11.
https://doi.org/10.1002/zamm.201900142

Thielemann W. 1950. Contribution to the problem of buckling of orthotropic plates with special
reference to plywood, NACA TM 1263, 1950

Timoshenko JG, Gere JM. 1961. Theory of elastic stability. McGraw-Hill

Turvey GJ, Marshall TH (eds) 1995. Buckling and postbuckling of composite plates. Chapman
and Hall.

Weaver PM, Nemeth MP. (2008). Improved Design Formulae for Buckling of Orthotropic Plates
under Combined Loading. AIAA J, 2008, 46 (9), 2391 - 2396

141 -


../../../AppData/Roaming/Microsoft/Word/A%20kinematic%20variational%20principle%20for%20thin%20metallic%20and%20composite%20plates%20experiencing%20large%20deflections%20above%20the%20von%20Karman%20limits
../../../AppData/Roaming/Microsoft/Word/A%20kinematic%20variational%20principle%20for%20thin%20metallic%20and%20composite%20plates%20experiencing%20large%20deflections%20above%20the%20von%20Karman%20limits
https://doi.org/10.31224/osf.io/e2vgj
https://engrxiv.org/preprint/view/1938
https://engrxiv.org/preprint/view/1938
https://doi.org/10.31224/osf.io/4a6hz
https://doi.org/10.31224/osf.io/v6djp
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Tenenbaum%2C+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Deutsch%2C+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Eisenberger%2C+M
../../../AppData/Roaming/Microsoft/Word/99, 11
https://doi.org/10.1002/zamm.201900142

Xu, Y., Zhu, J., Wu, Z. et al. (2018). A review on the design of laminated composite structures:
constant and variable stiffness design and topology optimization. Adv.  Compos Hybrid

Mater 1, 460—477 (2018). https://doi.org/10.1007/s42114-018-0032-7

Zhang Y. and Matthews F. L., 1984. Postbuckling Behaviour of Anisotropic Laminated Plates
under Pure Shear and Shear Combined with Compressive Loading, AIAA Journal, Vol. 22, No.
2, 1984, 281-286.

- 142 -


https://doi.org/10.1007/s42114-018-0032-7

	Оглавление
	Введение
	Основные условные обозначения
	Глава 1. Векторы, матрицы и тензоры
	1.1. Предварительные замечания
	1.2.  Евклидово пространство с декартовой системой координат
	1.3.  Векторы и матрицы
	1.4. Тензоры

	Глава 2. Основные сведения о композиционных материалах
	2.1. Предварительные замечания
	2.2. Основные допущения
	2.3. Упругие свойства пластины
	2.4. Прочность пластин с подкрепляющими элементами
	2.4.1. Критерий разрушения наиболее нагруженного слоя
	2.4.2. Критерии максимального напряжения и максимальной деформации
	2.4.3. Критерии Цая-Хилла, Цая-Ву и другие, им подобные
	2.4.4. Критерии для болтовых соединений пластин с другими элементами
	2.4.5. Местная потеря устойчивости

	2.5. Уравнения равновесия пластины
	2.6. Потеря устойчивости пластины

	Глава 3. О задачах оптимизации конструкций
	3.1. Виды задач оптимизации конструкций
	3.2. Задачи конечномерной оптимизации
	3.3. Задачи бесконечномерной оптимизации

	Глава 4. Основные принятые предположения
	Глава 5. Потеря устойчивости пластин и выбор наилучшей укладки
	5.1. Теоретические основы
	5.2. Оценка влияния учёта изгибной анизотропии на критическое значение устойчивости
	5.3. Теорема взаимности
	5.4. Пластина при комбинированном нагружении
	5.5. Использование метода Галёркина
	5.6. Выбор наилучшей укладки слоёв (одно нагружение)
	5.6.1. Вывод условий оптимальности
	5.6.2. Соотношения для параметров ламинирования оптимальной укладки
	5.6.3. Особые (ортотропные) решения условий оптимальности
	5.6.4. Некоторые свойства оптимальных решений

	5.7.  Выбор наилучшей укладки слоёв при двух альтернативных нагружениях
	5.8. Примеры, иллюстрирующие выбор наилучшей укладки
	5.8.1. Одно сдвиговое нагружение длинной пластины
	5.8.2. Два противоположно направленных сдвиговых нагружения длинной пластины
	5.8.3. Квадратная пластина при сжатии
	5.8.4. Квадратная пластина при двустороннем сжатии
	5.8.5. Квадратная пластина, нагруженная сдвигом
	5.8.6. Случай четырёх возможных углов оптимальной ориентации волокон слоёв в некоторой  точке пластины


	Глава 6. Умеренные закритические прогибы и выбор наилучшей укладки
	6.1. Деформирование пластины в соответствии с приближением фон Кармана
	6.2. Кинематический вариационный принцип
	6.3. Статический вариационный принцип (теорема о дополнительной энергии)
	6.4. Условия оптимальности для укладки
	6.5. Параметры ламинирования для оптимальной укладки
	6.6. Особые (ортотропные) решения условий оптимальности
	6.7. Примеры
	6.7.1. Предварительные замечания
	6.7.2. Численный подход к анализу потери устойчивости и закритического поведения
	6.7.3. Длинная пластина, нагруженная сдвигом в одном направлении
	6.7.4. Пластины при нагружении сдвигом в двух противоположных направлениях
	Пластина a/b=5, толщина 2 мм
	Пластина a/b=3, толщина 2 мм
	Пластина a/b=3, толщина 3 mm
	Пластина a/b=2, толщина 2 mm

	6.7.5. Обсуждение результатов для пластин с прямолинейными волокнами
	6.7.6. Квадратная пластина, нагруженная сжатием или сдвигом


	Глава 7. Большие закритические прогибы и выбор наилучшей укладки
	7.1. Кинематика деформирования
	7.2. Вывод уравнений равновесия из принципа виртуальных перемещений
	7.3. Кинематический вариационный принцип
	7.3.1. Обобщённые соотношения напряжение-деформация
	7.3.2. Потенциальная энергия деформации и её вариация
	7.3.3. Потенциал внешних сил
	7.3.4. Кинематический вариационный принцип

	7.4. Условия совместности деформаций
	7.5. О возможности анализа прощёлкивания
	7.6. Условия оптимальности углов ориентации слоёв укладки
	7.6.1. Предварительные замечания
	7.6.2. Условия оптимальности
	7.6.3. Некоторые особые решения условий оптимальности


	Глава 8. Заключение и выводы
	Список литературы

